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Abstract Geoengineering such as solar radiation management (SRM) can be an
emergent option to avoid devastating climatic warming, but its ramifications are
barely understood. The perturbation of the Earth’s energy balance, atmospheric dy-
namics, and hydrological cycling may exert unexpected influences on natural and
human systems. In this study, I evaluate the impacts of SRM deployment on terrestrial
ecosystem functions using a process-based ecosystem model (the Vegetation Integra-
tive Simulator for Trace gases, VISIT) driven by the climate projections by multiple
climate models. In the SRM-oriented climate projections, massive injection of sulphate
aerosols into the stratosphere lead to increased scattering of solar radiation and
delayed anthropogenic climate warming. The VISIT simulations show that canopy
light absorption and gross primary production are enhanced in subtropics in spite of
the slight decrease of total incident solar radiation. The retarded temperature rise
during the deployment period leads to lower respiration, and consequently, an addi-
tional net terrestrial ecosystem carbon uptake by about 20%. After the SRM termina-
tion, however, along with the temperature rise, this carbon is released rapidly to the
atmosphere. As a result of altered precipitation and radiation budget, simulated runoff
discharge is suppressed mainly in the tropics. These SRM-induced influences on
terrestrial ecosystems occurr heterogeneously over the land surface and differed among
the ecosystem functions. These responses of terrestrial functions should be taken into
account when discussing the costs and benefits of geoengineering.
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1 Introduction

SRM, or albedo modification, in which incoming solar radiation is reflected or scattered before
reaching to the Earth’s surface through the use of technology, is under consideration as a
possible cost-efficient option or as an emergency measure to avoid devastating climatic
impacts caused by elevated greenhouse gas (GHG) concentrations (Caldeira et al. 2013;
Crutzen 2006; Keith and Irvine 2016; Lenton and Vaughan 2009; MacMartin et al. 2014;
Robock et al. 2009). Reflection, absorption, and scattering of solar radiation are part of the
natural climate system; a conspicuous analogue of SRM is the global cooling that can occur
after huge volcanic eruptions (Robock et al. 2013). For example, after the Mt. Pinatubo
eruption in June 1991, global mean temperature dropped by about 0.5 K as a result of the
injection of approximately 30 Tg of sulphate aerosols into the stratosphere (Soden et al. 2002;
Trenberth and Dai 2007). SRM is better quantified than other methods for geoengineering
(MacMartin et al. 2016), such that several plausible technologies have been proposed to mimic
such phenomenon by controlling these processes, including injection of aerosols into the
stratosphere, installation of solar reflector in space, and cloud seeding over the ocean (Keith
2000; Ming et al. 2014). Climate-model studies have assessed the possibility of SRM to
prevent anthropogenic GHG-induced temperature rise (Govindasamy and Caldeira 2000;
Jones et al. 2016; Lunt et al. 2008; McCusker et al. 2012; Schmidt et al. 2012). As stated
below, a model intercomparison project facilitated model-based analyses and impact assess-
ments on geoengineering.

Arguments have been presented related to diverse aspects of geoengineering technologies
(e.g. SRM and carbon dioxide removal and sequestration), ranging from their technological
feasibility and costs to governance and ethical issues (Bahn et al. 2015; Oldham et al. 2014;
Robock et al. 2009). Clearly, geoengineering is not a miracle remedy for global warming;
indeed, assessment of its potential benefits and risks has only just started and is gathering
attentions. Several studies have investigated the impacts of SRM on physical climate regimes
such as El Niño and Southern Oscillation (Gabriel and Robock 2015), tropical cyclone (Moore
et al. 2015), quasi-biennial oscillation (Aquila et al. 2014), and climate extremes (Curry et al.
2014). Also many studies have assessed the SRM impacts on hydrological regimes (Ferraro
et al. 2014; Kleidon et al. 2015). For example, Bala et al. (2008) conducted simulations using
the version 3 of Community Climate Model and found that SRM-caused reduction of
incoming solar energy decreases global mean precipitation. From a multi-model simulation
study, Tilmes et al. (2013) also found reduction of mean precipitation and frequency of
extreme heavy rain. Several studies focused on the effects of SRM on specific phenomena
such as sea-level rise (Applegate and Keller 2015; Irvine et al. 2012) and Arctic sea ice and
snow cover change (Berdahl et al. 2014; Tilmes et al. 2014).

Climatic and hydrological alterations induced by geoengineering would have influences on
aquatic and terrestrial ecosystems (Barrett et al. 2014), including croplands (Parkes et al. 2015;
Pongratz et al. 2012; Yang et al. 2016). However, such ramifications are largely unknown
because only a small number of studies have conducted such impact assessment. For example,
Govindasamy et al. (2002) used the Community Climate Model version 3 including the
Integrated Biosphere Simulator to conduct equilibrium simulations for different climate
conditions, and assessed the effect of climate stabilization by geoengineering on vegetation
changes. Naik et al. (2003) used the Integrated Biosphere Simulator to conduct a series of
simulations, including one assuming a lower solar constant (i.e. Bgeoengineered^), and found
negligible impacts on terrestrial productivity. However, remarkably, they found substantial
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spatial heterogeneity in the simulated impacts of geoengineering. Eliseev (2012) used a model
of the Obukhof Institute of Atmospheric Physics and conducted an RCP8.5-based assessment
of SRM deployment, showing that global terrestrial gross productivity would decrease by
17 Pg C year−1 and that there would be a net loss of ecosystem carbon stock of 33 Pg C. In the
geoengineering model intercomparison project, Jones et al. (2013) assessed the response of
Earth system models in an idealized SRM experiment (G2, +1% CO2 rise balanced by sulphate
aerosol injection and sudden termination) and found that impacts on global terrestrial net
primary productivity due to the termination of SRM were inconsistent among models. Muri
et al. (2015) assessed the response of tropical forests to SRM deployment by marine sky
brightening (G3seasalt experiment) in three Earth system models and found that tropical gross
productivity would decrease, partly as a result of salt damage. Kalidindi et al. (2015) used
Community Atmosphere Model version 4 to conduct two simplified experiments (sulphate
injection and solar constant reduction) and found that SRM deployment would decrease global
terrestrial productivity by ∼8%. Xia et al. (2016) used Community Earth System Model—
Community Atmospheric Model 4 to conduct simulations with the RCP6.0 and a transient
SRM scenario; they found that SRM deployment increased global terrestrial productivity by
3.8 ± 1.1 Pg C year−1. Nevertheless, previous studies used only a few models to examine a
small number of scenarios, and therefore, they could not adequately consider the range of
uncertainty. On the ecological impacts of geoengineering, several narrative reviews have been
published (McCormack et al. 2016; Russell et al. 2012) but few systematic evaluations have
been conducted using multiple scenarios.

In this study, I conducted a series of simulations with a process-based terrestrial ecosystem
model using climate projection scenarios and assessed the impacts of SRM deployment on
terrestrial ecosystem functions. Using multiple climate-model projections allows us to evaluate
the range of uncertainty caused by differences in climate models and scenarios. Although part
of ecosystem responses to SRM has been addressed in previous climate-model studies,
adopting the process-based model allows us to resolve broad-scale phenomena into specific
factors and underlying mechanisms. I focused on representative ecosystem functions such as
productivity, carbon budget, and water budget, which are regulated by biogeochemical and
ecophysiological factors. To reveal a further aspect of SRM-induced impacts, I examined the
termination effect (Jones et al. 2013; McCusker et al. 2014) of climatic change.

2 Methods and data

2.1 Climate scenarios

This study used climate projection data to drive a terrestrial ecosystem model (described later).
For SRM impact experiments, climate projections of Geoengineering Model Intercomparison
Project (GeoMIP; Kravitz et al. 2013) were used, and for the reference (without SRM)
experiment, data of coupled model intercomparison phase 5 (CMIP5; Taylor et al. 2012) with
compatible model configurations were used. For each experiment, outputs of near-surface air
temperature, precipitation, and downward shortwave radiation (separated into direct and
diffuse components) were used as input of the terrestrial ecosystem model. The climate
projection data of 11 climate models were obtained from the Program for Climate Model
Diagnosis and Intercomparison (PCMDI) site [URL: http://www-pcmdi.llnl.gov/]. For the past
period (1850–2005), the output of a historical concentration-driven CMIP5 experiment was
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used. For the reference climate projection, outputs of RCP4.5 (Moss et al. 2010) experiments
by each climate model were used. In the SRM deployment experiments (mainly by strato-
spheric aerosol injection), climate model outputs of the G3 and G4 scenarios (Yu et al. 2015)
were used for the period from 2020 to 2080, with termination in 2069 and post-termination
during 2070–2080. The G3 and G4 scenarios were selected because they assume fairly
realistic conditions, whereas the G1 and G2 experiments were conducted assuming idealized
conditions for demonstration. See Glienke et al. (2015) for the simulated responses of
terrestrial productivity under the G1 scenario, which assumes the abrupt quadrupling of
atmospheric CO2 concentration. In the G3 experiment, sulphate aerosols are injected into
the tropical lower stratosphere from 2020 to 2069, such that radiative forcing by the atmo-
spheric greenhouse gas increase is just offset. In the G4 experiment, sulphate aerosols are
injected at a constant rate (5 Tg year−1) into the tropical lower stratosphere from 2020 to 2069;
thus, negative radiative forcing is assumed to have immediate impacts. In addition to these
base scenarios considering stratospheric aerosol injection, experiments with some of the
climate models used scenarios considering different technologies (Table 1). In the G3S
experiment, a space solar reflector was used instead of sulphate aerosols for SRM. In the G4
cdnc experiment, the liquid cloud droplet concentration of low oceanic clouds was increased
by 50% by providing cloud concentration nuclei. In the G3seasalt and G4seasalt experiments,
sea salt spray was injected into the marine boundary layer between 30°N and 30°S.

2.2 Description of VISIT model and simulation

A process-based terrestrial ecosystem model, the Vegetation Integrative SImulator for Trace
gases (VISIT; Inatomi et al. 2010; Ito 2010), was adopted to simulate the water budget and
biogeochemical carbon cycle under changing environments. This model has intermediate
complexity in terms of biogeochemistry and ecophysiology, allowing us to conduct multiple
simulations for assessing uncertainty and underlying mechanisms. The VISIT model was
driven by atmospheric greenhouse gas concentrations, climate parameters, and land-use
changes. The land-surface water budget and soil moisture content are simulated by using a
simple two-layer hydrological scheme. Runoff discharge is estimated with a bucket model, and
evapotranspiration is evaluated with the Penman-Monteith equation, taking account of soil
water availability (Ito and Inatomi 2012). The carbon cycle scheme includes C3 and C4 plants

Table 1 Summary of GeoMIP climate models and experiments used in this study

Climate models Experiments

BNU-ESM RCP4.5, G3, and G4
CanESM2 RCP4.5, G4, and G4cdnc
CCSM4 RCP4.5 and G3S
CSIRO-mk3L-1-2 RCP4.5, G3S, and G4
GISS-EL-R RCP4.5, G3, and G4
HadGEM2-ES RCP4.5, G3, G3S, G4, G4cdnc, and G4seasalt
IPSL-CM54-LR RCP4.5, G3, and G3seasalt (G5)
MIROC-ESM RCP4.5, G4, and G4cdnc
MIROC-ESM-CHEM RCP4.5 and G4
MPI-ESM-LR RCP4.5 and G3
NorESM1-M RCP4.5 and G4cdnc
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and soil organic carbon components, each of which is composed of a few functional com-
partments (see Ito and Oikawa (2002) for details). Carbon flows in a terrestrial ecosystem are
simulated in an ecophysiological manner. Gross primary production (GPP) is estimated for C3

and C4 plants, using biome-specific parameters, by analytically integrating single-leaf photo-
synthesis for the whole canopy. Limitations of atmospheric CO2, air humidity via stomatal
openings, temperature, and soil moisture are considered. Net ecosystem production (NEP),
which represents the CO2 budget, is obtained as the difference between GPP and ecosystem
(plant + microbial) respiration.

Global simulations were conducted at a spatial resolution of 0.5° × 0.5° in latitude and
longitude. All the GeoMIP climate projection data were resampled at the simulation resolution
and corrected for the historical period by using the observation-based climate data (CRU-
TS3.23: Harris et al. 2014). Future climate condition was given by adding anomalies from the
average during the baseline period (1970–1999). Photosynthetically active radiation (PAR,
400–700 nm) and its direct and diffuse fractions were estimated at each time step using
empirical equations (Supplementary Information). After 300–2000 years of spin-up (until
stabilization among the grids was obtained), a historical simulation was conducted for 1901
to 2005. Then simulations for 2006–2019 were forced by the RCP4.5-based projections of the
climate models. Finally, the model was forced by the climate projections and RCP4.5-based
atmospheric greenhouse gas concentrations during the SRM deployment (2020–2069) and
post-termination (2070–2080) periods.

The VISIT model has been tested at site, regional, and global scales, and its performance
has been verified through comparisons with many observation data and other models. For
example, the present global terrestrial net primary productivity (61.8 Pg C year−1, average of
2003–2012) is close to meta-analysis results for satellite- and field-based observations (Ito
2011). In this study, I first confirmed that the model behavior was consistent between the
VISIT and land-surface schemes implemented in the GeoMIP climate models (Supplementary
Fig. S1); the result was convincing for us to conduct in-depth analyses of these functions.

3 Results and discussion

3.1 Climate change in CMIP5 and GeoMIP projections

The CMIP5 and GeoMIP climate projections indicated future temperature rise but at
different magnitudes. From the 2000s to the 2060s, the mean land temperature in-
creased by 2.5 ± 0.6 K for in the reference scenario (δRCP4.5), by 1.3 ± 0.5 K in the G3
simulations (δG3), and by 1.7 ± 0.7 K (δG4) in the G4 simulations, respectively (average
± standard deviation of projections). Here, the difference between δRCP4.5 and δG3 or
δG4 is defined as the SRM-induced impact (Δ): therefore, ΔG3 = −1.2 K and ΔG4 =
−0.7 K (Figs. 1a and 2a; see Fig. S6 for distribution). Future changes in precipitation
were also differently simulated in CMIP5 and GeoMIP climate projections. Compared
with the reference climate change scenario (δRCP4.5), precipitation changes were slightly
suppressed (Δ = −5 to −20 mm year−1) in the G3 and G4 scenarios because of
weakened hydrological cycle (Supplementary Fig. S7). As a result of aerosol injection,
PAR was more attenuated (Δ ≈ −30 mol photon m−2 year−1) before it reached the land
surface (Fig. 1b). It is notable that in many subtropical regions, the direct fraction of
PAR decreased whereas the diffuse faction increased (Supplementary Figs S8 and S9).
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As a result of compensation, change in total (i.e. direct and diffuse) PAR was not so
large as expected from the decrease in direct component (Supplementary Fig. S10).

3.2 Terrestrial productivity under SRM scenarios

Using the CMIP5 (reference RCP4.5) and GeoMIP climate projections, changes in
terrestrial ecosystem functions were simulated by the VISIT model. In the reference
experiment, global terrestrial gross primary production (GPP) increased from 122 ±
2 Pg C year−1 in the 2000s to 146 ± 6 Pg C year−1 in the 2060s (i.e. δRCP4.5 =
24 Pg C year−1). The GPP amounts simulated in the SRM-based experiments were not
significantly different from the reference at global scale (Δ = −2.1 to +1.6 Pg C year−1;

Fig. 1 Simulated trajectories of SRM-induced change (Δ). Differences in a the annual mean near-ground
temperature change or b the land-surface mean annual incident photosynthetically active radiation (PAR)
estimated from shortwave radiation by GeoMIP climate models (see the BMethods and data^ section) between
the reference (δRCP4.5) and SRM (δG3 or δG4) experiments simulated by GeoMIP models during the deployment
period (2020–2069). Thin blue lines show the results for each climate-model projection, thick broken blue lines
show the ensemble mean, and orange lines show the cumulative difference (∑Δ). Both the RCP4.5-based and
SRM simulations assumed the same GHG pathway. Δ for c, annual total net ecosystem production (CO2 budget)
or d, annual total runoff discharge, simulated by the VISIT model driven by GeoMIP climate projections in an
offline manner. See Supplementary Figure S2 for other variables
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Fig. 2b), but the SRM-induced impact was distributed heterogeneously over the land
area (Supplementary Fig. S13), with tropical and subtropical ecosystems showing
substantial increases (Δ > 1 Mg C ha−1 year−1).

Several mechanisms could account for the GPP response to SRM. The SRM-induced
GPP enhancement in lower latitudes may be attributable to (1) increased PAR absorption
by the canopy (APAR) or (2) improved photosynthetic light-use efficiency (LUE = GPP/
APAR). Previous studies (Mercado et al. 2009; Xia et al. 2016) showed that an increase of
the diffuse light fraction would enhance photosynthetic assimilation, especially in light-
limited rainforest ecosystems (Nemani et al. 2003). The process-model approach allowed
structural and physiological mechanisms of the GPP enhancement to be separated. APAR
increased markedly in subtropical regions (e.g. South Asia and Africa), whereas it
increased little in the humid tropics such as Amazonia (Supplementary Fig. S11). In
contrast, in humid tropical regions, LUE and GPP were more enhanced in the SRM
scenarios, a result that implies that tropical vegetation can convert the solar energy into
biomass more efficiently (Supplementary Figs. S12 and S13). It is important that temper-
ature rise in the SRM experiments was substantially ameliorated in the tropics (Supplementary
Figure S6), where further warming could exert adverse influences on ecosystems. The
retarded warming in lower latitudes was beneficial for productivity due to higher
photosynthetic quantum yield and lower respiratory loss. Also, rainforests are in general
not water-limited; therefore, the weakened hydrology associated with the G3 and G4
scenarios did not exert an adverse effect on these tropical ecosystems. In contrast, in the
subtropics, the retarded warming could enhance vegetation productivity by ameliorating
water stress due to lower evaporative demand, allowing vegetation to hold higher leaf area
and to absorb more solar radiation (Supplementary Fig. S11). Such GPP responses to SRM
in the tropics and subtropics are consistent with the analysis of idealized experimental
results by Glienke et al. (2015). In contrast, in the G3- and G4-based experiments, GPP

Fig. 2 Changes in terrestrial parameters from the present to the 2060s. a Mean annual land temperature
simulated by GeoMIP climate models in the reference (δRCP4.5), G3 (δG3), and G4 (δG4) experiments. b Annual
total gross primary production (GPP), c annual total net ecosystem production (NEP), and d runoff discharge
(RO) in corresponding experiments simulated by VISIT. The difference between δRCP4.5 and δG3 or δG4
represents the SRM-induced impact (Δ, indicated by black arrows). Red arrows show the termination effect
simulated in the 2070s (shown in grey for RCP4.5). See Supplementary Figures S2, S4, and S5 for individual
model results
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in temperate to boreal (i.e. temperature-limited) ecosystems did not increase as much as in the
reference scenario. In these temperature-limited regions, the smaller temperature rise in SRM-
based experiments would restrict the length of growing period and then photosynthetic
productivity in comparison with the reference case.

3.3 Terrestrial carbon and water budgets under SRM scenarios

The retarded temperature rise in the SRM-based climate projections, although warming was
not completely prevented, suppressed the increase of respiratory CO2 emissions in the VISIT
simulations (ΔG3 = −1.5 ± 2.3 Pg C year−1 and ΔG4 = −0.2 ± 1.8 Pg C year−1 in the 2060s).
Consequently, the cumulative additional net carbon sequestration by the terrestrial biosphere
was 34 Pg C (95% confidence interval, −6 to 74 Pg C) during 2020–2069 (Fig. 1c). The G4-
based experiments showed higher net ecosystem production (NEP) during the early decades of
the SRM deployment than the G3-based experiment, as expected from the aerosol injection
pattern, but the G3-based experiments caught up after ca. 2060. SRM-induced carbon uptake
was found mainly in lower latitudes (Fig. 3a; see Supplementary Fig. S14 for the G4-based
result), where substantial GPP enhancement occurred.

The weakened hydrological cycle (Bala et al. 2008; Tilmes et al. 2013) and altered vegetation
activity caused by SRM deployment also affected the terrestrial water budget. Runoff discharge
(RO) from terrestrial ecosystems, which relates to the potential water-resource supply, was
suppressed in the SRM-based experiments of the VISIT model (Δ = −0.65 to −0.96 ×
1000 km3 year−1; Fig. 1d; see Supplementary Fig. S15 for the G4-based result). The RO
suppression occurred mainly in the humid tropics, where the climate models simulated decreased
rainfall (Supplementary Fig. S7). Therefore, the fraction of RO relative to precipitation was not
substantially affected in these regions (Supplementary Fig. S16). It is noteworthy that in certain
areas such as the Mediterranean region, decreases of precipitation and runoff in the reference
scenario were slightly ameliorated in the SRM results.

3.4 Termination impacts

The termination effect is a serious issue of geoengineering, but only a few studies have
assessed the impacts of termination on land systems (Jones et al. 2013; Matthews and
Caldeira 2007). In the GeoMIP climate projections, after sudden termination of the SRM
deployment in 2069, mean land temperature rose rapidly at rates of 0.6 to 0.8 K per decade
(Figs. 1a and 2a), and these temperature increases were accompanied by a clear increase of
incident PAR. Terrestrial ecosystems, especially in the G3-based experiments, released extra
carbon to the atmosphere (ΔG3 = −1.25 ± 1.0 Pg C year−1 in the 2070s) mainly as a result of
enhanced ecosystem respiration by the rapid warming. A termination effect was also evident in
RO simulated by the terrestrial model, which promptly returned amounts close to the reference
value (Fig. 1d).

3.5 Difference among SRM technologies

Furthermore, I examined differences in Δ between the sulphate aerosol SRM technology
and other technologies for which climate projections were available (cf. Table 1). When a
solar reflector in space was used to reduce solar radiation (GeoMIP experiment G3S), the
GPP (VISIT simulation) enhancement at lower latitudes caused by retarded temperature
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rise and increased diffuse radiation largely remained. In addition, GPP in temperate and
boreal ecosystems was more suppressed than it was in the G3-based experiments because
of the reduced solar radiation at higher latitudes. When cloud droplet number concen-
tration increment (G4cdnc; i.e. cloud seeding) or sea salt spray (G3seasalt and G4seasalt)
technologies were adopted, reductions in solar radiation occurred chiefly over ocean
areas and SRM-induced impacts on terrestrial functions were substantially ameliorated.
These results imply that it is possible to mitigate SRM-induced impacts by selecting
appropriate technologies.

Fig. 3 Simulated distribution of SRM-induced changes (Δ). a Annual net ecosystem production (NEP: CO2

budget, positive for net land sink) and b annual runoff discharge (RO, positive for increase) for the G3 result in
the 2060s. See Supplementary Figs S14 and S15 for the results of the G4 experiments
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4 Concluding remarks

This study used multiple climate projection experiments, as many as available, in an
evaluation of SRM-induced impacts on land systems. While previous studies using single
models have provided inconsistent results (e.g. positive or negative impacts), this study
compared multiple experimental results and examined consistency. Furthermore, this study
explored the mechanisms underlying the effects of SRM deployment through the use of the
process-based VISIT model.

There remain, however, several limitations to the present approach. The present terres-
trial models may need improvement to capture temporal variability in ecosystem functions
with higher credibility. Although the performance was largely comparable between the
VISIT and other models (Supplementary Fig. S1), there still remain large estimation
uncertainties as demonstrated by impact-model intercomparison studies (Friend et al.
2014). For example, it is difficult for many terrestrial models to accurately simulate the
extra carbon uptake that occurred after the Mt. Pinatubo eruption (Le Quéré et al. 2016).
After the huge eruption, increase in atmospheric CO2 level was noticeably retarded,
presumably as a result of the increased photosynthetic uptake, due to diffused solar
radiation, and the decreased respiratory release of CO2 due to surface cooling (Gu et al.
2003). The present models might not be possible to capture such mechanisms in a quanti-
tative manner. In addition, in this study, I used only a few simplified SRM scenarios of the
GeoMIP; these scenarios should be refined further by including socioeconomic and strate-
gic factors (Keith and MacMartin 2015; Kravitz et al. 2016). To achieve a more reliable
impact assessment, we need to refine models by using observational data for validation and
development and to conduct more interdisciplinary studies.

Nevertheless, the results presented here have implications for climate and risk manage-
ments (see Fig. 4). First, climate warming and its impacts were not completely prevented in
either SRM scenario, the implication being that concurrent measures such as reducing GHG
emissions would be still required. Considering the historical warming since the preindustrial
era, temperature rise at the middle of this century is likely to exceed the level adopted in the
Paris Agreement. It is noteworthy, however, that SRM by aerosol injection might induce
additional carbon sequestration (∼1 Pg C year−1 equivalent to approximately +20% of the
no-geoengineering case) in terrestrial ecosystems. The cumulative carbon sequestration
during the SRM deployment period is roughly equivalent to a drawdown of atmospheric
CO2 by about 6.4 ppmv (assuming airborne fraction of 0.4; Canadell et al. 2007). Second,

Fig. 4 Impacts of SRM deployment on land systems. Schematic diagram of the impacts of SRM deployment on
natural and human systems
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the SRM-induced impacts would be heterogeneously distributed among regions and impact
sectors (e.g. biomes and hydrological system). The unequal distribution of the induced
impacts should be taken into account when discussing the governance of geoengineering.
Third, termination effects on land systems, such as the rapid release of the extra carbon, are
highly likely after decades-long aerosol injection. The various costs and risks of SRM for all
stakeholders should be carefully discussed using an interdisciplinary approach (Cusack
et al. 2014; Hegerl and Solomon 2009), although choosing an optimal SRM technology
might at least partly mitigate SRM-induced risks.
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