
1. Introduction
The increasing atmospheric concentration of carbon dioxide (CO2) can impact global ecosystems through 
its effects on climate and also through its direct effects on plants. In fact, enhanced CO2 has likely played an 
important role in historical trends of global ecosystem change (Donohue et al., 2013; Myneni et al., 1997; 
Walker et al., 2020; Zhu et al., 2016), although the magnitude of these CO2 effects relative to other drivers 
(e.g., human land management) varies regionally (Chen et al., 2019; Donohue et al., 2013; Forkel et al., 2016; 
Van Der Sleen et al., 2015). Increasing CO2 can enhance primary productivity and biospheric carbon uptake, 
provided other conditions (e.g., nutrients and water) are not limiting (Arneth et al., 2010; Norby et al., 2005; 
Reich et al., 2014). The full biophysical response of vegetation nevertheless consists of multiple, sometimes 
competing, physiological interactions that are still poorly constrained, especially at regional scales (Chen 
et al., 2019; Fatichi et al., 2016; Forzieri et al., 2017; Mankin et al., 2017; Norby & Zak, 2011). These interac-
tions can, in turn, significantly influence regional climate and hydrology, particularly through two key phys-
iological mechanisms. First, elevated CO2 is expected to reduce stomatal conductance, increase plant water 
use efficiency and ameliorate evaporative losses of water from the surface (Eamus & Jarvis, 1989; Morgan 
et al., 2011; Morison, 1985; Sellers et al., 1996; Swann et al., 2016). Second, higher CO2 is also expected to 
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increase leaf area (Norby & Zak, 2011) and the effective evaporative area at the surface, which can increase 
total ecosystem-level evapotranspiration (ET) (Lemordant et al., 2018; Mankin et al., 2017, 2018, 2019). The 
aggregate water cycle response to climate change at the surface may therefore depend on the balance of 
these two highly uncertain processes (Norby & Zak, 2011) and whether one is likely to dominate over the 
other in a warmer, higher CO2 world.

Reduced stomatal conductance, resulting in attenuated transpiration and latent heat fluxes, can ampli-
fy surface warming (in a feedback known as physiological forcing), but can also ameliorate soil moisture 
losses (Andrews et al., 2011; Douville et al., 2000; Kala et al., 2015, 2016; Kergoat et al., 2002; Kovenock 
& Swann, 2018; Skinner et al., 2018). This increase in warming is most prominent during summer over 
highly vegetated areas in the northern mid-latitudes (Kergoat et al., 2002; Kovenock & Swann, 2018) and 
over tropical forests (Andrews et al., 2011; Douville et al., 2000; Pu & Dickinson, 2014). Reduced stoma-
tal conductance may also force reductions in global precipitation rates by suppressing convective activity 
and increasing the likelihood of dry day occurrences (Andrews et al., 2011; Skinner et al., 2017). Along 
coastal areas and in tropical forests (e.g., the inland Amazon), enhanced warming from reduced conduct-
ance may drive regionalized atmospheric circulation changes and subsequent atmospheric moisture con-
vergence (Chadwick et al., 2019; Pu & Dickinson, 2014; Saint-Lu et al., 2019; Skinner et al., 2017). Douville 
et al (2000) suggest that such circulation changes may also drive counterintuitive responses in regions of 
tighter land-atmosphere coupling, such as a cooling over the Indian peninsula and a cooling/warming di-
pole-like response across Europe.

In contrast, higher leaf area can also enhance growing-season ET, particularly in relatively wet environ-
ments (Betts et al., 1997; Forzieri et al., 2017; Lemordant et al., 2018; Mankin et al., 2017), although the 
strength of this effect may diminish at lower latitudes (Betts et al., 1997; Pu & Dickinson, 2014) and at high-
er levels of CO2 (Skinner et al., 2018). There is increasing interest to identify and classify global ET trends. 
For example, Jung et al.  (2010) used a machine learning algorithm to estimate global ET by integrating 
point-based FLUXNET ET, vegetation information, meteorological measurements, and satellite estimates 
of fraction of photosynthetically active radiation absorbed by the canopy. They found an increasing trend 
until the late 20th century after which point the growth rate plateaued (Jung et al., 2010). In a more recent 
analysis, Zhang et al. (2015) applied a process-based land surface algorithm to estimate global terrestrial ET 
and PET using satellite estimates of photosynthetic canopy cover and meteorological inputs and showed 
that the global positive ET trend extended to 2013. However, these globally-averaged trends may belie im-
portant regional variation in vegetation water responses (Mankin et al., 2019). For example, in Northern 
Hemisphere mid-to-high latitude forests, increasing water use efficiency may be driving reductions in ET 
(Keenan et al., 2013). In contrast, both humid and arid Australian river basins have not displayed strong 
or significant ET responses (Ukkola et al.,  2016). Outside of these areas, however, increasing ET trends 
may induce soil moisture losses, reduced runoff, and exacerbate regional drying despite enhanced stomatal 
regulation (Douville et al., 2000; Frank et al., 2015; Kergoat et al., 2002; Swann, 2018). Such responses may 
be particularly important in arid and semi-arid environments like the American Southwest and sub-humid 
to semi-arid river basins in Australia (Fatichi et al., 2016; Mankin et al., 2017; Trancoso et al., 2017; Ukkola 
et al., 2016). At the same time, enhanced latent heat fluxes resulting from higher leaf areas can reduce re-
gional warming in semi-arid and subtropical regions (Forzieri et al., 2017; Zeng et al., 2017).

The resulting hydrological response of these combined effects are variable and highly dependent on regional 
background climate conditions (Forzieri et al., 2017; Mankin et al., 2019; Swann, 2018; Swann et al., 2016). 
While some studies (described above) suggest that enhanced leaf area may cancel the water savings from 
reduced stomatal conductance, others highlight that many non-forested areas have environmental limi-
tations on leaf area growth (e.g. water, radiation, photosynthetic pathway) (Betts et  al.,  1997; Bounoua 
et al., 2010; Pu & Dickinson, 2014), or that plants will acclimate their leaf structure to higher CO2 (Poorter 
et al., 2019), thereby geographically constraining their climate effects. Skinner et al.  (2018) suggest that 
only regions with the largest proportional leaf area increases would compensate for the generally strong-
er and more pervasive effects of reduced conductance. As such, the combined stomatal conductance and 
leaf area responses in model simulations display an overall tendency toward reduced transpiration across 
most vegetated areas (Chadwick et al., 2019; Pu & Dickinson, 2014; Skinner et al., 2018) and an increase in 
plant water use efficiency. However, if plant biomass increases due to CO2 fertilization, increased water use 
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efficiency would not necessarily translate to reductions in total plant water demand (Mooney et al., 1991; 
Skinner et al., 2018). Furthermore, there are a host of other plant physiological responses to CO2 that can 
modulate both conductance and leaf area, including photosynthetic downregulation (Bounoua et al., 2010; 
Kovenock & Swann, 2018; Pu & Dickinson, 2014) and leaf trait acclimation, such as increasing leaf thick-
ness (Kovenock & Swann, 2018; Swann, 2018), that may further reduce overall global ET, but these effects 
are still not well-constrained (Swann, 2018).

Most previous work to disentangle these varied effects of increased CO2 used dynamic global vegetation 
models (DGVMs) but these models do not fully represent all the above-described CO2-vegetation-cli-
mate interactions, processes, and/or reproduce observed responses (Fatichi et al., 2016; Smith et al., 2015; 
Swann, 2018). For example, when compared with FACE experiments DGVMs can qualitatively produce 
initial net primary production (NPP) increases with rising CO2, but representations of key plant processes 
(e.g. nitrogen uptake) and, consequently, their overall longer-term responses still exhibit substantial error 
(Medlyn et  al.,  2015). In comparison to satellite-based NPP estimates, DGVMs in current Earth System 
Models may be overly sensitive to CO2-fertilization effects (Smith et al., 2015). On the other hand, these 
satellite-based estimates may themselves be prone to under-prediction and one must be cautious when 
conducting model-data comparisons – identifying appropriate metrics and site-based comparisons remain 
critical for model evaluation (De Kauwe et al., 2016). Even more fundamentally, there still exists structural 
uncertainty about carbon allocation to various plant structures under higher CO2, which complicates future 
projections of hydroclimate change (De Kauwe et al., 2014; J. Yang et al., 2018). As a consequence, DGVMs 
may underestimate the effects of regional drying and soil moisture losses resulting from plant physiological 
feedbacks (Smith et al., 2015). The few studies that undertook much-needed model sensitivity tests either 
do not explicitly isolate leaf area from conductance effects (e.g., Bounoua et al., 2010; Pu & Dickinson, 2014) 
or include regional constraints on leaf area growth that may inhibit a deeper probing and understanding of 
vegetation sensitivities to higher CO2 (Pu & Dickinson, 2014). Finally, there are a host of other limitations 
to plant growth, including nutrient cycling (Wieder et al., 2015; Zaehle et al., 2014), pest/diseases, fire, and 
climate extremes that may obscure CO2 effects, driving further inconsistencies between models and obser-
vations (Reich et al., 2014).

While it remains challenging to comprehensively simulate dynamic vegetation responses to elevated CO2, 
more controlled climate model experiments provide opportunities to isolate these biophysical vegetation 
effects and assess their relative and additive contributions to modeled regional hydroclimate changes. We 
therefore design a novel set of global climate model (GCM) sensitivity experiments: first using an idealized 
approach implementing large, uniform (50%) leaf area increases and second constraining LAI increases 
using a multi-model ensemble from the Sixth Coupled Model Interocomparison Project (CMIP6, Erying 
et al., 2016). Furthermore, most of the above-described studies have evaluated either vegetation biophysical 
responses in the absence of enhanced radiative forcing or their combined interaction (i.e., reduced stomatal 
conductance and CO2 fertilization) under high CO2. In contrast, our experiments are novel for they are 
among the few to explicitly evaluate both the competing and combined influences of reduced stomatal con-
ductance and enhanced LAI all in an elevated CO2 world. We use this experimental design to answer the fol-
lowing research questions in a modeling context: (i) What are the separate effects of CO2-induced radiative 
warming, reduced stomatal conductance, and enhanced leaf area on the global and regional hydroclimate?; 
(ii) How do these effects combine to create the full CO2-vegetation biophysical response?; and (iii) How do 
these effects interact (e.g., amplify, diminish, or dominate each other) regionally?

2. Methods
2.1. Experimental Design

We perform our experiments with the NASA GISS ModelE, a state-of-the-art global climate model that con-
tributes to the Coupled Model Intercomparison Project (CMIP, Eyring et al., 2015) as an ongoing develop-
ment effort. The most recent documented version is described in Miller et al. (2014), Schmidt et al. (2014), 
and Kelley et al. (2020). ModelE runs at 2° × 2.5° spatial resolution with 40 vertical layers in the atmosphere 
and has been shown to reasonably represent observed climate conditions and responses to historical an-
thropogenic forcings (Miller, 2014; Schmidt et al., 2014). For this study, we use a q-flux ocean configured to 
reproduce a pre-industrial SST climatology (1876–1885) (Schmidt et al., 2006). This allows the sea surface to 

MCDERMID ET AL.

10.1029/2020JD034108

3 of 23



Journal of Geophysical Research: Atmospheres

interact with the overlying atmosphere via surface heat fluxes and generate SST anomalies while the ocean 
heat flux convergence due to currents is prescribed and held fixed. For each experiment, the model was run 
with initial conditions taken from a randomly selected year of a previously-equilibrated q-flux experiment, 
based on the same SST interval and with no additional forcings (∼1850 conditions).

We conduct seven experiments (detailed in Table 1) with various combinations of stomatal conductance 
and LAI effects enabled to disentangle the impact of each response on regional climate. The last 50 years of 
101-years integration periods are used for our analyses. The 2×CO2 radiative forcing is set to 560 ppm at the 
beginning of the simulation, while all other forcings remain at pre-industrial levels. In experiments where 
the conductance effects are turned “off,” the vegetation sees pre-industrial CO2 concentrations (280 ppm) 
within the model framework and thus conductance does not respond to the elevated atmospheric CO2. Two 
of the experiments are forced with prescribed LAI increases, in which we artificially increase the default 
monthly LAIs for each vegetation type by 50% (Figure 1a).

This large increase is intended to test the sensitivity of the overall vegetation responses and is not intended 
to reflect the response of individual vegetation types to higher CO2, as these vary widely and are subject to 
large uncertainties (Swann, 2018). Similar modeling studies using prescribed LAI constrained by environ-
mental limitations show LAI increases of ∼30% (Pu & Dickinson, 2014). Site-based LAI response curves 
from Free-Air Carbon Enrichment (FACE) experiments indicate that the maximum LAI change in a few 
of the vegetation types assessed could be greater than 30% but are generally less than 50%, and that plant 
types with relatively small initial LAI values increased the most (Norby & Zak, 2011). We further note that 
in DGVMs, there exists a large range of predicted mean global LAI under current conditions and several 
models produce LAIs nearly twice that of satellite-based estimates (Mahowald et al., 2016).

Nevertheless, to better contextualize these hydroclimate responses, we further augment these sensitivity 
tests with two additional experiments in which the prescribed LAI forcing is constrained by the newest 
contributions to CMIP6. Our intent is to separate the high CO2 radiative forcing and the plant physiological 
responses, and, thus, we choose a high CO2 experiment with the greatest number of models reporting LAI. 
At the time of this writing, there are a limited number of models that have submitted simulations and/or 
are reporting LAI for the abrupt 2×CO2 experiment, which prohibits a reasonable multi-model ensemble 
for comparison. As such, we instead use LAI results produced by nine models from the abrupt 4×CO2 ex-
periment and compute a simplified “pseudo” 2×CO2 response with the following approach: (1) for each of 
the nine models, we first compute monthly LAI climatologies for both the abrupt 4×CO2 and pre-industrial 
simulations using the last 30 years of each experiment. (2) We then take the monthly, spatially explicit, 
significant differences (per a Student’s t-test) between these experiments and add half these differences to 
the pre-industrial LAI. This constitutes our “pseudo” 2×CO2 experiment as we assume linearity of the LAI 
response to increasing CO2. (3) We then regrid each model’s native resolution to ModelE resolution using 
a bilinear approach, compute the ensemble average for both the pre-industrial and “pseudo” 2×CO2 exper-
iments, and take the percent change from our “pseudo” 2×CO2 experiment relative to the pre-industrial.

The resulting LAI change for this “pseudo” 2×CO2 experimental response is shown in Figure 1c. Spatial 
patterns and magnitudes of LAI change are broadly consistent with our prescribed 50% LAI increases. The 
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Experiment Effects enabled

Baseline Pre-industrial radiative forcings; natural vegetation with nominal LAI and 
conductance effects “on”

CO2_only 2×CO2; natural vegetation with default LAI and conductance effects “off”

CO2+Con 2×CO2; natural vegetation with default LAI and conductance effects “on”

CO2+LAI50 2×CO2; natural vegetation with enhanced 50% LAI and conductance effects “off”

CO2+LAI50+Con 2×CO2; natural vegetation with enhanced 50% LAI and conductance effects “on”

CO2+LAICMIP 2×CO2; natural vegetation with “pseudo” 2xCO2 LAI and conductance effects “off”

CO2+LAICMIP + Con 2×CO2; natural vegetation with “pseudo” 2xCO2 LAI and conductance effects “on”

Table 1 
Individual experiment design
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global, annually averaged increase in this “pseudo” 2×CO2 multi-model ensemble was ∼50% (49.6%) rela-
tive to pre-industrial LAI, but this value embeds significant regional heterogeneity in the CMIP6 models’ 
simulated LAI changes. Some low latitude areas, which are sparsely vegetated, and/or significantly com-
prised of C4 vegetation, show slight reductions in LAI (red dots in Figure SI9), with a maximum decline 
of approximate −0.4 m2/m2. Such declines, although small, are not accounted for in the design of our 50% 
LAI increase experiment. Additionally, most models displayed LAI increases upwards of several hundred 
percent under abrupt 4×CO2 conditions in sparsely vegetated areas or areas of relatively low canopy densi-
ty. We limited the inclusion of extremely high LAI percent changes by capping the percent change at 100, 
which will attenuate some regional and the global percent change reported above. We also imposed no LAI 
changes where vegetation did not exist in the preindustrial experiment, but was included in the 4×CO2 
(e.g. due to model determination of suitable climate conditions). The spatial heterogeneity in regional LAI 
responses is more evident when compared directly to our 50% LAI increase (Figure 1c). The latter generally 
shows higher LAI values in the tropics, where the CMIP6 “pseudo” 2×CO2 does not display as strong a 
sensitivity, and lower LAIs at higher latitudes, particularly in the Northern Hemisphere. Results and com-
parisons for this “pseudo” 2×CO2 experiment are presented in Section 3.6.

2.2. Configuration of ModelE’s Land Surface and Vegetation

ModelE uses vegetation characteristics from the Ent Terrestrial Biosphere Model (Ent TBM), which was 
developed around the height structured cohorts and subgrid patch communities of the Ecosystem Demog-
raphy model (Medvigy et al., 2009; Moorcroft et al., 2001). The Ent canopy radiative transfer uses the An-
alytical Clumped TwoStream (ACTS) scheme to calculate the clumping of foliage in mixed, vertically lay-
ered canopies (NiMeister et al., 2010; Yang et al., 2010). Ent biophysics are based on well-known coupled 
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Figure 1. The change in peak growing season LAI (aggregated across vegetation types) from Baseline for (a) 50% increase sensitivity experiment and (b) CMIP6 
“pseudo” 2×CO2 ensemble. Red markers indicate small LAI decreases. Both panels (a) and (b) use colorbar under (b). (c) Fractional (0–1) coverage per gridcell 
of C4 grass used in modelE. (d) Difference in peak growing season LAI for 50% increase sensitivity experiment minus CMIP6 “pseudo” 2×CO2 experiment.
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photosynthesis and stomatal conductance formulation (Ball et al., 1987; Collatz et al., 1992; Farquhar & von 
Caemmerer, 1982). For our experiments, we operate Ent in “biophysics-only” mode as described by Kim 
et al. (2015). In this mode, water vapor fluxes are prognostically simulated for each grid cell by prescribing 
canopy structure and maximum and minimum leaf area index (LAI) for 17 possible Plant Functional Types 
(PFTs). Further details about the natural vegetation phenology and the canopy radiative transfer can be 
found in Kim et al. (2015) and Friend and Kiang (2005), respectively.

We used prescribed natural vegetation distributions from the MODIS (MCD12Q1 V005 L3) International 
Geosphere-Biosphere Program (IGBP) land cover product at 0.5° × 0.5° latitude x longitude. MODIS PFTs 
for the year 2004 (Friedl et al., 2010) were classified into sub-grid cover fractions most closely matching the 
Ent PFTs using additional data on forest heights (Simard et al., 2011) and climate (Harris et al., 2014; Sch-
neider et al., 2014). To represent vegetation phenology, monthly prescribed values from the MODIS (MO-
D15A2 V004, L4) LAI product (Tian et al., 2002a, 2002b; W. Yang et al., 2006) were matched to the above-de-
scribed sub-grid Ent PFT fractions. This distribution was then aggregated to the ModelE grid resolution of 
2° × 2.5° latitude × longitude. Aggregating the MODIS natural vegetation types for use with Ent PFTs at the 
ModelE resolution does attenuate the extreme regional values, as many cells have either relatively low LAIs 
or higher LAIs with relatively low areal coverage. Within the model simulations, the monthly prescribed 
LAIs are linearly interpolated to create a daily time series. Currently, snow-free surface albedo does not 
depend on LAI in the Ent biophysics-only mode of operation and these effects are, thus, excluded from our 
analysis. We do, however, acknowledge the importance of such albedo effects in radiation-vegetation inter-
actions and discuss their potential implications in Section 3.7.

Latent heat fluxes from the surface are separated between the vegetated and non-vegetated portions of 
each grid cell. For vegetated grid cell fractions, the evapotranspiration term is the sum of four components: 
transpiration, canopy evaporation from leaf surfaces, soil evaporation, and snow sublimation. Transpiration 
follows an aerodynamic formulation specified in Hansen et al. (1983) and Rosenzweig and Abramopou-
los (1997), which is dependent on canopy conductance, atmospheric conductance, and the saturated and 
unsaturated air humidity. For soil evaporation under the canopy, a modification is made to the turbulent 
transfer coefficient to account for wind/leaf interactions. For the bare soil fraction of the grid cell, evapo-
ration occurs as the minimum of the Penman potential evaporation or Gardner-Hillel diffusivity (Abram-
opoulos et al., 1988). Canopy evaporation is assumed to occur at the potential rate.

The land surface and vegetation characteristics can also impact the atmospheric planetary boundary layer 
(PBL), which in turn can influence and even lead to preferential precipitation over dry soils (C. M. Taylor 
et al., 2012). ModelE’s PBL uses a formulation for the temperature, moisture, and scalar fluxes, comprised 
of diffusive and counter-gradient terms based on large-eddy simulation data of Holtslag and Moeng (1991). 
Following Holtslag and Moeng (1991), the counter-gradient term is scaled by the surface flux of each quan-
tity, and that flux is effectively distributed over the PBL per a parameterized profile that depends on the 
PBL height (Schmidt et al, 2006). The second-order closure model by Cheng et al. (2002) is used above the 
PBL, and a few turbulent time scales are given by the two-point turbulence closure model of Canuto and 
Dubovikov (1996). The length scale is given by Holtslag and Boville (1993). Additional details, the resulting 
improvements in PBL simulation, and comparisons with observations are reported in Schmidt et al. (2006; 
2014).

2.3. Experiment Evaluation

In order to evaluate the isolated effects of 2×CO2, reduced conductance, and enhanced LAI—and consider 
their combined interactions—we calculated anomalies between our respective experiments, described in 
Table 2. These anomalies (named in Column 1 of Table 2) will serve as our basis for evaluation throughout 
the Results section. We focus most of our analysis on regional hydroclimate impacts, using more “plant-cen-
tric” variables (Swann et al., 2016), for example soil moisture and evaporative fraction, in order to better 
bracket the ecological implications for future drought dynamics. Soil moisture anomalies between experi-
ments are shown as a “z-score,” divided by the standard deviation of the reference experiment (Table 2) and 
taken for the top 57 cm. To better understand soil moisture sensitivity to these plant physiological effects, 
we additionally provide soil moisture changes at approximately 1- and 2-m depths for BioPhys, Con_Only, 
and LAI_only (SI Figure 3). Furthermore, the climate anomalies shown include nonlinear interactions that 
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arise between the physical response to radiative forcing of high CO2 forcing and the vegetation response to 
higher CO2 (i.e., the nonlinear radiative-vegetation effects), which we account for and discuss in Section 3.4. 
Unless otherwise specified in our Results section, a Student’s t-test was used to assess statistical signifi-
cance, with the sample size modified for temporal autocorrelation where necessary following the methods 
of Zwiers and von Storch (1995).

We note that the regional Con_Only responses are also dependent on the photosynthetic pathway of the un-
derlying vegetation, and that C3-type vegetation growth is generally more sensitive and responsive to higher 
CO2 compared C4 vegetation (ModelE distribution shown in Figure SI9). This distinction may have implica-
tions for the magnitude and sign of the hydroclimate responses in regions dominated by C4 vegetation. Un-
less otherwise specified, all variables represent 50-year climatological anomalies for the summer growing 
season: June-August in the Northern Hemisphere, and December-February in the Southern Hemisphere.

3. Results and Discussion
3.1. Overall Contributions of BioPhys to AllEffects

The combined impacts of vegetation and radiative CO2 effects (“AllEffects”) result in widespread warming 
(Figure 2a) and soil moisture drying (Figure 2b).

For many regions, the combined vegetation effects (“BioPhys”, i.e., the combined conductance and LAI ef-
fects, Table 2) represent a substantial proportion of the total AllEffects response (Figures 2c and 2d). Across 
the northern mid-latitudes and northeastern Australia, BioPhys accounts for 10%–40% of the warming re-
sponse (Figure 2c), though the vegetation acts to attenuate total warming over some small regions (India, 
Southeast Asia). BioPhys also contributes a substantial fraction (in some cases, nearly 50%) of the AllEffects 
soil moisture responses (Figure 2d), especially over the southwestern US, Iberian Peninsula, Middle East 
and Central Asia, isolated areas in East Asia, and central and eastern Australia where soil moisture losses 
are pervasive. BioPhys partially ameliorates (and in some cases, reverses) soil moisture losses across central 
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Effect name Anomaly taken Description of effect/eesponse

Rad_Only CO2_only minus Baseline Isolates the climate response to the change in 
radiative forcing only, excluding the direct 
vegetation biophysical effects

Con_Only CO2+LAI50+Con minus CO2+LAI50 Isolates the climate response to reduced stomatal 
conductance, excluding the direct radiative and 
enhanced 50% LAI effects

LAI_Only CO2+LAI50+Con minus CO2+Con Isolates the climate response to enhanced 50% 
LAI, excluding the direct radiative and reduced 
stomatal conductance effects

BioPhys CO2+LAI50+Con minus CO2_only Isolates the combined vegetation biophysical effects 
of reduced conductance and enhanced 50% LAI

AllEffects CO2+LAI50+Con minus Baseline Includes all the effects/forcings tested, i.e. 
the combined radiation, reduced stomatal 
conductance, and enhanced 50% LAI effects

LAICMIP_Onlya CO2+LAICMIP + Con minus CO2+Con Isolates the climate response to “pseudo” 2xCO2 
LAI, excluding the direct radiative and reduced 
stomatal conductance effects

BioPhysCMIP
a CO2+LAICMIP + Con minus CO2_only Isolates the combined vegetation biophysical effects 

of reduced conductance and “pseudo” 2xCO2 LAI

AllEffectsCMIP
a CO2+LAICMIP + Con minus Baseline Includes all the effects/forcings tested, i.e. 

the combined radiation, reduced stomatal 
conductance, and “pseudo” 2xCO2 LAI effects

aResults shown and discussed in Section 3.6, in comparison to enhanced 50% LAI experiments.

Table 2 
The isolated forcing responses
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Canada and central Asia – areas situated in transition zones from moisture to energy-limited domains. 
Attenuated soil moisture losses are also present in western Africa and along the southern Pampas in Ar-
gentina. More broadly, however, the sign of the BioPhys impacts is consistent with the AllEffects response, 
indicating that for most areas the aggregate vegetation impacts amplify regional climate changes from CO2 
radiative forcing.

3.2. Rad_Only: Climate-vegetation Responses to Enhanced Radiative Forcing Under High CO2

Rad_Only drives a strong and significant land surface warming during each hemisphere’s respective sum-
mer season (Figure 3a), forced by increases in net surface radiation and enhanced net longwave radiation at 
the surface (SI Figures 1b and 1d), with likely contributions from teleconnections due to oceanic warming 
in remote locations (not shown) (Byrne & O’Gorman, 2013; Joshi et al., 2008).

Land surface warming causes widespread reductions in soil moisture (Figure 3b), especially at high north-
ern latitudes, in the tropics, and in water-limited regions like central California, coastal Australia, and the 
Mediterranean. For some regions (e.g., tropical South America, the Mediterranean, western and southern 
Africa), the soil moisture drying is associated with precipitation declines. Soil moisture drying is never-
theless more widespread and also occurs in some regions with precipitation increases (particularly in the 
Northern Hemisphere). The widespread drying is a response to transpiration, as well as bare soil evapora-
tion, increases as radiation-induced warming increases atmospheric water demand (shown as vapor pres-
sure deficit, VPD, in SI Figure 1a). Over much of the high-latitude land areas, for example, these changes 
combine to drive widespread soil moisture losses (Figure 3b) despite enhanced precipitation (Figure 3c). 
Some regions see little change or small increases in soil moisture, namely mid-latitude Central Asia, North 
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Figure 2. AllEffects responses (measured against Baseline as in Table 2) for (a) surface temperature (°C) and (b) soil moisture difference (top 57 cm), 
normalized by standard deviation of the reference experiment in Table 2 (z-score). This unit is used for all subsequent soil moisture anomalies shown herein. 
Stippling indicates responses are not significant via a Student’s t-test (p < 0.05, sample size adjusted for autocorrelation where relevant). The ratio of BioPhys to 
AllEffects to a doubling of CO2 for (c) surfacetemperature and (d) soil moisture, shown for BioPhys significant gridcells. All responses shown for hemisphere-
respective growing seasons.
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America, southeastern South America, and along the Indo-Gangetic Basin. This may be partly due to 
slightly enhanced precipitation over these regions that is a consequence of circulation changes and higher 
moisture convergence (Figure 3c), which has also been documented by previous studies (e.g., Chadwick 
et al., 2019). These precipitation increases lead to slight gains in soil moisture, despite increases in transpi-
ration (Figure 3d). Locations where transpiration declines are where precipitation reductions drive strong 
soil moisture declines, such as the Mediterranean.

3.3. Con_Only: Climate Responses to Reduced Stomatal Conductance Response Under High CO2

Zonally averaged (land only) anomalies shown in Figure 4 for soil moisture (Figure 4a), precipitation (Fig-
ure 4b), and temperature (Figure 4c) provide a direct global-scale comparison of the Con_Only, LAI_Only, 
and BioPhys effects. We also provide their geographic distributions (shown as maps in Figures 5 and 6) to 
determine which regions and hydroclimate regimes are most impacted and/or dominate the fully-coupled 
response.

In the zonal mean, Con_Only produces small but positive soil moisture anomalies across the tropics and 
subtropics between 20°S and 35˚N, and at higher southern latitudes dominated by a few gridcells in Patago-
nia (Figure 4a, red line). Across the mid-latitudes in the Northern Hemisphere, however, Con_Only results 
mitigate soil moisture declines. Regionally (Figure 5a), Con_Only produces slight but significant increases 
in soil moisture across southern South America (which dominates the zonal mean), the Indian peninsula, 
and western and central Africa. Significant soil moisture increases are also present at depth (SI Figures 
3a and 3d). No significant soil moisture anomalies are present across several other water-limited regions, 
including southern Europe and the American Southwest. Slight decreases in soil moisture are distributed 
across eastern Australia and the northern mid-to-high latitudes, including large portions of Canada, Central 
Asia, and eastern Asia (Figure 5a, SI Figures 3a and 3d).
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Figure 3. Change in growing season (a) surface temperature, (b) soil moisture (top 57 cm), (c) precipitation, and (d) transpiration due to Rad_Only effect. 
Stippling indicates responses are not significant via a Student’s t-test (p < 0.05, sample size adjusted for autocorrelation where relevant).
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One would naively expect reducing conductance to increase soil moisture, but several of the areas that show 
declines in soil moisture in Con_Only have declines in precipitation (Figure 5d) that dominate the zonal 
averages (Figure 4b). Some areas where precipitation decline are characterized by atmospheric conditions 
that are less conducive to precipitation. For example, Con_Only shows a strong and significant reduction 
in relative humidity (Figure 7a) in the northern mid-to-high latitudes and eastern Asia, predominantly at 
lower atmospheric levels and in the PBL. The latter also deepens and warms (Figures 7b and 7c), thereby 
further inhibiting summertime rainfall. We note that this result could be model dependent, for example 
related to model PBL representations (C. M. Taylor et al., 2012), and that previous studies have shown dif-
fering precipitation responses to vegetation changes under high CO2.
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Figure 4. Zonally averaged growing season anomalies for (a) soil moisture for top 57 cm, (b) precipitation, and (c) surface temperature for BioPhys effect 
(green), Con_Only (red), and LAI_Only (blue). Only significant gridcells (via a Student’s t-test described in the Methods section) were used in the creating the 
zonal average.

Figure 5. 50-years climatological growing-season anomalies. Row 1: soil moisture (z-score, top 57 cm) for Con_Only (a), LAI_only (b), and Biophys (c). Row 2: 
precipitation for Con_Only (d), LAI_only (e), and Biophys (f). Anomalies are shown for each hemisphere’s respective summer. Stippling indicates responses are 
not significant via a Student’s t-test (p < 0.05, sample size adjusted for autocorrelation where relevant).
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For example, Skinner et al.  (2017) highlight how reduced stomatal conductance forces a warming and 
drying (i.e. reduced relative humidity) of the PBL, which can reduce low cloud cover and increase the 
number of dry days during the growing season in the mid-latitudes. Furthermore, there is reduced  
moisture convergence over East Asia under Con_Only conditions (SI Figure 5b, brown colors), which 
could enhance regional precipitation and soil moisture declines. Moisture convergence appears  
slightly enhanced (SI Figure 5b) over the US Midwest and northeastern Asia, although given the enhanced  
atmospheric stability in these regions (Figure  7b), this does not appear to translate into increased  
precipitation (Figure 4b) and the evaporative fraction (EF), the ratio of latent heat flux to the sum of the 
turbulent fluxes), is reduced.

The low-level warming and drying in Con_Only is largely driven by this EF decline (Figure 6d), indicating 
a reduced proportion of surface energy partitioned to latent heat fluxes. There exists a close geospatial re-
lationship between the EF and surface temperature response patterns that are overall consistent with the 
zonally averaged surface temperature anomalies. Con_Only produces a pronounced warming at mid-to-
high latitudes by nearly 1˚C, and substantially less warming across the sub-tropics and tropics.

A unique response to Con_Only occurs over South Asia along the western Indo-Gangetic Basin: an increase 
in soil moisture, precipitation, runoff (SI Figure 4b), and evaporative fraction co-located with small, but 
significant, reductions in surface temperature (Figures  5a–5d). The latter may be largely a result of the 
enhanced EF (Figure 6d) that increased partly as a result of the regionally enhanced rainfall. Additionally, 
South Asia is one of the few regions under Con_Only conditions that also shows a slight shallowing of the 
PBL (Figure 7b), partly resulting from the regional cooling, and increased atmospheric moisture conver-
gence (SI Figure 5b). While somewhat counterintuitive, this result is consistent with previous findings that 
also suggest higher rainfall and cooler temperatures in India as an indirect consequence of biophysical veg-
etation feedbacks on regional atmospheric circulation and moisture transport (Douville et al., 2000; Skinner 
et al., 2017). This Con_Only response may also amplify the precipitation increases that result from Rad_On-
ly-induced circulation changes (Figure 3c). Large percent increases in precipitation also result across the 
Middle East and over the central Argentine grasslands (Figure 5d), although we note that these increases 
are not as large in absolute terms given the relatively water-limited conditions.
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Figure 6. 50-years climatological growing-season anomalies. Row 1: surface temperature (˚C) for Con_Only (a), LAI_only (b), and Biophys (c). Row 2: 
evaporative fraction (×100) for Con_Only (d), LAI_only (e), and Biophys (f). Anomalies are shown for each hemisphere’s respective summer. Stippling indicates 
responses are not significant via a Student’s t-test (p < 0.05, sample size adjusted for autocorrelation where relevant).
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3.4. LAI_Only: Climate Responses to Enhanced LAI Under High CO2

The climatic responses resulting from enhanced LAI generally oppose those of the Con_Only effect. En-
hanced LAI consistently reduces mean zonal soil moisture across all latitudes (Figure 4a, blue line) while 
also increasing zonal mean precipitation (albeit less consistently, Figure 4b). Soil moisture losses are par-
ticularly strong across more water-limited environments, such as western North America, southern Europe 
and the Mediterranean region, Central Asia, eastern Asia, Sahelian Africa, peninsular South Asia/India, 
and eastern Australia (Figure 5b), and continue through one and 2 meter depths (SI Figures 3d and 3e). In 
some areas, such as eastern Australia, eastern Asia, Sahelian Africa, and the US Southwest, soil moisture 
losses also increase at greater depths.

In parts of Central Asia and West Africa, soil moisture losses occur despite small increases in precipitation 
(less than or ∼20%) (Figure 5e). Over Central Asia, increases in precipitation may be facilitated by a rela-
tive moistening of the overlying atmosphere (Figure 7d) and reduced PBL height (Figure 7e; temperature 
changes are otherwise mostly negligible in Figure 7f). It is also possible that these regional increases in 
precipitation result partly from enhanced local contributions, such as greater terrestrial moisture recycling 
from LAI-related transpiration increases, as there is no strong indication of greater moisture convergence 
in many of these areas (Figure SI5c). In fact, recent observational studies show higher ET fluxes associat-
ed with significant greening coincide with increasing precipitation trends, suggesting that enhanced local 
moisture recycling may be playing an important role despite remaining uncertainties in understanding of 
this process (Zhang et al., 2015). Over South Asia, reductions in moisture convergence (Figure SI4c) may 
contribute to isolated precipitation declines over northeastern Indo-Gangetic Basin (Figure 5e) and co-lo-
cated soil moisture losses (Figure 5d).

More generally, soil moisture losses are likely driven by the overall strong increases in EF, particularly 
across most tropical to mid-latitude regions (Figure 6e), although we note that these changes are weaker in 
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Figure 7. Row 1 shows Con_Only growing season changes in (a) pressure level × latitude relative humidity, (b) depth of the planetary boundary layer (m), and 
(c) pressure level × latitude change in temperature. Similarly, Row 2 shows respective changes in these variables for LAI_Only, and Row 3 for BioPhys. Stippling 
indicates responses are not significant via a Student’s t-test (p < 0.05, sample size adjusted for autocorrelation where relevant).
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magnitude compared to the EF reductions in the Con_Only experiment (Figure 6d). Across many sub-trop-
ical and low-latitude areas, heightened EF results in a weak but significant cooling (Figure 6b), although 
there are some exceptions. For example, despite increases in EF across South America and southern Africa, 
the overall thermal response of enhanced LAI south of the equator is a slight warming (Figure 4c), which 
contrasts with both the Con_Only and BioPhys effects (the latter described below). However, these zonally 
averaged responses are dominated by a weak warming over eastern Australia (Figure 6b), resulting from a 
greater partitioning of the surface energy balance toward sensible heat fluxes (i.e., reduced EF, Figure 6d). 
In the Northern Hemisphere, LAI_Only results in a slight but significant cooling (Figure 6b) and strong EF 
increase that are most prevalent across the northern sub-tropics and lower mid-latitudes (Figure 6d).

In northeastern Australia, strong soil moisture losses are widespread despite more isolated areas of reduced 
EF (Figure 6d) and precipitation (Figure 5e). Changes in the low-level relative humidity are also mostly 
negligible in the Southern Hemisphere sub-tropics (Figure 7d). However, warmer surface temperatures in 
this region (Figure 6b), which partly drive increased PBL heights in isolated areas (Figure 7e) and persistent 
water limitation throughout the year (not shown) serve to amplify regional soil moisture losses. Therefore, 
despite higher LAI, overall reductions in moisture availability limit evaporative increases in this region. 
Lastly, we note that northeastern Australian is characterized by large fractions of C4 vegetation (Figure SI9) 
that is expected to be less responsive to enhanced CO2 in the short term, although interestingly stronger 
responses have been documented on longer timescales (Reich et al., 2018).

3.5. BioPhys: Non-radiative Climate Responses to Combined Reduced Stomatal Conductance 
and Enhanced LAI Under High CO2

3.5.1. Prevailing BioPhys Global and Regional Climate Responses

In general, BioPhys soil moisture (Figures 4a and 5c) and precipitation (Figures 4b and 5f) anomalies ap-
pear most similar to those of LAI_Only with respect to both their zonally averaged signs of change and their 
geographic pattern, particularly at low latitudes and at depths of one and 2 m (SI Figures 3c and 3f) where 
soil moisture losses are also generally larger. Across southern Central Asia, far East Asia, eastern Australia, 
the central US, and generally in more water-limited areas, the combined reduced stomatal conductance and 
enhanced LAI effects produce amplified soil moisture losses compared to either of these effects alone (Fig-
ures 5a–5c). In contrast, on the Indian peninsula, soil moisture increases under Con_Only oppose decreases 
under LAI_Only to result in a negligible BioPhys soil moisture response.

Zonally averaged BioPhys precipitation responses are generally small relative to the other experiments due 
to partial cancellation of the effects of LAI by those of conductance (Figure 4b). At higher latitudes over 
Europe, BioPhys produces precipitation declines that are similar to, but smaller than, those of Con_Only 
and broadly coincident with reductions in moisture convergence (SI Figure 5d). Across sub- and semi-arid 
tropics, particularly West Africa, BioPhys increases in precipitation are similar to those in LAI_Only. These 
results suggest that the enhanced LAI effect may significantly influence the overall hydrological response 
under high CO2 in more water-limited regions, but there are important uncertainties surrounding con-
straints on LAI growth in these regions (Pu & Dickinson, 2014; Skinner et al., 2018; Swann, 2018).

BioPhys surface energy partitioning and thermal responses resemble those of Con_Only (Figures 6f and 
6c), though muted, and the strongest anomalies are found in the Northern Hemisphere mid-latitudes. Spe-
cifically, BioPhys displays strong and significant EF reductions (Figure 6f) across these regions, including 
eastern North America, western and northern Europe, far eastern Asia, and northeastern Australia, al-
though these declines appear regionally attenuated by LAI_Only EF patterns (Figure 6d). These EF declines 
are accompanied by strong and significant surface temperature increases (again, somewhat ameliorated by 
LAI_Only cooling where present) that closely track Con_Only anomalies (Figures 6c and 7i). These regional 
temperature anomalies, ranging from 0.5˚C to 1.5˚C (Figure 6c compared to Figure 6a), also partly drive 
a deeper PBL (Figure 7h). These responses, combined with reductions in both relative humidity at lower 
levels (Figure 7g) and moisture convergence (SI Figure 5d), help explain the modest precipitation reduc-
tions over Europe and Australia. We also note that across tropical and sub-tropical (e.g., monsoon) regions, 
BioPhys shows EF increases (Figure 6f) similar to LAI_Only, although of reduced magnitude. In the US 
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Southwest and Iberian Peninsula, these EF increases contribute to regional soil moisture losses, despite 
co-located areas of increased rainfall, via processes similar to those described for LAI_Only above.

These results are consistent with prior findings suggesting that enhanced LAI under elevated CO2 exacer-
bates regional soil moisture declines despite reduced stomatal conductance: a simultaneous “greening but 
drying” (Mankin et al., 2017). These EF increases result in mostly insignificant temperature changes or a 
very slight cooling that in some areas, like northern portions of the Amazon basin, offset a slight warming 
under Con_Only. In general, the Con_Only warming appears to dominate the mid-to-high latitude climate 
response under BioPhys conditions, although it is somewhat attenuated by enhanced LAI.

Northeastern Australia is among the few regions characterized by both a significant warming and drying 
(soil moisture losses in Figure 5c) that appears to result from mutually amplifying Con_Only and LAI_Only 
effects. Northeastern Australian precipitation declines are accompanied by reduced regional EF (Figure 6d–
6f) and slight increases in surface temperature (Figure 6c). The latter further contributes to increased PBL 
heights (Figure 7h) and, coupled with the slight low-level drying in the subtropics of the Southern Hemi-
sphere (Figure 7g, around 20˚S), inhibits rainfall. With reduced rainfall and higher atmospheric water de-
mand with warmer temperatures (Figure 6c), the combined conductance and LAI effects lead to amplified 
regional drying (Figure 5c).

3.5.2. Evaluating Nonlinearities in the Combined AllEffects Climate Responses

We further consider how the addition of the isolated Rad_Only, LAI_Only, and Con_Only effects compares 
to the total, interactive AllEffects response. Due to our experimental design, we note that we evaluate the 
nonlinearity between enhanced LAI and reduced conductance, but not explicitly the nonlinearities with 
radiation. This analysis is shown in two ways in Figure 8.
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Figure 8. AllEffects versus the combined LAI_Only + Con_Only + Rad_Only effect for growing season (a) surface temperature (˚C), and (b) soil moisture 
(mm, top 57 cm). A perfect correspondence between the AllEffects response and LAI_Only + Con_Only + Rad_Only response would fall on the 1:1 line 
shown on the figures. The geographic distribution of the nonlinear interaction term, taken as AllEffects – (RadOnly + LAIonly + ConOnly), for (a) surface 
temperature and (b) soil moisture during the growing season.
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In Figures 8a and 8b, where each point represents the response per land grid cell, a perfect correspondence 
between the AllEffects and LAI50_Only + Con_Only + Rad_Only effects would fall on the 1:1 line, and de-
partures from this line indicate the influence of nonlinear interactions between enhanced radiative forcing, 
higher LAI, and reduced conductance under AllEffects conditions. The geographic distribution of the non-
linear terms (Nonlinear Term = AllEffects – (Rad_Only + LAI50_Only + Con_Only) following the approach 
of Skinner et al. (2017)) are shown in Figures 8c and 8d. In general, AllEffects shows attenuated warming 
relative to the combined LAI50_Only + Con_Only + Rad_Only effects, particularly at higher temperature 
increases (e.g., >0.5˚C, Figure 8a) and at high latitudes in Eurasia (e.g. 40˚N–80° N). At lower latitudes, 
AllEffects temperature responses are more distributed across the 1:1 line. In contrast, the soil moisture 
anomalies are largely linearly additive (Figure 8b), with the possible exception of nonlinear attenuation in 
central northern North America. To further investigate what may drive this nonlinear response, we show 
the nonlinear effects in the vapor pressure deficit (VPD) and canopy evaporation in Figures 9a and 9b.

The geospatial pattern of nonlinear cooling (Figure 8c) closely aligns with where the nonlinear interaction 
reduces the VPD (Figure 9a). We postulate that enhanced LAI across these regions increases ET through 
greater leaf-water interception and, thus, enhanced canopy evaporation. This is broadly supported by Fig-
ure  9b, and has been previously highlighted as an important control on transpiration and the stomatal 
conductance term (Halladay & Good, 2017). We note here that the strength of this effect can be model 
dependent as there exists a large range in canopy evaporation across models and representations must be 
further improved (De Kauwe et al., 2013). In our simulations, this enhanced canopy evaporation acts to 
lower the canopy temperature which in turn decreases the VPD (Figure 9a). The consequence is a relaxed 
stomatal closure response under combined BioPhys conditions, allowing greater ET and, thus, a nonlinear 
cooling effect.

Over isolated areas in Central Asia, northern Australia, and eastern North America, there also exists a 
nonlinear warming effect that amplifies BioPhys temperature anomalies (relative to the discrete addition 
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Figure 9. The geographic distribution of the growing season nonlinear interaction term, taken as AllEffects – (RadOnly + LAIonly + ConOnly), for (a) vapor 
pressure deficit, and (b) canopy evaporation, (c) low level cloud cover, and (d) net shortwave radiation.
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of the effects). These areas also coincide with increased VPD, via nonlinear interactions, and reduced can-
opy evaporation (Figures 9a and 9b). Such evaporation reductions, alongside declines in low-level relative 
humidity (SI Figure 6c), may provide a mechanism for this warming by driving co-located reductions in 
low-level cloud cover (Figure 9c) and enhanced net shortwave radiation at the surface (Figure 9d).

The ameliorated soil moisture losses shown in Figure 8b are also largely driven by nonlinear effects in the 
mid-to-high latitudes in central North America, in the Iberian peninsula, far east Asia, and parts of eastern 
Australia (Figure 8d). At higher latitudes in North America, attenuated soil moisture losses may result from 
nonlinear effects that increase regional precipitation (SI Figure 6a), which may be partly fueled by in-situ 
increased canopy evaporation via enhanced LAI (Figure 9b).

Lastly, we provide a further comparison of just the BioPhys effect to the linear addition of Con_Only and 
LAI_Only (“Con_Only + LAI_Only”) in SI Figure 10. At higher latitudes, BioPhys warming (SI Figure 10a) 
is less than Con_Only + LAI_Only effects, similar to the AllEffects responses in Figure 8a. Soil moisture 
responses (SI Figure 10) are more distributed across the 1:1 line, but BioPhys generally appears to produce 
less severe soil moisture losses compared to the Con_Only + LAI_Only effects.

3.6. Comparison Between 50% LAI Increases and “Pseudo” 2×CO2

The sign of LAI change is generally consistent across the CMIP6 models used here and is generally pos-
itive globally and in regions displaying the strongest responses. Most models show the strongest positive 
LAI increases across the mid- and high-latitude regions and over the Amazon, which range widely from 
∼30% to upwards of 100% (SI Figure 7). Regionally, however, some distinctions arise between these models’ 
responses, particularly across the mid-to-lower latitudes in the US Southwest, Central America, Sahelian 
Africa, and Australia. We provide a more complete description of these difference in the Supplementary 
Information section and SI Figure 7.

In general, LAI2xCO2_only responses (SI Figure  8) closely resemble those of LAI_only (Figures  5 and 6, 
column 2) in both magnitude and geospatial distribution. The most notable differences occur in the precip-
itation fields (SI Figures 8b and 8e), namely in that positive precipitation anomalies along the West African 
coast in LAI_Only are absent in LAI2×CO2_only.

Likewise, the contribution of BioPhysCMIP to AllEffectsCMIP (Figures 10a and 10b) are consistent with Bio-
Phys to AllEffects (Figures 2c and 2d). In particular, BioPhysCMIP exhibits the strongest contributions to the 
AllEffectsCMIP surface temperature response (Figure 10a) in the eastern US, Europe, and East Asia. Further-
more, BioPhysCMIP contributes a moderate warming to AllEffectsCMIP at higher latitudes in Russia, which 
was not present in BioPhys. BioPhysCMIP also contributes more strongly to the cooling shown over northern 
South Asia and more widespread warming over Australia relative to BioPhys. Likewise, BioPhysCMIP con-
tributions to AllEffectsCMIP soil moisture changes (Figure 10b) are generally of similar magnitude to Bio-
Phys:AllEffects across most regions, and particularly in regions with the strongest responses in Figure 2d: 
US Southwest, Central Asia, parts of East Asia, and Australia. Departing from these similarities, however, 
BioPhysCMIP displays small, positive contributions to AllEffects2×CO2 soil moisture responses in southern 
Africa (Figure 10b). Here the “pseudo” 2×CO2 LAI increases are slightly less widespread and there also 
exist a few grid cells with small declines (Figures 1b and 1c). These small differences in the imposed LAI 
change may reduce transpiration losses that are observed in LAI_Only and elsewhere under the “pseudo” 
2×CO2 conditions.

Overall, the AllEffectsCMIP nonlinear surface temperature responses (Figure 10c) are stronger than those of 
AllEffects. While the geospatial pattern of these responses are generally similar, some regional distinctions 
emerge. For example, AllEffectsCMIP shows more pronounced nonlinear cooling effects in the upper mid-lat-
itudes and toward the northern Midwest, while its western European response is diminished in comparison 
to AllEffects. In notable contrast to AllEffects, AllEffectsCMIP produces a moderate nonlinear warming in far 
East Asia at the lower midlatitudes. Common to both AllEffectsCMIP and AllEffects are positive nonlinear 
soil moisture effects in the northern Great Plains (Figures 10d and 8d, respectively), although the AllEf-
fectsCMIP responses do not extend as far northward and in general both experiments show much spatial 
heterogeneity.
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We further contextualize our results by comparing them (primarily using our 50% LAI increase experi-
ments) to CMIP model analyses undertaken in previous work. For example, Lemordant et al. (2017) eval-
uated the vegetation response (“PHYS”) to increasing 1% per year CO2 forcing, “1pctCO2”, for a six-model 
ensemble from the Fifth Coupled Model Intercomparison Project (CMIP5, K. E. Taylor et al., 2012). These 
experiments isolated the vegetation physiological response, which accounted for both changes to LAI and 
conductance combined, from the radiation response. Lemordant et al.’s PHYS can be qualitatively com-
pared to our BioPhys results (notwithstanding the differences in our experimental design). Their results 
show that the modeled vegetation response to high CO2 drives soil moisture losses across many water lim-
ited areas, particularly the US Southwest, southern Africa, Australia, and Central Asia (their Figure 2L). 
These regional responses are also reflected in BioPhys (Figure 5c), although the southern African responses 
are less widespread. BioPhys results also show broadly similar geospatial patterns of change in the EF (their 
Figure 2I): PHYS and BioPhys responses both show relatively strong declines in EF along the northwestern 
and eastern US, Europe, and East Asia. Both responses are also negative over the Amazon, although again 
the BioPhys response is less widespread.

BioPhys does exhibit positive EF changes in several areas that are not consistent with PHYS, for example in 
West Africa, Central America, and parts of southeastern Asia (Figure 5f). One possible explanation for this 
stems from our uniformly applied 50% LAI increase everywhere, which does not represent the distribution 
of vegetation responses produced by the dynamic vegetation models included in PHYS, or for that matter in 
our “pseudo” 2×CO2 LAI. These models tend to display less LAI growth (or even declines) at lower latitudes 
(e.g. Figures 1b and 1c). In contrast to our 50% LAI increase experiments, we note that LAICMIP_Only does 
display more grid cells with EF declines across Central America and West and Sahelian Africa (SI Figure 8c) 
and is slightly more consistent with PHYS EF. Thus, the larger LAI change prescribed in the 50% LAI exper-
iment may partly account for these regional EF differences between BioPhys and PHYS.
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Figure 10. Growing season responses for experiments prescribed with LAI from “pseudo” 2xCO2 experiment. Ratio of BioPhys to AllEffects for (a) surface 
temperature and (b) soil moisture for top 57 cm. AllEffects non-linear responses (as computed in Section 3.5) for (c) surface temperature (native unit ˚C) and (d) 
soil moisture for top 57 cm (native unit mm).
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3.7. Outstanding Uncertainties and Key Considerations

This study is among the few to explicitly disentangle reduced stomatal conductance and enhanced LAI 
effects in an ESM and assess their separate and additive effects on climate under high CO2. Our results 
demonstrate that the interactions between these effects are complex, regionally varied, and, critically, not 
always additive across all areas. As such, these sensitivity experiments highlight key processes and regional 
responses—namely a warming at high latitudes and drying across water-limited domains—that may aid 
the development of more comprehensive and dynamic vegetation simulations and facilitate an improved 
understanding of observed ecosystem changes under rising CO2.

Nevertheless, we note some key limitations to this study and uncertainties that warrant additional experi-
mentation. First, our analyses excluded the effects of changing albedo with LAI. However, higher LAI may 
reduce albedo and thereby enhance net surface shortwave radiation, in isolation from other plant physiolog-
ical effects and feedbacks (e.g. with clouds). In fact, this LAI-induced albedo effect has been shown to warm 
energy-limited domains, such as boreal forest regions (Forzieri et al., 2017; Zeng et al., 2017), although its 
impact is much more limited at lower latitudes where LAI-ET effects dominate. We would therefore expect 
that including this effect in future simulations would further amplify warming from CO2 radiative and con-
ductance effects at higher latitudes.

Second, raising LAI by 50% across all vegetation types was intended to test the sensitivity of this component 
of the vegetation response to large changes. This globally prescribed increase is likely an overestimate, 
particularly at lower latitudes, as we expect LAI changes to be non-uniform across vegetation types (e.g., 
species and photosynthetic pathway), stages of growth, bioclimatic zones, and resource limitations (Dono-
hue et al., 2013; Norby & Zak, 2011). While the CMIP6 ensemble used herein generally represented this geo-
spatial heterogeneity, LAI changes in response to high CO2 forcing also exceeded 50% in some water-limited 
areas in the lower mid latitudes and at higher latitudes. Satellite-based analyses do suggest that water-lim-
ited environments may in fact exhibit a proportionally greater LAI response as a result of enhanced water 
use efficiency from CO2 fertilization (Donohue et al., 2013). Meanwhile, FACE experiments indicate a more 
attenuated LAI increase in response to CO2 (Betts et al., 1997; Norby & Zak, 2011; Warren et al., 2011). More 
recently, evidence from a mature Eucalyptus woodland showed that LAI was unresponsive to elevated CO2 
(Duursma et al., 2016).

An analysis by Skinner et al. (2018) of CMIP5 ESMs with dynamic vegetation showed their broad consistency 
with these geographic patterns of LAI change, particularly in semi-arid environments (Skinner et al., 2018). 
A site-based comparison between FACE experiments and CMIP5 models by Mankin et al. (2019) neverthe-
less highlights the discrepancies and uncertainties in simulated vegetation responses and key hydrologic 
trends. Some of these uncertainties stem from imperfect comparisons between FACE experiments and their 
protocols and transient CMIP5 model experiments. However, more targeted model-observation compari-
sons of simulated changes in LAI in response to elevated CO2 at a series of FACE experiments have shown 
similar errors (De Kauwe et al., 2014, 2016; Medlyn et al., 2015). These challenges in appropriately repre-
senting plant physiological responses to climate forcings lead to both process-based uncertainty and also 
considerable inter-model uncertainty. For example, Mahowald et al. (2016) found large inter-model varia-
tion in simulated LAI responses under the Representative Concentration Pathways in CMIP5, which may be 
partly related to the spread in the models’ simulation of precipitation and incorporation of vegetation stress 
factors related to both water and heat. Comparisons of model LAI to observations are also complicated by 
the lack of adequate comparison metrics, which poses challenges to model development prospects as well 
as future LAI projections (Mahowald et al., 2016).

Furthermore, most climate models still lack (or over-simplify) a host of processes that can impose ad-
ditional limits on the total biophysical vegetation response and result in over-prediction of LAI and/or 
conductance effects (Swann, 2018). For example, leaf acclimation, or increasing thickness of leaves in re-
sponse to high CO2, can limit and/or negate increases in LAI and result in additional warming over that 
induced by conductance effects alone (Kovenock & Swann, 2018). Stomatal conductance may also be fur-
ther reduced by a reduction in the maximum rate of carboxylation (Vc,max) under high CO2 (Ainsworth 
& Rogers, 2007; Kovenock & Swann, 2018; Leakey et al.,  2009), although the contribution of this effect 
remain uncertain (Ainsworth & Rogers, 2007). Prior model studies scaled Vc,max to approximate this effect 
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(Bounoua et al., 2010; Pu & Dickinson, 2014), which resulted in ET reductions that further amplify directly 
induced plant physiological temperature increases (Pu & Dickinson, 2014). On the other hand, if the ad-
ditional water savings from down-regulated Vc,max are instead partitioned to higher LAI (over and above 
direct CO2-physiological effects), the resultant cooling may compensate for the warming effects of reduced 
ET (Bounoua et  al.,  2010). Moreover, Skinner et  al.  (2017) found that the stomatal closure effect domi-
nated the LAI effect in one model (CCSM4). It is therefore possible that the maximal approach used here 
for LAI changes may overestimate the importance of LAI compared to changes in conductance and other 
plant physiological effects in Earth system models with dynamic vegetation. Yet it also should be noted that 
there is substantial variation across models’ stomatal conductance sensitivities to elevated CO2 (De Kauwe 
et al., 2013; Y. Yang et al., 2019), making the extent to which this effect ameliorates dry climate conditions 
and other vegetation effects highly subject to model sensitivities.

The ability of ESMs to incorporate these vegetation responses has important implications for drought as-
sessment. Previous work has shown that offline drought metrics based largely on atmospheric demand pro-
ject widespread and strong future regional drying (Milly & Dunne, 2016; Swann, 2018; Y. Yang et al., 2019). 
These responses may be biased dry due to the exclusion of plant physiological processes in these calcu-
lations, namely stomatal closure under high CO2 conditions (Milly & Dunne, 2016; Swann, 2018). ESMs 
therefore do have the advantage of explicitly including these plant processes and can thus more comprehen-
sively assess, in a “plant-centric” way, the hydroclimate impacts under increasing CO2, despite structural 
limitations inherent to all models. Our simplified experiments show that while reduced conductance can 
attenuate regional soil moisture losses under high CO2, the sensitivity to LAI change may also be strong and 
can offset these responses leading to reduced regional water availability. As such, future drought assess-
ments should strive to better incorporate the role of multiple, and importantly competing, plant responses 
to elevated CO2.

Of additional consideration are the timescales on which these effects and processes occur. Stomatal con-
ductance responses to rising CO2 occur more rapidly than the growth of vegetation structures and LAI, 
and thus LAI-induced cooling effects may lag initial vegetation biophysical warming (Andrews et al., 2011; 
Bounoua et al., 2010). For transient future climate simulations, additional evaluation is required to isolate 
“fast” (within a growing season) and “slow” (years to decades) vegetation responses (Andrews et al., 2011; 
Betts et al., 1997). More coordinated diagnostic analyses are also warranted to understand the disparate and 
combined influences of conductance and LAI on moisture recycling and atmospheric circulation under 
high CO2, specifically as they alter regional precipitation patterns that drive further vegetation feedbacks. 
Changes in circulation and subsequent precipitation patterns have been documented in a number of pre-
vious studies (Chadwick et al., 2019; Douville et al., 2000; Pu & Dickinson, 2014; Skinner et al., 2017), and 
more systematic analyses of the relative contributions of moisture convergence and localized recycling 
could add value to these efforts. A final important consideration is associated with the use of ESM experi-
ments to represent “real world” vegetation growth and ecosystem responses that are often limited by many 
more factors than current models can incorporate or simulate reasonably. Such factors include, but are 
not limited to, nutrient limitation and cycling, the prevalence of pests and diseases (particularly alongside 
warming trends), extreme climate events, and the complex dynamics of mortality and ecological succession 
(Reich et al., 2014).

Lastly, our simulations do not consider the potential impacts of land use and land cover change (LULCC). 
It is important to note, however, that hydroclimate changes associated with vegetation interactions will also 
strongly depend on anthropogenic LULCC and that these effects will substantially differ regionally. For ex-
ample, McDermid et al. (2019) show that intensive, industrialized cropping systems, such as those of the US 
Midwest and Great Plains, can alter seasonal and regional soil moisture availability and land-atmosphere 
coupling relative to natural vegetation, due in large part to their different LAI and annual growth cycles. In 
tropical areas experiencing rapid deforestation, there have also been slight declines in precipitation and ET 
and increases in surface temperature and runoff, although there are likely thresholds beyond which these 
effects are significantly amplified (Lawrence et al., 2015; Lejeune et al., 2015; Swann et al., 2015). Future 
work should aim to disentangle LULCC impacts from plant physiological responses, for example using the 
newest CMIP6 Shared Socio-economic Pathway scenarios and/or experiments run as part of the Landuse 
Model Intercomparison Project (D. M. Lawrence et al., 2016).
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4. Conclusions
Biophysical vegetation feedbacks under high CO2 can have pronounced impacts on regional climate chang-
es. To better understand these feedbacks, we have presented a series of idealized global climate model sen-
sitivity experiments that focus on, and explicitly disentangle, two key vegetation effects: reduced stomatal 
conductance and enhanced leaf area. We have evaluated the influence of these effects both independently 
and assessed their linear and nonlinear interactions. Our results show substantial regional variation in 
the strength of these feedbacks, the interactions between these effects, and their resulting hydroclimate 
impacts.

Enhanced LAI exacerbates soil moisture deficits across water-limited domains, including the US Southwest, 
Iberian Peninsula, Middle East, eastern Australia, and central and eastern Asia. LAI effects also attenuate 
warming under higher CO2 by ∼0.5˚C–1˚C in the US Southwest, central Asia, and southeastern Asia. Con-
ductance effects are strongest across mid-to high latitudes in the Northern Hemisphere, contributing ∼1˚C 
of regional warming during the growing season and reducing precipitation by ∼10%–20%. In some regions, 
we find substantial nonlinear interactions between enhanced leaf areas and reduced conductance that pro-
duce either competing or mutually amplifying responses. Compared to the sum of effects, these nonlineari-
ties reduce warming across Europe and northern China, likely due to enhanced canopy evaporation, which 
reduces the vapor pressure deficit, weakens the conductance response, and increases low-level cloud cover. 
In northeastern Australia, these nonlinear effects enhance regional drying by increasing atmospheric sta-
bility and further reducing summer precipitation by >10%. Additional experiments in which LAI changes 
are constrained by a CMIP6 multi-model ensemble under high CO2 forcing produce hydroclimate responses 
generally similar to those of our 50% LAI increase sensitivity test in sign, magnitude, and geospatial distri-
bution. Differences arise at lower latitudes, where our sensitivity test overestimates the LAI contribution 
compared to the CMIP6 ensemble, and at high latitudes where the greater CMIP6 LAI changes produce 
stronger climate responses.

Our results quantify the sensitivity of these simulated feedbacks in a modeled environment, particularly 
with respect to LAI gains under high CO2, and underscore the need for improved representation of bio-
physical processes in vegetation within simulations of future climate change. To enable continued model 
improvement, an emerging number of frameworks for model benchmarking and comparisons to observa-
tions are increasingly available (e.g., Medlyn et al., 2015). We suggest that such coordinated data and model 
efforts be a priority for the ecological and hydrological research communities and for applications in land 
and water management.
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