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Abstract. The potential implementation of future geoengineering projects to counteract global warming trends or more
generally changes in aerosol loads alter solar radiation reaching the Earth surface. These changes could have effects on
ecohydrological systems with impacts which are still poorly quantified. Here, we compute how changes in solar radiation
affect global and local near surface meteorological variables by using CMIP6 modelscenarie results. Using these

seenariosclimate model outputs, we compute climate sensitivities to solar radiation alterations. These sensitivities are then

applied to local observations and used to construct two sets of numerical experiments: the first focuses on solar radiation
changes only, and the second systematically modifies precipitation, air temperature, specific humidity, and wind speed using
the CMIP6 derived sensitivities to radiation changes, i.e., including its land-atmosphere feedback. We use those scenarios as
input to a mechanistic ecohydrological model to quantify the local responses of the energy and water budget as well as
vegetation productivity spanning different biomes and climates.

In the absence of land-atmosphere feedback, changes in solar radiation tend to reflect mostly in sensible heat changes, with
minor effects on the hydrological cycle and vegetation productivity correlates linearly with changes in solar radiation. When
land-atmosphere feedback is included, changes in latent heat and hydrological variables are much more pronounced, mostly
because of the temperature and vapor pressure deficit changes associated with solar radiation changes. Vegetation productivity
tends to have an asymmetric response with a considerable decrease in gross primary production to a radiation reduction not

accompanied by a similar rise-increase with-aat higher radiation-inerease. These results provide important insights on how

ecosystems could respond to potential future changes in shortwave radiation including solar geoengineering programs.
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1 Introduction

Incoming solar (shortwave) radiation is a key variable when studying climate change as it is the main source of continuous
energy supply to the Earth (Wild, 2009; Wild et al., 2005). It does not only directly determine the Earth temperature, but also
interacts with ecohydrological processes by affecting net radiation and the energy budget at the land surface, as well as the
carbon cycle and vegetation dynamics through direct effects on photosynthesis, thus impacting agricultural and natural
ecosystems (Comolaetal., 2015; Lean & Rind, 1998; Monteith, 1972; Niemeier et al., 2013; Niinemets, 2010; Xiaetal., 2014).
Over the past 60 years, there have been shifts in solar radiation at the global scale, which have been caused by some minor
natural effects of sunspot activity (Lean & Rind, 1998) and mostly by anthropogenic activities (Stanhill & Cohen, 2001; Streets
etal., 2006). In North America and Europe from 1950-1980s, a globally decreasing shortwave radiation trend (global dimming)
was observed, while shortwave radiation increased back from 1990s onward (global brightening) (Liepert 2002; Wild, 2009).
The main reason for the dimming was the surge in aerosol concentrations due to anthropogenic emissions resulting from the
rapid industrial development from the middle of the last century to the 1990s (Paasonen et al., 2013; Ruckstuhl et al., 2008),
while the brightening since 1990s is due to the anthropogenic control of atmospheric aerosol loads (Wild, 2009; Wild et al.,
2005), as well as changes in cloud cover patterns (Pfeifroth et al., 2018; Sanchez-Lorenzo & Wild, 2012). The delayed patterns
of dimming and brightening in countries and regions that have experienced a later industrialization and implementations of
environmental regulations to limit industrial emissions reinforce these explanations (Manara et al., 2016; Sanchez-Lorenzo &
Wild, 2012; K. Wang et al., 2015; Wild et al., 2005). The net effect of these solar radiation changes on ecosystems and
ecohydrological variables might be significant, but it has not been quantified, as it is difficult to untangle changes caused by
radiation trends alone from the concurrently occurring global warming effects.

In addition to past changes in solar radiation, geoengineering solutions (Caldeira et al., 2013; Irvine et al., 2016) to counteract

climate change are often hinged around solar radiation management (SRM). —This could be realized by controlling

concentrations of aerosols, especially SO- in the stratosphere (MacMartin et al., 2016), by altering albedo of land and oceans
(Irvine et al., 2011) or the cloud cover (Jones et al., 2009), impacting in this way the absorbed energy. For example, albedo
can be increased by planting specific plant genotypes with low chlorophyll content (Genesio et al., 2020, 2021) while farming
practices, which include the use of no-till management can also increase albedo (Davin et al., 2014). Alternatively, injection
of sulphate aerosols into the lower stratosphere can reduce the amount of shortwave radiation reaching the top of the
troposphere or placing giant reflectors near the first Lagrange point of the Earth-Sun system can effectively reduce the solar
constant (Angel, 2006; Rasch et al., 2008). These solutions are ideated to reduce temperatures and mitigate some of the adverse
effects of global warming (Zhang et al., 2015), even though they have been controversial (Barrett et al., 2014; Irvine et al.,
2010, 2017) as the consequences of changes in solar radiation on meteorological variables other than temperature and regional
climatic patterns could be pronounced. Existing studies suggest that SRM programs are expected to locally stabilize
temperatures, but to be unable to revert precipitation changes (Bala et al., 2008; Irvine et al., 2011; K. L. Ricke et al., 2010;
Robock et al., 2008; Zhao & Cao, 2022), eventually even exacerbating them (Gertler et al., 2020; K. Ricke et al., 2023). It
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emerges that effects of solar radiation management solutions by modifying the amount of shortwave radiation received at the
ground they will also alter other meteorological variables as air temperature or precipitation through land-atmospheric
feedback in the short run and through climate feedback in the long run. From a process understanding point of view, it is
essential to distinguish the impacts of solar radiation itself and that of solar radiation accompanied by land-atmospheric and
climate feedback on the local land surface energy budget and ecohydrological response, a topic which has been less studied
and frames the scope here. While climate sensitivities to changes in solar radiation are computed using solar-geoengineering
simulations — in absence of alternatives — the aim of the study is broader and it is to understand how local hydrological variables
and vegetation respond to general alterations in incoming shortwave radiation, which might be caused by specific solar-
geoengineering programs or other anthropogenic or natural causes.

To quantify the effects of solar radiation changes from SRM projects on other climate variables, previous studies have

indirecthy-examined elimatic-sensitivity-to-temperature responses (Bala et al., 2008; Irvine et al., 2011; Kleidon & Renner,
2013), or in a different context, they analyzed the indirect ecohydrological response to solar radiation changes as caused by

variability in slope, aspect, and amount of canopy cover (e.g., Zhou et al., 2013; Zou et al., 2007), whereas the direct effect of
solar radiation changes on the ecohydrological response have not been analyzed likely due to the complexity of separating the
change in solar radiation from changes in temperature and other climatic variables.

Here, we utilize three scenario simulations from the Sixth Coupled Model Intercomparison Project (CMIP6) to isolate as much
as possible the effects of a solar radiation changes in absence of temperature change from the overall effect of solar radiation
change with its associated land-atmosphere and climate feedback. The first two scenarios correspond to the CMIP6 experiment
with abrupt decreased/increased solar radiation (abrupt-solm4p/abrupt-solp4p). The third scenario, the G1 experiment,
increased CO, and reduced solar radiation to maintain a fixed global temperature which helps to isolate the role of solar
radiation changes only. These scenarios are used to compute climate sensitivity, i.e., changes in four meteorological variables
for a unit of change in solar radiation. Subsequently, we used these sensitivities to construct several numerical experiments
aimed at assessing the response of ecohydrological variables to changes in solar radiation with the inclusion (or omission) of
land-atmosphere feedback. Specifically, the climate sensitivities derived from the CMIP6 experiments are applied to local
meteorological observations and used to run a mechanistic ecohydrological model at the local scale over 115 globally
distributed locations corresponding to different biomes and climates. The overall hypothesis is that changes in solar radiation
might have significant-considerable implications on the energy and water budgets as well as vegetation productivity, and these
effects are amplified when land-atmosphere feedback is included. Furthermore, the numerical experiments provided an-in-
deptha mechanistic understanding and interpretation on the spatial heterogeneity of ecohydrological responses to varied solar

radiation and its land-atmosphere feedback, which has been difficult to achieve in previous studies.
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2 Methods and Data

There are at least four ways to study the effects of solar shortwave radiation (Rsw) changes on the ecohydrology in a given
location:-.

The first is to simply modify incoming shortwave radiation and keep the other meteorological variables unaltered and look at
the generated ecohydrological differences. This scenario might be thought to be representative of a very localized
geoengineering intervention, but it is unrealistic, as solar radiation changes would induce some changes in other climate
variables through local land-atmosphere feedback.

The second option is to include short-term-land-atmosphere feedback, in which solar radiation changes lead to a modification
of other climate variables, such as locally near surface temperature, precipitation, air humidity, wind speed, but without
affecting the overall global climate dynamics, e.g., global temperature is largely unaltered. This intervention might reflect a
more regional scale change in aerosol content or a SRM intervention where land-atmosphere feedback is-attakes placey or
could also be expected as the short-term response to a global scale SRM project.

The third option is to consider all the long-term climate feedback induced by an initial modification of solar radiation. In such
a case, global temperature is expected to change in response to a global solar radiation change, with all the associated
implications for the climate system. In this third scenario, it is impossible to separate the effects of solar radiation changes
from the effects induced by the global temperature change as local land-atmosphere feedback and global climate feedback to
changes in solar radiation are overlapped.

Solar geoengineering interventions are aimed at preserving global temperature as CO, increases. Hence, the fourth scenario is
one in which solar radiation effects are isolated from global temperature changes by perturbing two variables (as done in the
CMIP6 G1 experiments), usually radiation is reduced, and CO; is increased to preserve the global scale mean temperature.
While CO is quite different in this experiment, the changes in CO; are expected to have a minersecondary effect on climate,
since global temperature, which is the most closely related variable to express overall changes in the climate system (e.g.,
Seneviratne et al., 2016), remains constant. In this scenario, there is no feedback from a warmer or colder Earth, thus most of
the induced changes in climate variables should be directly related to changes in solar radiation and to a minor extent to the
different CO; levels. The experiment (G1) is used in CMIP6 to isolate solar radiation effects, and its results are of high
significance to build the no global climate feedback scenario. Such scenario should allow to isolate radiation effects, but still
includes some level of land-atmosphere feedback.

In our study, we look in detail at the second and fourth case to understand implications of solar radiation changes on local
ecohydrology, but we also report climate sensitivities for the third case. To do so, we first calculated the sensitivity of
precipitation, near-surface temperature, specific humidity, and near surface wind speed to changes in surface short-wave
downward solar radiation derived from CMIP6 experiments. Second, these calculated climate sensitivities were used to
compute local changes in meteorological variables under 10 surface solar radiation perturbation scenarios at 115 globally

distributed sites spanning multiple biomes and climate regions_(Fig. 1). Specifically, local observed meteorological variables
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were perturbed applying the climate sensitivities computed for each location. Third, the Tethys-Chloris (T&C) ecohydrological
model was run with the two altered climate forcings (surface solar radiation change only and surface solar radiation change
including the land-atmosphere feedback on associated climate variables) to assess the changes in ecohydrological variables to
these scenarios (Fig. 1). It has to be noted that the CMIP6 scenarios used here to calculate the climate sensitivities have different
CO;, levels, while we did not perturb CO; in the T&C experiments as we intended to understand the effects of solar radiation

changes, not the overall consequences of a specific geoengineering experiment._The overall workflow of this research wias

displayed in Fig. 1.

2.1 Selection of CMIP6 experiments

We computed solar radiation changes and their associated land-atmosphere and climate feedback for three different scenarios:
1) short-term land-atmosphere feedback (SRs:) (second case above, Sect. 2), long-term climate feedback (SRi) (third case
above, Sect 2) and no temperature feedback (SRnc) (fourth case above, Sect 2). For this purpose, we selected three experiments
(G1, abrupt-solmdp, and abrupt-solp4p) from the CMIP6 ensemble (available at https://esgf-node.lInl.gov/search/cmip6/)
which perturbated solar radiation, and one control experiment (piControl) as the baseline to assess the response to the solar
radiation change. The Cloud Feedback Model Intercomparison Project (CFMIP) provided two of the perturbation experiments
corresponding to an abrupt 4 percent increase (abrupt-solp4p) or decrease (abrupt-solm4p) of the solar constant. The
Geoengineering Model Intercomparison Project (GeoMIP) provided one additional experiment where global scale temperature
is preserved (the G1 experiment). The G1 experiment includes an abrupt quadrupling of CO- plus a reduction in total solar
constant to maintain a global temperature aligned with the baseline experiment. This scenario without trends in global
temperature represents a climate in equilibrium, and while the different CO, concentration in comparison to the present climate
has some effect on the changes of climatic fercingsvariables, most of the induced changes in-ehmate—variables-should be
directly associated to the-radiation changes in this experiment. We screened all the General Circulation Models (GCMs) and
found that only-these six models can be used for climate sensitivity calculations as they provide the experimental results listed
in Table 1. The detailed information of the six GCMs is provided in Table 1 and Table S1. The common period across all the
models and experiments spans the hundred years from Jan.1850 to Dec.1949.

Table 1. List of models and experiments and associated spatial resolution selected for the climatic sensitivity calculations.
NA denotes the model has no available output for the specific experiment.

Model piControl abrupt-solm4p abrupt-solp4p Gl
IPSL-CM6A-LR 250 km 250 km 250 km 250 km
CESM2-WACCM 100 km NA NA 100 km
CNRM-ESM2-1 250 km NA NA 250 km
MIROC-ES2H 250 km NA NA 250 km
MRI-ESM2-0 100 km 100 km 100 km NA
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CESM2 100 km 100 km 100 km NA

2.2 Climate sensitivity calculations based on CMIP6 experiments

We calculated the differences in annual mean values of four climate variables — precipitation, near-surface temperature,

specific humidity, and near surface wind speed — plus surface solar radiation for the three experiments (abrupt-solp4p, abrupt-

solm4p, G1) and the control conditions (piControl) using six GCMs.\We-then-computed-changes-between-a-ghven-seenario-

iti i i i i ion- We used four models (IPSL-CM6A-LR, CESM2-
WACCM, CNRM-ESM2-1 and MIROC-ES2H) to compute the sensitivities for the SRy scenario with G1 experiments results
and three models (IPSL-CM6A-LR, MRI-ESM2-0 and CESM2) to compute the sensitivities for the SRy scenarios with abrupt-
solm4p/abrupt-solp4p experiments results. IPSL-CM6A-LR happened to have both the experiments for SRy (G1) and SRy

(abrupt-solm4p/abrupt-solp4p) scenarios. The slopes of the linear regressions between annual mean changes in meteorological
variables and surface solar radiation were defined as the climatic sensitivity to surface solar radiation changes. Variability in
climate sensitivity among the different CMIP6 is accounted for by calculating the sensitivity based on the slope of the linear
regression between outputs of the different models, so that uncertainty originated by specific climate model is smoothed. -We
also use single values of climate sensitivities at the annual scale, rather than monthly or seasonal variable sensitivities to include
more data in the computation. However, annual sensitivities tend to show the best correlation with summer sensitivities and
the lowest with winter sensitivities. Summer sensitivities are the most relevant to understand ecohydrological changes during
the growing season (Fig. S1-S2).

The short-term land-atmosphere and long-term climate sensitivities were calculated using the abrupt-solp4p and abrupt-solm4p
scenarios as they integrate the bidirectional changes in solar radiation. Specifically, short-term sensitivities SRs; were computed

over the first decade (Jan.1850-Dec.1859), where the global temperature had not yet changed significantly, ten years are

selected_as a compromise as we needed enough years to average internal climate variability (and remove the uncertainty

associated with the selection of one specific year) but not to many to have significant global temperature changesand-remove

the-uncertainty-associated-with-the-selection-of-one-specific-year. The long-term sensitivities SR were computed using the

last 50 years (Jan.1900-Dec.1949); and are thus representative of a different global temperature which impacts the overall

Earth climate. The length of 50 years was also chosen to minimize the uncertainty associated with internal climate variability.
Notably, because the solar radiation changes in G1 were unidirectional and there were only four models available, we set the
intercept as zero (no change expected for no radiation change) to obtain a-the reasenable-linear regression slope. In this case
we computed the climate sensitivity SRnc using the whole reference period (Jan.1850-Dec.1949) as this simulation is

representative of a stationary climate with a constant global temperature.

2.3 T&C model

We used the Tethys-Chloris (T&C) model to gain a deeper understanding of the ecosystem response to solar radiation changes

with and without the associated land-atmosphere feedback as CMIP6 models do not resolve ecohydrological processes in detail

6
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and coarsely parametrize vegetation properties. The mechanistic ecohydrological T&C model is designed for hourly
simulations of energy, water, and vegetation dynamics across diverse environments and climates. The model incorporates all
key components of the hydrological cycle and accounts for soil and vegetation heterogeneity. Shortwave and longwave
incoming radiation fluxes are explicitly transferred through the vegetation canopy (lIvanov et al., 2008; Wang, 2003). The
energy, water and carbon exchanges between the surface (soil and vegetation) and the planetary boundary layer are computed
with a resistance analogy scheme (Sellers et al., 1997) accounting for aerodynamic, under canopy and leaf boundary layer
resistances, as well as for stomatal, soil-to-root and soil-to-air resistances. The T&C model accounts for vertical soil water
content dynamics using the Richards equation. It includes snowpack dynamics and runoff generation mechanisms.
Photosynthesis is simulated using the Farquhar biochemical model (Bonan et al., 2011; Farquhar et al., 1980), with a "two big
leaves"” scheme for net assimilation and stomatal resistance which is simulated using a modified Leuning model (Wang &
Leuning, 1998). The model dynamically simulates seven carbon pools, accounting for tissue growth, maintenance respiration,
and tissue turnover influenced by environmental stresses. Carbon allocation considers resource availability and allometric
constraints, with the ability to translocate reserves for leaf expansion or recovery after disturbances. Phenology is simulated
with four growth states, transitioning between states is based on root zone soil temperature, soil moisture, and photoperiod
length. In-addition-the fluxtowerobservationsandThe T&C model eutputsare-highly correlatedhas been shown to reproduce

well energy, water and carbon fluxes at annual, hourly, and seasonal scales as observed from flux towers, as well as it can

reproduce other ecohydrological variables such as soil moisture and streamflow. Validation has taken place in all of acressthe
115 globally distributed locations used here, as-verified-by-nrumerous-and for most sites is reported in previous studies atannuak
hourly—and-seasonal-seales-(Botter et al., 2021; Fatichi et al., 2012a, 2012b, 2014, 2016; Fatichi & lvanov, 2014; Manoli et
al., 2018; Marchionni et al., 2020; Mastrotheodoros et al., 2017, 2020; Meili et al., 2024; Paschalis et al., 2020). For detailed
further information on the model's process description and parameterizations, we refer the reader to previous publications (e.g.,
Fatichi et al., 2012a, 2012b; Fatichi & Pappas, 2017; Fatichi-etal;2012a,2012b-2014; Maneli-et-al-2018;-Meili-etal2024;
Paschalis et al., 2022, 2024; \Wang et al., 2023; Luo et al., 2024).

2.4 Ecohydrological responses to solar radiation changes with T&C modelling

We applied the same linear regression method (used in Section 2.2) to each grid cell in the global CMIP6 simulations and
calculated the slope of linear regression as the climate sensitivity of each grid cell under SRy (short-term land-atmosphere
feedback) and SRy (no temperature feedback) scenarios. Then we selected the closest pixels to the locations of 115 globally
distributed sites characterized by different biomes where the T&C model has been tested and used in earlier studies- (Section
2.3){e-gFatichi-&Pappas,—2017—Wang—et-al;—2023). These climate sensitivities are then used to perturb the local
meteorological observations, which are covering a period between 2 and 39 years, depending on the location. A detailed list
of the sites and simulation length is available in Table S2. Specifically, we used 10 levels of solar radiation perturbation plus
a control scenario without any solar radiation change for the T&C simulations. The 10 scenarios perturb solar radiation by +

1Wm?2 £3Wm? £5Wm? £10 W m?, +£15 W m?2 at the 115 sites respectively and use the derived local climate

7



|215

220

225

230

sensitivities to also modify precipitation, near-surface temperature, specific humidity, and near surface wind speed. These
magnitudes of Rq change correspond to reference Rqy variations as obtained in global geoengineering studies (see section 3.1).
The perturbed meteorological variables are used as T&C model forcing to simulate the associated ecohydrological response at
the land surface. The length of the simulation period remains the same for the control and the perturbed scenarios and it is a
function of local data availability (Table S2). All the other forcing variables (including CO>) and boundary conditions are also
unchanged.

The ecohydrological response to Ry changes was assessed by analyzing changes in the land surface energy and hydrological
fluxes looking at the different terms of the energy (Eqg. 1) and water balance (Eg. 2).

R,=H+2AE+G (1)

PR = ET + LK+ R )

where R,, represents net radiation, H is the sensible heat flux, AE is the latent heat flux, G is the ground heat flux, PR is the

precipitation, ET is the evapotranspiration, LK is the leakage at the bottom of the soil column, and R is surface runoff. We also

computed the Bowen ratio (Bg) to analyze how changes in R, are partitioned into changes in H and AE. We further analyze
the variations in gross primary production (GPP) and leaf area index (LAI) as exemplary variables for vegetation response.

Since the 115 sites exhibit large heterogeneity in climate and biomes, we categorized the 115 sites based on two classification
criteria. The first categorization is based on the biome itself which classified the 115 sites into 10 categories (i.e., C3 Grassland,
Mixed C3/ C4 Grassland, Evergreen Forest, Tropical Forest, Deciduous Forest, C3 Grassland / Shrubs, C4 Grassland, Savanna,
Mixed Forest and Shrubs). The second categorization is based on the wetness index (e.g., Paschalis et al., 2021), i.e., the ratio
between precipitation and potential evapotranspiration, computed as PR/PET, sometimes also called aridity index (Arora,
2002). We categorized the 115 sites into three wetness index WI categories: dry (WI < 0.5), intermediate (0.5 <WI < 1) and

wet (WI >1). The detailed information about these classifications is reported in Table S3 and Fig. S3-S4.
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Figure 1. Research workflow to illustratedemonstrate the used data and; methodologys and performed simulations.

3 Results
3.1 Climatic sensitivity to solar radiation changes

In agreement with previous studies (Laakso et al., 2020; Russak, 2009; Stanhill, 2011), changes in the analyzed meteorological
variables exhibit a positive correlation with changes in surface solar radiation in scenarios involving the land-atmosphere and
climate feedback (SR, SRic in Fig. £2). In most parts of the world, as expected, a global scale increase in surface radiation
leads to an increase in the amount of energy absorbed by the Earth surface, resulting in an increase in surface and air
temperature, which in turn increases the specific humidity of the air, as a corollary of the Clausius-Clapeyron relation, and
leads to enhanced precipitation (Schneider et al., 2010; Stephens & Ellis, 2008). Changes in wind speeds are relatively small
and likely related to enhanced turbulent exchanges or shifts in circulation patterns (Stephens & Ellis, 2008). For most locations
on Earth, the changes in surface solar radiation are of the same sign as the changes in the solar perturbation at the top of the
atmosphere. However, there are a few regions where the trend of surface radiation changes is opposite to that of the top of
atmosphere, which may be due to the complex climate patterns impacting cloud distribution resulting in non-uniform changes
in surface solar radiation (Fig. S5).

As expected, sensitivities of precipitation, near surface temperature and specific humidity to changes in Ry are more

pronounced when the long-term climate feedback is accounted for than when only the short-term land-atmosphere feedback is

9
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considered. In the long-term, the sensitivity of temperature and specific humidity to Rsw is even larger than twice the short-
term sensitivity (Fig. 4b2b, 1e2c). Changes in wind speed are not substantially affected by the climate feedback, with a
sensitivity of 0.006 m s-1 per W m2 in both the long and short-term scenarios (Fig. 1d2d).
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Figure 12. Global-scale (over land areas) sensitivity to changes in surface solar radiation of four climatic variables (a)
precipitation, (b) near surface temperature, (c) near surface specific humidity, and (d) near surface wind speed. The scattered
points indicate global annual means of changes over land between the control scenario (piControl) and three CMIP6 scenarios
where solar radiation has been perturbed: G1 (crosses), abrupt-solm4p (plus signs for short-term and squares for long-term
changes) and abrupt-solp4p (asteriskdots for short-term and triangles for long-term changes) calculated with the models listed
in Table 1. The term s denotes the sensitivity of a given climatic variable, which is calculated as the slope of the fitted linear
regression. The subscripts denoteate the sensitivities under the three different conditions: SR, in orange (no temperature
feedback), SRy in blue (short-term land-atmosphere feedback) and SRyc in green (long-term climate feedback), respectively.

As changes in temperature lead to various dynamics that exacerbate changes in atmospheric patterns, the sensitivity of
meteorological variables to surface solar radiation change is greatly reduced when climatic feedback induced by a change in
global temperature are excluded, especially the sensitivity of temperature was reduced by an order of magnitude from SRy to
SR (from 0.635 K m? W to -0.024 K m? W, Table 2). The only exception is wind speed, for which sensitivities remain
very small (1% of the mean). This also suggests that global temperature may not be the main driver of wind speed variations

when compared to solar radiation. At global scale precipitation and wind speed remain positively correlated with changes in
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solar radiation under the SRy scenario, while temperature and specific humidity remain largely unchanged with the slopes of
the linear regressions close to zero as derived from the G1 CMIP6 scenario. The spatial distribution of climate sensitivity to
solar radiation changes shows remarkable spatial heterogeneity in the short-term (SRs) (Fig. S6a-d) and long-term (SR\c) (Fig.
S6e-h) when climate feedbacks are included, while the SR scenarios (Fig. S6i-1) show more pronounced latitudinal zonation
than the other scenarios.

Table 2. Climatic sensitivities to solar radiation changes over global land for the three different conditions: short-term land-
atmosphere feedback (SRs), long-term climate feedback (SRic), and no global temperature feedback (SRnc).

Variables [Units] SRy SR SRc

Precipitation [mm day™* m? W] 0.043 0.066 0.016
Temperature [K m? W] 0.635 1.302 -0.024
Specific Humidity [g kg* m? W] 0.264 0.529 0.019
Wind speed [m st m? W] 0.006 0.006 0.013

To better illustrate the global representativeness of the 115 sites selected for the ecohydrological simulations, we compared
the distribution of climatic sensitivities computed for these 115 sites with the global distribution of climate sensitivities over
land areas from CMIP6 (Fig. 23). Overall, the distribution of the climatic sensitivities for the analyzed sites are in the range of
the CMIP6 global distribution of sensitivities, even though the median of the precipitation sensitivities for the 115 sites was
slightly lower than the global land median under the SRy scenario. This is likely due to the fact that the selected locations for
which we had model set-ups were mostly positioned in the northern mid-high latitudes (Fig. S3-S4), such as Europe and USA.
These regions exhibit lower precipitation sensitivities under the SRy scenario (Fig. S6a). Nevertheless, the median of climatic
sensitivities for the selected 115 sites is still close to the global terrestrial median, and their variancedistribution covers-ais
larger fraction- thanef the global distribution_(Fig. 3). Therefore, we conclude that they are fairly representative of the global
picture. The variance of the sensitivity distribution increases in the scenarios with long-term climate feedback (SRic) (Fig. 3),
which is expected because atmospheric dynamic changes associated with global mean temperature change compound the
changes induced by solar radiation.

To select a reasonable magnitude of Rsy perturbations for the simulations with the T&C model, we also compare the
distribution of solar radiation changes in the 115 sites with the global land distribution obtained from CMIP6 (Fig. S5). The
distribution of Rq changes for the selected locations and CMIP6 global land are similar under the SRnc and SRsc scenarios.
The range of solar radiation change was around -16 W m?2 to 5 W m under the SRy scenario and had a wider range from -18
W m=2to 21 W m=2in the SRy scenario for the selected locations. Hence, we chose to perturb solar radiation in the range of -
15 W m2to 15 W m in the ecohydrological simulations which represents a realistic Rqy range consistent with expected local

changes in solar radiation from the CMIP6 geoengineering experiments.
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Figure 23. Distribution of the climatic sensitivity to a unit change in surface solar radiation for the 115 sites used for the T&C
simulations (blue boxes) and global CMIP6 simulations over land (red boxes), for (a) precipitation, (b) near surface temperature,
(c) near-surface specific humidity, and (d) near-surface wind speed, under the three different cases: short-term land-atmosphere
feedback (SRsc), long-term climate feedback (SRc), and no global temperature feedback (SRnc).

3.2 Solar radiation changes — effects on the energy budget

As expected, an increase/decrease in Rsy has a direct impact on the net radiation. For the case without land-atmosphere
feedback, the change in Ry translates almost perfectly into a change in Ry, (Fig. 3g4g) with a linear pattern where the change
in Ry is about 75% of the change in Rq in all biomes, which roughly corresponds to absorbed Rsw (€.9., Rsw - (1-albedo)).
Changes in Ry, in the presence of short-term land-atmosphere feedback are slightly more complex and tend to be non-linear for
changes in Rqy larger than 10 W m? (Fig. 3a4a). Consistent with energy conservation, the R, increases contributes
simultaneously to an increase in H and AE even though with different magnitudes. Due to the-long-peried-of-the simulations
spanning multiple years, changes in G are relatively modest even in the most extreme Rsy perturbations (Fig. S7) and generally
much less than 1 W m2, which is an order of magnitude less than changes of H and AE. The extent to which the additional
energy in R, is allocated to H or AE differs considerably between the case with and without land-atmosphere feedback. In the

SRy scenario, there was a greater transfer of heat into AE than into H. The mean change in AE and H is 72% and 28% of the
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change in R, respectively, in the simulation with +5 W m2, and the overall difference is quite pronounced with a mean
change in AE of 3.6 W m2 and in H of 1.4 W m in the simulation with +5 W m Rg. As Ry increases, the change in mean
Br across sites is always positive but first decreases and then increases at very high radiation loads (Rsw increases larger than
5 W m), indicating that the energy is firstly allocated proportionally more to AE and then to H, which also suggests that water
limitations might start to increase-play a role at very high radiation loads.

In the absence of pronounced land-atmosphere feedback (SR scenario), the additional R, is transferred much more into H.
The mean change in AE and H is 17% and 56%, respectively, of the change in Rgy in the simulation with +5 W m . The extent
of the mean change (all subsequent results are computed over the same range from -15 W m2 to 15 W m-2 if not specified
differently) in H (from -8.2 W m2 to 8.6 W m, Fig. 3h4h) was more than double than the mean change in AE (from -3.0 W
m2to 2.4 W m2, Fig. 2i4i). The variance of changes in the energy budget variables is greater under the SRy than SRy scenarios,
again showing how land-atmospheric feedback can modify the energy budget at the land surface, beyond the simple-direct
effect of a change in solar radiation.

Although R,, H and AE of the different biomes are all positively correlated with changes in solar radiation, sensitivities
(computed as a linear change in a given variable as Rsw changes from -5 W m2 to 5 W m, Fig. S8 and Table S4) still varied
among biomes. Evergreen forests had the highest R, and H sensitivities while deciduous and mixed forests had high R, and
AE sensitivities under the SRy scenario. Tropical forests had the highest R, and AE sensitivities under the SRy scenario while
the other biomes showed comparable R, sensitivities which predominantly allocated energy into H in the same scenario. C3/C4
grassland and mixed savanna had the lowest R, sensitivities under SRy and SRy scenarios, respectively. In the SRy scenario,
C3 grassland/shrubs had the highest H sensitivity and the lowest AE sensitivity. In the SRy scenario, C3 grassland, deciduous
forest, C3 grassland/shrubs, C4 grassland, mixed savanna, mixed forest, and shrubs show a decreasing Bg with increasing Rsw
(negative sensitivity), whereas evergreen forest, C3 grassland/shrubs and C3/C4 grassland have positive Bg sensitivity, which
points to some potential water limitation effects. The sensitivity to changes in Rqy grouped by wetness index categories differed
minimally except for the patterns in AE and Bg in the SRy scenario, which showed a decreasing Bg and proportionally more
AE in the wet locations, while Br sensitivities are negative in intermediate and dry sites, pointing to water limitations likely
induced by changes in precipitation patterns and temperature rather than changes in solar radiation alone as the SRy scenario

does not show any difference across wetness conditions (Fig. S9).
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| Figure 34. Changes in energy budget variables (a) (g) Rn, (b) (h) H, (c) (i) AE, and (d) (j) Br driven by surface solar radiation
changes at 115 sites simulated with T&C under SRs. and SRy scenarios. Coloured lines indicate changes in ten different
biomes, and thick black lines indicate the average across all biomes. Boxplots (e) (f) represent the distributions of absolute

|345 changes [W m?] in R, H and AE under SRy and SRy scenarios, respectively. The cases where Rsy change leads to APR > +
50% have been excluded as outliers.

3.3 Solar radiation changes — effects on the water budget

There is on average a positive correlation between changes in Rg and PR and ET in both SRy and SRy scenarios, while LK
shows a negative response in the SRy scenario and a positive one in the SRy, as a result of a larger positive sensitivity of PR
350  to Rsw changes, 0.015 mm day * m 2 W " in SRy and 0.004 day > m 2 W " in SRy (sensitivity computed as Ry changes from
-5W m2to 5 W m2, Table S4). The magnitude of hydrological changes in the SRy scenario are generally greater than those
in the SRy scenario (Fig. 4d5d, 4e5e) despite the lower PR changes in the SRy scenario (Fig. 4a5a, 45f), suggesting that
changes in variables such as air temperature and vapor pressure deficit (Fig. S10) may impose a strong effect on the
hydrological fluxes. The variations in runoff are relatively minimal (Fig. S11) compared to the other water fluxes (mean
355  changes smaller than 0.05 mm day! in both SRy and SR scenarios). Surface runoff is not a considerable flux in the plot-scale
ecohydrological simulations (e.g., Fatichi et al., 2020) and hence, changes in PR mostly reflect in changes in ET and LK.
Because of mass conservation (Eq. 2), the variations in ET and LK are of similar magnitude however with inverse sign when

PR changes are modest as in the SRy scenario, in which the median ET and LK changes are 12.2% and -8.9%, respectively,
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in the most extreme +15W m Ry scenario (Fig. 4d5d). However, in the SRy scenario, in which the magnitude of PR change
is considerable (median-mean changes in PR is 5%0.15 mm day in the most extreme scenario with +15W m Ry, Fig. 4e5f)
and ET median-mean changes are less pronounced, i.e., -0:6%0.09 mm day* under the SRy scenario (Fig. 4e5g), there is a
slight increase around 0:02940.05 mm day™ in median-mean LK in the +15W m Ry scenario (Fig. 4e5h). In this case, the
increase in PR more than compensates for higher ET, which is not the case in the SRy scenario. The magnitude of PR change
(medianmean -change in PR is -0-:98%0.04 mm day™ in the +15W m2 R scenario, Fig. 4d5a) is indeed less than that of
change in ET (median-mean changes in ET is 0.25 mm day*12.18%, Fig. 4d5b). An increase/decrease in Rsy leads to an ET
increase/decrease in both scenarios and all biomes (except for the mixed savanna and tropical forest which start to show a
decrease in ET from +10 W m to +15 W m Ry in the SRy scenarios), but the magnitude of the increase is considerably
higher in the SRy scenario. Mean change in ET range from -0.38:4 mm day* to 0.253 mm day* in SR and from -0.10 mm
dayto 0.094 mm dayin SR (Fig. 4b5b,4g50) because the additional energy in the first scenario is transferred predominantly
to AE rather than H as discussed above. This is the result of a considerable increase in VPD and temperature in the SRy scenario
as Rqw increases (Fig. S10). Without those changes, ET changes are much smaller. With higher Ta and VPD, vegetation tends
to transpire more, which is the strongest driver of ET changes as ground evaporation and evaporation from interception do not
change much (Fig. S12). Transpiration is also the driver of ET change in the SRy scenario, but the magnitude of the change
(from -0.05 mm day* to 0.04 mm day, Fig. S12f) is less than half that of the SRy scenario (from -0.253 mm day™* to 0.192
mm day?, Fig. S12c).

While average changes are providing a summary picture of the effects of increasing solar radiation, PR, ET and LK show
considerable differences in their trends for different biomes. Hydrological changes in C3 grasslands, deciduous forest and
mixed forests were more pronounced in the SRy scenario than in the SRy scenario because these biomes in our analysis were
mostly located at mid-high latitudes (Fig. S3), where temperature might be the most important factor rather than radiation
influencing ET by limiting vegetation activity. In contrast, the hydrological variations in tropical forests are both remarkable
in the SRy and SRy scenarios, suggesting that plants in the tropics are more dependent on radiation to alter hydrological fluxes
through changes in photosynthesis and transpiration. It is worth noting though that savannas and tropical forests, both located
in the tropics showed a turning point in their trends of ET and LK (Fig. 4b5b-c) at Rsy changes above +10 W m2 in the SRy
scenario pointing to some form of water limitation induced by high radiation loads and temperatures. The detailed sensitivity
information is presented in Fig. S13 and Table S4. The differences of sensitivity in regions characterized by different wetness
index categories are rather minimal for SRy (Fig. S14d-f, Fig. S15). However, the trends in PR (Fig. S14a) are different for
the SR scenario in which dry sites experiencing lower precipitation and wet and intermediately wet sites showing higher
precipitation with increasing Rsw. The magnitude of changes in hydrological variables show a larger increase in ET for wet
sites with higher Rsw, and lower ET reduction in dry sites with a decrease in Rsw (Fig. S15). These results are remarking the

importance of water limitations in modulating the impacts of changes in Rs in the most extreme cases.
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Figure 45. Changes in hydrological variables describing the water budget (a) (f) PR, (b) (g) ET, (c) (h) LK driven by surface
solar radiation changes at 115 sites simulated with T&C under SRs. and SRy scenarios. Colored lines indicate changes in ten
different biomes, and thick black lines indicate the average across all biomes. Boxplots (d) (e) represent the distributions of
relative changes [%] in PR, ET and LK in the SRy and SRy scenarios, respectively. To avoid non informative, high values,
due to extremely low baseline ET and LK values, changes in ET and LK were rescaled based on their proportion of PR, for
instance a 1% change in the plot is a 1% change on the ET/PR quantity. The cases where Ry change leads to APR > + 50%

have been excluded as outliers.
3.4 Solar radiation changes — effects on vegetation productivity

As solar radiation increases, GPP changes nonlinearly in the SRy scenario, which is different from the largely linear change
in the SRy scenario. The GPP changes in the SRy scenario are of much smaller magnitude though than the GPP changes in
the SR scenario, i.e., overall changes of -1.2-16 gC m? day™ to 0.14 gC m2 day® in SR and -0.21 gC m2 day* to 0.13 gC
m2 day? in SRy (Fig. 56). In SRy, the turning point from a slightly enhanced to reduced GPP occurs at or above a Rsy change
of around +5 W m2 (Fig. 5a6a). This is also the level at which Br starts to increase again (Fig. 3d4d), implying that beyond
+5 W m2 of radiation change, the energy load combined with higher temperatures and VPD (Fig. S10) may move plants away
from their optimal environmental conditions, and likely enhance water limitations in some locations, which causes a reduction
in GPP (especially in Savannas and Tropical forest biomes, which are already warm environments). These results might also
be affected by the fact that the T&C vegetation parameterization at each site is selected to reproduce local
observationsobservations, and it might implicitly reflect some level of optimality in terms of radiation and temperature
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conditions, so that additional energy and light are not beneficial. Conversely a decrease in Rsw clearly reduces GPP
considerably, especially in biomes located in temperate and cold regions (e.g., mixed forest, deciduous forest, and C3
grasslands, Fig. 5a6a, Fig. S3).

We use the SRn¢ scenario due to its linear GPP trend to compare the sensitivity of GPP to solar radiation in different biomes
(Fig. S16) and found that C3/C4 grassland and C3 grassland/shrubs showed small negative sensitivities as those biomes are
characterized by sparse vegetation and likely already light saturated, while the rest of the biomes showed positive sensitivities
to a change in solar radiation. Among them, the greatest increase in GPP was observed in the savanna areas and C4 grasslands,
which are both ecosystems with higher amount of C4 photosynthesis, which has a lower intrinsic quantum efficiency (Singsaas
etal., 2001), and thus is potentially benefitting more from additional light. The LAI response is in agreement with GPP changes,

although the magnitude of the response varies from biomes to biomes (Fig. S17).
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Figure 56. Changes in GPP driven by surface solar radiation changes at 115 sites simulated with T&C under the SRsc and SRy
scenarios. Coloured lines indicate changes in ten different biomes, and thick black lines indicate the average across biomes.

The cases where Rsy change leads to APR >+ 50% have been excluded as outliers.

When we evaluated the response of different biomes to increased/decreased Rsw in the SR and SRy scenarios (Table S5), we
found that mixed forest and C3 grassland (most located in the mid-high latitudes) were the most sensitive biomes to changes
in solar radiation under SRy scenarios with the largest magnitude of GPP change, -19.3% and -15.0% with decreased Ry Of
##5 W m™? and +14.8% and +8.6% with increased Rsw , respectively. This is likely the result of increased growing season
length in response to temperature. Shrubs were the least sensitive to decreases in light (0.1% GPP change), and C3 / C4
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Grassland were the least sensitive to increases in light in the SRs scenarios (0.2% GPP change), likely because water

limitations are stronger controls than temperature or light in these biomes.

4 Discussion
4.1 Solar radiation changes — energy and water flux responses

Since the 1960s, the world has experienced global dimming and brightening periods with trends in solar radiation shifting from
a decrease to an increase with a turning point around the late 80s in the US and Europe (Wild et al., 2005). From 1961 to 1990,
global surface solar radiation decreased by an average of 7 W m2 (about -0.2 W m2 per year) (Liepert, 2002) while from 1990
to 2005, surface clear-sky solar radiation increased at a rate of 0.66 W m per year (Wild et al., 2005). These changes in solar
radiation and therefore energy incoming to the land surface are non-negligible and even larger changes could occur if solar
radiation management due to geoengineering solutions is deployed in the future. Even though global scale studies have
analyzed hydrological implications of geoengineering solutions (K. Ricke et al., 2023; Tilmes et al., 2013; Wei et al., 2018),
it is still an open question how changes in surface solar radiation can affect the ecohydrological response of different biomes
across the world. By determining sensitivities of climate variables to a change in solar radiation from CMIP6 experiments, we
re-create two forcing scenarios that include (SRs) or exclude (SRn) the main land-atmosphere feedback of a solar radiation
change at the land surface. We retrieved the known effects (Laakso et al., 2020) of precipitation scaling positively with
radiation increase and evapotranspiration mostly following this pattern (Fig. 45). However, we also found that while Rsw
changes translate into R, changes almost unaffected by the presence of the land-atmosphere feedback (Table S6), the
subsequent R, partitioning into H and AE is instead quite different when accounting for or excluding land-atmosphere feedback
(Fig. 34, Fig. 67). When no feedback is included, the change in R, is mostly reflected in a change in H, with much less
pronounced changes in ET and other hydrological variables (Fig. 4e5e, Fig. 67). However, once land-atmosphere feedback is
included, which results in a change in temperature and VPD, the change in R, is more evenly partitioned into H and AE, with
changes in ET/PR and LK/PR reaching up to #220% in the most extreme Ry scenarios (Fig. 4d5d). In summary, for the same
amount of Ry change accounting for land-atmosphere feedback promotes changes in ET and LK, even though changes in PR
were more pronounced in the SRy scenario (Fig. 45, Fig. 67). tnterms-ofWhile we did not apply seasonally variable climate
sensitivities to changes in solar radiationity, our analysis efthe-sensitivity-of PR to-changes-in-selarradiation-acressdifferent

water balance—distribution—underaltered—solarradiation—Thesuggests that summer season sensitivities, which primarily

represents the vegetation growing season, shows the strongest correlation with the annual mean discussed-abevesensitivities

(Fig S2). As most of the vegetation activities and ET occurs during summer months, our results should still be representative

of the overall ecosystem response, especially as we considered a larger number of sites and thus a wide range of conditions

where precipitation, air temperature and humidity change of different amounts in response to a solar radiation change (Fig. 3).

However for ecosystems where winter hydrology might be very important to determine the growing seasons response of
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vegetation further analysis with seasonally variable sensitivities might be warranted.ln-contrast—the-winter-season-exhibits

4.2 Ecohydrological implications of an increase and decrease in solar radiation

As computed in this study, the ecohydrological response to R changes is influenced by a combination of energy partitioning,
changes in hydrological processes, and vegetation response (Fig. 67). Here, we show that a change in Rgy only, is unlikely to
have major implications on the hydrological and vegetation productivity as it mostly manifests in changes in H. This also
implies that effects of global brightening on land-surface fluxes would not have been significant if global warming would not
have concurrently occurred, and that observed trends in ET (Liu et al., 2021; Pan et al., 2020; Yang et al., 2023) in the 1980-
2010 period are unlikely a direct consequence of changes in Rqw alone. Furthermore, in the SRy scenario, as AE and LK do not
change much, the change in GPP tends to scale linearly with increasing light availability and is on average #0.2 gC m day™*
(24.3%) for the most extreme Rgy scenarios (15 W m2). Biomes with C4 plants (e.g. savannas) tend to be the most responsive,
as the C4-intrinsic quantum use efficiency of C4 plants is lower, while biomes with scattered and open vegetation (as C3/C4
grassland and C3 Grassland/Shrubs) have the mildest GPP response as they are likely already light saturated, and water limited.
When land-atmosphere feedback is accounted for, a decrease in solar radiation is leading to a land-surface which is generally
wetter, with lower ET and larger LK (and potentially streamflow once integrated at the catchment scale) and a considerably
lower GPP. In the SR scenario, the GPP response to a negative Ry is much more pronounced with up to -1 gC m2 day™ (-
21.4%) on average for a -15 W m~ R, scenario. However, these changes are mostly caused by lower temperatures and VPD
as the precipitation reduction is less pronounced in SRs. This shows that light or water limitations are not the main drivers of
anegative change in GPP, but changes in temperature and VPD are. Therefore, it has to be expected that if solar geoengineering
is deployed to counteract rising temperature levels, the overall hydrology and vegetation productivity will be much more
similar to the present climate than shown in Fig. 4-5 and Fig. 56, as light reductions due to lower Ry {Fig—5b8b)-in absence
of temperature changes are less impactful than hypothesized accounting for less than 5% change of GPP even in the most
extreme scenarios_(Fig. 6b).

Conversely, in a scenario where changes in aerosols and cloud cover might lead to higher radiation loads, these will be
accompanied by higher temperatures and VPDs, leading to significantly higher ET and reduced leakage, potentially
jeopardizing water resources in certain regions. These conditions are sufficient to counteract the effect of higher light
availability on GPP. GPP on average tends to peak at a Rqw 0f +5 W m (even though variability across biomes is significant,
Fig. 5a6a), and decreases at higher radiation loads because of higher temperatures and increased water limitations, reflected in

a higher Br. This suggests that vegetation, in the modelled locations, might be generally well adapted to current radiation and
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temperature conditions so that additional light availability does not stimulate GPP, with the exception of mixed forests, which

are likely temperature limited in the current climate.
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Figure 67. Ecohydrological response to (a) (b) decreased / (c) (d) increased Rsy of 35 W m under two different scenarios (a)
(c) SRy and (b) (d) SRnc. The direction of the arrow represents the direction of the change, positive (upward) or negative
(downward). Colors of the arrows indicate variables related to energy budget (orange), hydrology (blue), and vegetation gross
primary productivity (green). The length of the arrows indicates the magnitude of change [%] compared to the control scenario.

5 Conclusions

We first quantified mean annual climate sensitivity to a change in solar radiation and further use these sensitivities to simulate

ecohydrological responses induced by such a change in solar radiation accounting for or excluding land-atmosphere feedback

in 115 sites around the globe spanning different biomes. The results show that a change in solar radiation itself modifies net

radiation almost proportionally and led to substantially greater changes in H than AE with relatively minor implications for

hydrology and vegetation productivity. The inclusion of land-atmosphere feedback caused by solar radiation changes led to a

more pronounced change in R, and ecohydrological fluxes, with consequences also for vegetation productivity, especially

when a radiation reduction is accompanied by lower temperatures. These results have implications for the re-assessment of
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global brightening and dimming effects on ecohydrological variables occurred in the past decades as well as on the evaluation

of the potential changes in hydrological fluxes and vegetation productivity associated with solar radiation management projects.

Code availability & Data availability
Publicly available data was used in this study. CMIP6 model outputs can be obtained from https://esgf-
node.lInl.gov/search/cmip6/. The T&C model code can be found at https://doi.org/10.24433/C0.0905087.v3

Author contribution

YW performed the data preparation, analysis of the results, prepared the figures and wrote a first draft of the manuscript. SF

run the model simulations. NM and SF originated the idea and contributed to the writing.
Competing interests

The authors declare that they have no conflict of interest.

Acknowledgment

This study was supported by the National University of Singapore (Singapore Ministry of Education Academic Research Fund
Tier 1) through the project “Bridging scales from below: The role of heterogeneities in the global water and carbon budgets”

Award Number: 22-3637-A0001.

References
Angel, R. (2006). Feasibility of cooling the Earth with a cloud of small spacecraft near the inner Lagrange point (L1).

Proceedings of the National Academy of Sciences, 103(46), 17184-17189.
https://doi.org/10.1073/pnas.0608163103

Arora, V. K. (2002). The use of the aridity index to assess climate change effect on annual runoff. Journal of Hydrology,
265(1-4), 164-177. Q1. https://doi.org/10.1016/S0022-1694(02)00101-4

Bala, G., Duffy, P. B., & Taylor, K. E. (2008). Impact of geoengineering schemes on the global hydrological cycle.
Proceedings of the National Academy of Sciences, 105(22), 7664—7669. https://doi.org/10.1073/pnas.0711648105

Barrett, S., Lenton, T. M., Millner, A., Tavoni, A., Carpenter, S., Anderies, J. M., Chapin, F. S., Crépin, A.-S., Daily, G.,

Ehrlich, P., Folke, C., Galaz, V., Hughes, T., Kautsky, N., Lambin, E. F., Naylor, R., Nyborg, K., Polasky, S.,

21



540

545

550

555

560

Scheffer, M., ... De Zeeuw, A. (2014). Climate engineering reconsidered. Nature Climate Change, 4(7), 527-529.
Q1. https://doi.org/10.1038/nclimate2278

Bonan, G. B., Lawrence, P. J., Oleson, K. W., Levis, S., Jung, M., Reichstein, M., Lawrence, D. M., & Swenson, S. C.
(2011). Improving canopy processes in the Community Land Model version 4 (CLM4) using global flux fields
empirically inferred from FLUXNET data. Journal of Geophysical Research, 116(G2), G02014.
https://doi.org/10.1029/2010JG001593

Botter, M., Zeeman, M., Burlando, P., & Fatichi, S. (2021). Impacts of fertilization on grassland productivity and water
quality across the European Alps under current and warming climate: Insights from a mechanistic model.
Biogeosciences, 18(6), 1917-1939. https://doi.org/10.5194/bg-18-1917-2021

Caldeira, K., Bala, G., & Cao, L. (2013). The Science of Geoengineering. Annual Review of Earth and Planetary Sciences,
41(1), 231-256. Q1. https://doi.org/10.1146/annurev-earth-042711-105548

Comola, F., Schaefli, B., Ronco, P. D., Botter, G., Bavay, M., Rinaldo, A., & Lehning, M. (2015). Scale-dependent effects of
solar radiation patterns on the snow-dominated hydrologic response. Geophysical Research Letters, 42(10), 3895—
3902. https://doi.org/10.1002/2015GL 064075

Davin, E. L., Seneviratne, S. 1., Ciais, P., Olioso, A., & Wang, T. (2014). Preferential cooling of hot extremes from cropland
albedo management. Proceedings of the National Academy of Sciences, 111(27), 9757-9761.
https://doi.org/10.1073/pnas.1317323111

Farquhar, G. D., Von Caemmerer, S., & Berry, J. A. (1980). A biochemical model of photosynthetic CO2 assimilation in
leaves of C3 species. Planta, 149(1), 78-90. Q1. https://doi.org/10.1007/BF00386231

Fatichi, S., & Ivanov, V. Y. (2014). Interannual variability of evapotranspiration and vegetation productivity. Water
Resources Research, 50(4), 3275-3294. https://doi.org/10.1002/2013WR015044

Fatichi, S., Ivanov, V. Y., & Caporali, E. (2012a). A mechanistic ecohydrological model to investigate complex interactions
in cold and warm water-controlled environments: 1. Theoretical framework and plot-scale analysis:
ECOHYDROLOGICAL MODELING-THEORETICAL FRAMEWORK. Journal of Advances in Modeling Earth

Systems, 4(2). https://doi.org/10.1029/2011MS000086

22



565

570

575

580

585

Fatichi, S., Ivanov, V. Y., & Caporali, E. (2012b). A mechanistic ecohydrological model to investigate complex interactions
in cold and warm water-controlled environments: 2. Spatiotemporal analyses. Journal of Advances in Modeling
Earth Systems, 4(2), 2011MS000087. Q1. https://doi.org/10.1029/2011MS000087

Fatichi, S., Leuzinger, S., Paschalis, A., Langley, J. A., Donnellan Barraclough, A., & Hovenden, M. J. (2016). Partitioning
direct and indirect effects reveals the response of water-limited ecosystems to elevated CO ». Proceedings of the
National Academy of Sciences, 113(45), 12757-12762. https://doi.org/10.1073/pnas.1605036113

Fatichi, S., Or, D., Walko, R., Vereecken, H., Young, M. H., Ghezzehei, T. A., Hengl, T., Kollet, S., Agam, N., & Avissar,
R. (2020). Soil structure is an important omission in Earth System Models. Nature Communications, 11(1), 522.
Q1. https://doi.org/10.1038/s41467-020-14411-7

Fatichi, S., Zeeman, M. J., Fuhrer, J., & Burlando, P. (2014). Ecohydrological effects of management on subalpine
grasslands: From local to catchment scale: ECOHYDROLOGICAL EFFECTS OF GRASSLAND
MANAGEMENT. Water Resources Research, 50(1), 148-164. https://doi.org/10.1002/2013WR014535

Genesio, L., Bassi, R., & Miglietta, F. (2021). Plants with less chlorophyll: A global change perspective. Global Change
Biology, 27(5), 959-967. https://doi.org/10.1111/gch.15470

Genesio, L., Bright, R. M., Alberti, G., Peressotti, A., Delle Vedove, G., Incerti, G., Toscano, P., Rinaldi, M., Muller, O., &
Miglietta, F. (2020). A chlorophyll-deficient, highly reflective soybean mutant: Radiative forcing and yield gaps.
Environmental Research Letters, 15(7), 074014. https://doi.org/10.1088/1748-9326/ab865¢

Gertler, C. G., O’Gorman, P. A., Kravitz, B., Moore, J. C., Phipps, S. J., & Watanabe, S. (2020). Weakening of the
Extratropical Storm Tracks in Solar Geoengineering Scenarios. Geophysical Research Letters, 47(11),
£2020GL087348. Q1. https://doi.org/10.1029/2020GL 087348

Irvine, P. J., Kravitz, B., Lawrence, M. G., Gerten, D., Caminade, C., Gosling, S. N., Hendy, E. J., Kassie, B. T., Kissling,
W. D., Muri, H., Oschlies, A., & Smith, S. J. (2017). Towards a comprehensive climate impacts assessment of solar
geoengineering. Earth’s Future, 5(1), 93-106. https://doi.org/10.1002/2016EF000389

Irvine, P. J., Kravitz, B., Lawrence, M. G., & Muri, H. (2016). An overview of the Earth system science of solar

geoengineering. WIREs Climate Change, 7(6), 815-833. https://doi.org/10.1002/wcc.423

23



590

595

600

605

610

Irvine, P. J., Ridgwell, A., & Lunt, D. J. (2010). Assessing the regional disparities in geoengineering impacts.

Irvine, P. J., Ridgwell, A., & Lunt, D. J. (2011). Climatic effects of surface albedo geoengineering: SURFACE ALBEDO
GEOENGINEERING. Journal of Geophysical Research: Atmospheres, 116(D24), n/a-n/a.
https://doi.org/10.1029/2011JD016281

Ivanov, V. Y., Bras, R. L., & Vivoni, E. R. (2008). Vegetation-hydrology dynamics in complex terrain of semiarid areas: 1.
A mechanistic approach to modeling dynamic feedbacks. Water Resources Research, 44(3), 2006WR005588. Q1.
https://doi.org/10.1029/2006WR005588

Jones, A., Haywood, J., & Boucher, O. (n.d.). Climate impacts of geoengineering marine stratocumulus clouds.

Kleidon, A., & Renner, M. (2013). A simple explanation for the sensitivity of the hydrologic cycle to surface temperature
and solar radiation and its implications for global climate change. Earth System Dynamics, 4(2), 455-465.
https://doi.org/10.5194/esd-4-455-2013

Laakso, A., Snyder, P. K., Liess, S., Partanen, A.-1., & Millet, D. B. (2020). Differing precipitation response between solar
radiation management and carbon dioxide removal due to fast and slow components. Earth System Dynamics,
11(2), 415-434. https://doi.org/10.5194/esd-11-415-2020

Lean, J., & Rind, D. (1998). Climate Forcing by Changing Solar Radiation. Journal of Climate, 11(12), 3069-3094.
https://doi.org/10.1175/1520-0442(1998)011<3069:CFBCSR>2.0.CO;2

Liepert, B. G. (2002). Observed reductions of surface solar radiation at sites in the United States and worldwide from 1961
to 1990: OBSERVED REDUCTIONS OF SURFACE SOLAR RADIATION. Geophysical Research Letters,
29(10), 61-1-61-64. https://doi.org/10.1029/2002GL014910

Liu, J., You, Y., Li, J., Sitch, S., Gu, X., Nabel, J. E. M. S., Lombardozzi, D., Luo, M., Feng, X., Arneth, A., Jain, A. K.,
Friedlingstein, P., Tian, H., Poulter, B., & Kong, D. (2021). Response of global land evapotranspiration to climate
change, elevated CO2, and land use change. Agricultural and Forest Meteorology, 311, 108663.
https://doi.org/10.1016/j.agrformet.2021.108663

MacMartin, D. G., Kravitz, B., Long, J. C. S., & Rasch, P. J. (2016). Geoengineering with stratospheric aerosols: What do

we not know after a decade of research? Earth’s Future, 4(11), 543-548. https://doi.org/10.1002/2016EF000418

24



615

620

625

630

635

Manara, V., Brunetti, M., Celozzi, A., Maugeri, M., Sanchez-Lorenzo, A., & Wild, M. (2016). Detection of
dimming/brightening in Italy from homogenized all-sky andclear-sky surface solar radiation records and underlying
causes (1959-2013). Atmospheric Chemistry and Physics, 16(17), 11145-11161. https://doi.org/10.5194/acp-16-
11145-2016

Manoli, G., Ivanov, V. Y., & Fatichi, S. (2018). Dry-Season Greening and Water Stress in Amazonia: The Role of Modeling
Leaf Phenology. Journal of Geophysical Research: Biogeosciences, 123(6), 1909-1926.
https://doi.org/10.1029/2017JG004282

Marchionni, V., Daly, E., Manoli, G., Tapper, N. J., Walker, J. P., & Fatichi, S. (2020). Groundwater Buffers Drought
Effects and Climate Variability in Urban Reserves. Water Resources Research, 56(5), e2019WR026192. Q2-
https://doi.org/10.1029/2019WR026192

Mastrotheodoros, T., Pappas, C., Molnar, P., Burlando, P., Keenan, T. F., Gentine, P., Gough, C. M., & Fatichi, S. (2017).
Linking plant functional trait plasticity and the large increase in forest water use efficiency. Journal of Geophysical
Research: Biogeosciences, 122(9), 2393-2408. https://doi.org/10.1002/2017JG003890

Mastrotheodoros, T., Pappas, C., Molnar, P., Burlando, P., Manoli, G., Parajka, J., Rigon, R., Szeles, B., Bottazzi, M.,
Hadjidoukas, P., & Fatichi, S. (2020). More green and less blue water in the Alps during warmer summers. Nature
Climate Change, 10(2), 155-161.-Q% https://doi.org/10.1038/s41558-019-0676-5

Meili, N., Beringer, J., Zhao, J., & Fatichi, S. (2024). Aerodynamic effects cause higher forest evapotranspiration and water
yield reductions after wildfires in tall forests. Global Change Biology, 30(1), €16995. Q1.
https://doi.org/10.1111/gch.16995

Monteith, J. L. (1972). Solar Radiation and Productivity in Tropical Ecosystems. The Journal of Applied Ecology, 9(3), 747.
https://doi.org/10.2307/2401901

Niemeier, U., Schmidt, H., Alterskjaer, K., & Kristjansson, J. E. (2013). Solar irradiance reduction via climate engineering:
Impact of different techniques on the energy balance and the hydrological cycle: CLIMATIC IMPACT OF
DIFFERENT SRM METHODS. Journal of Geophysical Research: Atmospheres, 118(21), 11,905-11,917.

https://doi.org/10.1002/2013JD020445

25



640

645

650

655

’660

Niinemets, U. (2010). A review of light interception in plant stands from leaf to canopy in different plant functional types
and in species with varying shade tolerance. Ecological Research, 25(4), 693-714. Q3.
https://doi.org/10.1007/s11284-010-0712-4

Paasonen, P., Asmi, A., Petg& T., Kajos, M. K., Aijd& M., Junninen, H., Holst, T., Abbatt, J. P. D., Arneth, A., Birmili, W.,
van der Gon, H. D., Hamed, A., Hoffer, A., Laakso, L., Laaksonen, A., Richard Leaitch, W., Plass-DUmer, C.,
Pryor, S. C., R&sinen, P., ... Kulmala, M. (2013). Warming-induced increase in aerosol number concentration
likely to moderate climate change. Nature Geoscience, 6(6), 438-442. https://doi.org/10.1038/ngeo1800

Pan, S., Pan, N., Tian, H., Friedlingstein, P., Sitch, S., Shi, H., Arora, V. K., Haverd, V., Jain, A. K., Kato, E., Lienert, S.,
Lombardozzi, D., Nabel, J. E. M. S., Ottl& C., Poulter, B., Zaehle, S., & Running, S. W. (2020). Evaluation of
global terrestrial evapotranspiration using state-of-the-art approaches in remote sensing, machine learning and land
surface modeling. Hydrology and Earth System Sciences, 24(3), 1485-1509. https://doi.org/10.5194/hess-24-1485-
2020

Paschalis, A., Bonetti, S., Guo, Y., & Fatichi, S. (2022). On the Uncertainty Induced by Pedotransfer Functions in Terrestrial
Biosphere Modeling. Water Resources Research, 58(9). https://doi.org/10.1029/2021WR031871

Paschalis, A., Chakraborty, T., Fatichi, S., Meili, N., & Manoli, G. (2021). Urban Forests as Main Regulator of the
Evaporative Cooling Effect in Cities. AGU Advances, 2(2). https://doi.org/10.1029/2020AV000303

Paschalis, A., De Kauwe, M. G., Sabot, M., & Fatichi, S. (2024). When do plant hydraulics matter in terrestrial biosphere
modelling? Global Change Biology, 30(1), e17022. Q1. https://doi.org/10.1111/gcbh.17022

Paschalis, A., Fatichi, S., Zscheischler, J., Ciais, P., Bahn, M., Boysen, L., Chang, J., De Kauwe, M., Estiarte, M., Goll, D.,
Hanson, P. J., Harper, A. B., Hou, E., Kigel, J., Knapp, A. K., Larsen, K. S., Li, W., Lienert, S., Luo, Y., ... Zhu, Q.
(2020). Rainfall manipulation experiments as simulated by terrestrial biosphere models: Where do we stand? Global
Change Biology, 26(6), 3336—-3355. Q1-https://doi.org/10.1111/gcb.15024

Pfeifroth, U., Sanchez-Lorenzo, A., Manara, V., Trentmann, J., & Hollmann, R. (2018). Trends and Variability of Surface
Solar Radiation in Europe Based On Surface- and Satellite-Based Data Records. Journal of Geophysical Research:

Atmospheres, 123(3), 1735-1754. https://doi.org/10.1002/2017JD027418

26



665

670

675

680

685

Rasch, P. J., Tilmes, S., Turco, R. P., Robock, A., Oman, L., Chen, C.-C. (Jack), Stenchikov, G. L., & Garcia, R. R. (2008).
An overview of geoengineering of climate using stratospheric sulphate aerosols. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 366(1882), 4007-4037. Q2.
https://doi.org/10.1098/rsta.2008.0131

Ricke, K. L., Morgan, M. G., & Allen, M. R. (2010). Regional climate response to solar-radiation management. Nature
Geoscience, 3(8), 537-541. https://doi.org/10.1038/nge0915

Ricke, K., Wan, J. S., Saenger, M., & Lutsko, N. J. (2023). Hydrological Consequences of Solar Geoengineering. Annual
Review of Earth and Planetary Sciences, 51(1), 447-470. Q1. https://doi.org/10.1146/annurev-earth-031920-
083456

Robock, A., Oman, L., & Stenchikov, G. L. (2008). Regional climate responses to geoengineering with tropical and Arctic
SO ; injections. Journal of Geophysical Research, 113(D16), D16101. https://doi.org/10.1029/2008JD010050

Ruckstuhl, C., Philipona, R., Behrens, K., Collaud Coen, M., DUr, B., Heimo, A., M&zler, C., Nyeki, S., Ohmura, A.,
Vuilleumier, L., Weller, M., Wehrli, C., & Zelenka, A. (2008). Aerosol and cloud effects on solar brightening and
the recent rapid warming: AEROSOL EFFECTS AND SOLAR BRIGHTENING. Geophysical Research Letters,
35(12), n/a-n/a. https://doi.org/10.1029/2008GL 034228

Russak, V. (2009). Changes in solar radiation and their influence on temperature trend in Estonia (1955-2007). Journal of
Geophysical Research, 114, DOODOL. https://doi.org/10.1029/2008JD010613

Sanchez-Lorenzo, A., & Wild, M. (2012). Decadal variations in estimated surface solar radiation over Switzerland since the
late 19th century. Atmospheric Chemistry and Physics, 12(18), 8635-8644. https://doi.org/10.5194/acp-12-8635-
2012

Schneider, T., O’Gorman, P. A., & Levine, X. J. (2010). WATER VAPOR AND THE DYNAMICS OF CLIMATE
CHANGES. Reviews of Geophysics, 48(3), RG3001. https://doi.org/10.1029/2009RG000302

Sellers, P. J., Dickinson, R. E., Randall, D. A., Betts, A. K., Hall, F. G., Berry, J. A, Collatz, G. J., Denning, A. S., Mooney,

H. A., Nobre, C. A, Sato, N, Field, C. B., & Henderson-Sellers, A. (1997). Modeling the Exchanges of Energy,

27



690

695

700

705

710

Water, and Carbon Between Continents and the Atmosphere. Science, 275(5299), 502-509. Q1.
https://doi.org/10.1126/science.275.5299.502

Seneviratne, S. |, Donat, M. G., Pitman, A. J., Knutti, R., & Wilby, R. L. (2016). Allowable CO2 emissions based on
regional and impact-related climate targets. Nature, 529(7587), 477-483. https://doi.org/10.1038/nature16542

Singsaas, E. L., Ort, D. R., & DeL.ucia, E. H. (2001). Variation in measured values of photosynthetic quantum yield in
ecophysiological studies. Oecologia, 128(1), 15-23. Q2. https://doi.org/10.1007/s004420000624

Stanhill, G. (2011). The role of water vapor and solar radiation in determining temperature changes and trends measured at
Armagh, 1881-2000. Journal of Geophysical Research, 116(D3), D03105. https://doi.org/10.1029/2010JD014044

Stanhill, G., & Cohen, S. (2001). Global dimming: A review of the evidence for a widespread and significant reduction in
global radiation with discussion of its probable causes and possible agricultural consequences. Agricultural and
Forest Meteorology, 107(4), 255-278. Q1. https://doi.org/10.1016/S0168-1923(00)00241-0

Stephens, G. L., & Ellis, T. D. (2008). Controls of Global-Mean Precipitation Increases in Global Warming GCM
Experiments. Journal of Climate, 21(23), 6141-6155. Q1. https://doi.org/10.1175/2008JCL12144.1

Streets, D. G., Wu, Y., & Chin, M. (2006). Two-decadal aerosol trends as a likely explanation of the global
dimming/brightening transition. Geophysical Research Letters, 33(15), 2006GL026471. Q1.
https://doi.org/10.1029/2006GL026471

Tilmes, S., Fasullo, J., Lamarque, J.-F., Marsh, D. R., Mills, M., Alterskjaer, K., Muri, H., Kristj&sson, J. E., Boucher, O.,
Schulz, M., Cole, J. N. S., Curry, C. L., Jones, A., Haywood, J., Irvine, P. J., Ji, D., Moore, J. C., Karam, D. B.,
Kravitz, B., ... Watanabe, S. (2013). The hydrological impact of geoengineering in the Geoengineering Model
Intercomparison Project (GeoMIP): THE HYDROLOGIC IMPACT OF GEOENGINEERING. Journal of
Geophysical Research: Atmospheres, 118(19), 11,036-11,058. Q1. https://doi.org/10.1002/jgrd.50868

Wang, K., Ma, Q., Li, Z., & Wang, J. (2015). Decadal variability of surface incident solar radiation over China:
Observations, satellite retrievals, and reanalyses: SURFACE SOLAR RADIATION OVER CHINA. Journal of

Geophysical Research: Atmospheres, 120(13), 6500-6514. https://doi.org/10.1002/2015JD023420

28



715

720

725

730

735

Wang, Y. P. (2003). A comparison of three different canopy radiation models commonly used in plant modelling. Functional
Plant Biology, 30(2), 143. https://doi.org/10.1071/FP02117

Wang, Y. P., & Leuning, R. (1998). A two-leaf model for canopy conductance, photosynthesis and partitioning of available
energy |: Model description and comparison with a multi-layered model. Agricultural and Forest Meteorology,
91(1-2), 89--111. https://doi.org/10.1016/S0168-1923(98)00061-6

Wei, L., Ji, D., Miao, C., Muri, H., & Moore, J. C. (2018). Global streamflow and flood response to stratospheric aerosol
geoengineering. Atmospheric Chemistry and Physics, 18(21), 16033-16050. Q1. https://doi.org/10.5194/acp-18-
16033-2018

Wild, M. (2009). Global dimming and brightening: A review. Journal of Geophysical Research, 114, DO0D16.
https://doi.org/10.1029/2008JD011470

Wild, M., Gilgen, H., Roesch, A., Ohmura, A., Long, C. N., Dutton, E. G., Forgan, B., Kallis, A., Russak, V., & Tsvetkov,
A. (2005). From Dimming to Brightening: Decadal Changes in Solar Radiation at Earth’s Surface. Science,
308(5723), 847-850. https://doi.org/10.1126/science.1103215

Xia, L., Robock, A., Cole, J., Curry, C. L., Ji, D., Jones, A., Kravitz, B., Moore, J. C., Muri, H., Niemeier, U., Singh, B.,
Tilmes, S., Watanabe, S., & Yoon, J.-H. (2014). Solar radiation management impacts on agriculture in China: A
case study in the Geoengineering Model Intercomparison Project (GeoMIP). Journal of Geophysical Research:
Atmospheres, 119(14), 8695-8711. https://doi.org/10.1002/2013JD020630

Yang, Y., Roderick, M. L., Guo, H., Miralles, D. G., Zhang, L., Fatichi, S., Luo, X., Zhang, Y., McVicar, T. R., Tu, Z.,
Keenan, T. F., Fisher, J. B, Gan, R., Zhang, X., Piao, S., Zhang, B., & Yang, D. (2023). Evapotranspiration on a
greening Earth. Nature Reviews Earth & Environment, 4(9), 626-641. Q1. https://doi.org/10.1038/s43017-023-
00464-3

Zhang, Z., Moore, J. C., Huisingh, D., & Zhao, Y. (2015). Review of geoengineering approaches to mitigating climate
change. Journal of Cleaner Production, 103, 898-907. https://doi.org/10.1016/j.jclepro.2014.09.076

Zhao, M., & Cao, L. (2022). Regional Response of Land Hydrology and Carbon Uptake to Different Amounts of Solar

Radiation Modification. Earth’s Future, 10(11). https://doi.org/10.1029/2022EF003288

29



Zhou, X., Istanbulluoglu, E., & Vivoni, E. R. (2013). Modeling the ecohydrological role of aspect-controlled radiation on
tree-grass-shrub coexistence in a semiarid climate: Aspect-controlled Radiation on Coexistence. Water Resources
Research, 49(5), 2872—2895. https://doi.org/10.1002/wrcr.20259
740  Zou, C. B., Barron-Gafford, G. A., & Breshears, D. D. (2007). Effects of topography and woody plant canopy cover on near-
ground solar radiation: Relevant energy inputs for ecohydrology and hydropedology. Geophysical Research Letters,

34(24), L24S21. https://doi.org/10.1029/2007GL031484

30



