SCIENCE CHINA
Earth Sciences

CrossMark

& click for updates

*RESEARCH PAPER"®

September 2018 Vol.61 No.9: 1306-1315
https://doi.org/10.1007/s11430-017-9210-0

Simulated effect of sunshade solar geoengineering on the global
carbon cycle

Jiu JIANG, Han ZHANG & Long CAO

Department of Atmospheric Sciences, School of Earth Sciences, Zhejiang University, Hangzhou 310027, China

Received August 25, 2017; revised December 19, 2017; accepted May 22, 2018; published online June 15, 2018

Abstract  Solar geoengineering has been proposed as a potential mechanism to counteract global warming. Here we use the
University of Victoria Earth System Model (UVic) to simulate the effect of idealized sunshade geoengineering on the global
carbon cycle. We conduct two simulations. The first is the A2 simulation, where the model is driven by prescribed emission
scenario based on the SRES A2 CO, emission pathway. The second is the solar geoengineering simulation in which the model is
driven by the A2 CO, emission scenario combined with sunshade solar geoengineering. In the model, solar geoengineering is
represented by a spatially uniform reduction in solar insolation that is implemented at year 2020 to offset CO,-induced global
mean surface temperature change. Our results show that solar geoengineering increases global carbon uptake relative to A2, in
particular CO, uptake by the terrestrial biosphere. The increase in land carbon uptake is mainly associated with increased net
primary production (NPP) in the tropics in the geoengineering simulation, which prevents excess warming in tropics. By year
2100, solar geoengineering decreases A2-simulated atmospheric CO, by 110 ppm (12%) and causes a 60% (251 Pg C) increase
in land carbon accumulation compared to A2. Solar geoengineering also prevents the reduction in ocean oxygen concentration
caused by increased ocean temperatures and decreased ocean ventilation, but reduces global ocean NPP. Our results suggest that
to fully access the climate effect of solar geoengineering, the response of the global carbon cycle should be taken into account.

Keywords

Solar geoengineering, Carbon cycle, Climate change, Ocean biogeochemistry

Citation:
1306-1315, https://doi.org/10.1007/s11430-017-9210-0

Jiang J, Zhang H, Cao L. 2018. Simulated effect of sunshade solar geoengineering on the global carbon cycle. Science China Earth Sciences, 61:

1. Introduction

Since the beginning of the industrial revolution, atmospheric
CO, concentration has increased by 40% primarily as a result
of the fossil fuel combustion and human-induced land use
change (Ciais et al., 2013). Increasing atmospheric CO, traps
long-wave radiation, warming the Earth surface and causing
climate change (Trenberth et al., 2009). Many studies have
investigated the impacts of human activities on climate
system and global carbon cycle during the past decades, and
demonstrated that anthropogenic CO, emissions have im-
portant effects on the climate system (Ciais et al., 2013).
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Reducing CO, emissions is the safest way to prevent un-
desired effects of anthropogenic climate change, but the re-
duction in CO, emissions is challenging for economic,
political, and social reasons (The Royal Society, 2009; Victor
et al., 2014). With increasing CO, content in the atmosphere,
geoengineering has been proposed as a potential means to
mitigate climate change resulting from anthropogenic
greenhouse gases emissions (Keith, 2000; Crutzen, 2006;
Vaughan and Lenton, 2011; Caldeira et al., 2013; National
Research Council, 2015a, 2015b).

Geoengineering, also termed as climate engineering, is
defined as the large-scale management and alteration applied
to the Earth climate system to counteract anthropogenic
climate change (Keith, 2000). Geoengineering is usually
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divided into two categories: carbon dioxide removal (CDR)
and solar radiation management (SRM) (Keith, 2000; The
Royal Society, 2009). CDR methods mitigate climate change
by intentionally removing anthropogenic CO, in the atmo-
sphere (The Royal Society, 2009). SRM methods, also
termed as solar geoengineering, reduce incoming solar ra-
diation reaching the Earth surface (The Royal Society, 2009),
including space mirror sunshading (Early, 1989), strato-
spheric aerosol injection (Rasch et al., 2008; Robock, 2014),
marine clouds brightening (Salter et al., 2008), and ocean
and land albedo modification (Ridgwell et al., 2009).

Numerous studies using different climate models have
investigated the climate effects of solar geoengineering.
Prior modeling studies on SRM have been conducted with
prescribed atmospheric CO, concentration (e.g., Govinda-
samy et al., 2002; Niemeier et al., 2013; Tilmes et al., 2013;
Keller et al., 2014; Kalidindi et al., 2015), and thus neglect
interactions between SRM and the carbon cycle. To better
understand the climate response to solar geoengineering, the
Geoengineering Model Intercomparison Project (GeoMIP)
synthesizes twelve climate models have been conducted
(Kravitz et al., 2011, 2013, 2015). All of these GeoMIP
experiments were conducted under prescribed atmospheric
CO, concentrations and neglected carbon cycle responses.

Here we use an Earth system climate model of inter-
mediate complexity (EMIC) to investigate the effect of SRM
on the global carbon cycle and ocean biogeochemistry.
Different types of EMIC models have been used to study
geoengineering climate effects. For example, Eliseev et al.
(2010) used an EMIC model to investigate the dependence of
global cooling on the amount and horizontal distribution of
sulfate aerosol emission. Brovkin et al. (2009) used an EMIC
model to examine the climate response to the termination of
sulfate aerosol geoengineering. In this study, we use the
UVic EMIC model to examine responses of global carbon
cycle and ocean biogeochemistry to solar geoengineering.
UVic model is a well-established climate-carbon cycle
model that is suitable for studying the interactions between
climate change and the carbon cycle over time scales of
decades to hundreds of years and longer. Matthews and
Caldeira (2007) examined the response of temperature,
precipitation, and atmospheric CO, to solar geoengineering.
Building upon previous studies, our goal here is to in-
vestigate in detail the response of both terrestrial and marine
carbon cycles to solar geoengineering in the context of in-
teractive carbon cycle feedbacks.

As a first step to understand the effect of solar geoengi-
neering on the global carbon cycle, we use a highly idealized
SRM scenario, in which a spatially uniform reduction in
incoming solar radiation at the top of atmosphere is imposed
in the model. This type of solar geoengineering experiment
has been widely applied to modeling studies that investigate
climate change in response to sunshade solar geoengineering
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(Lunt et al., 2008; Irvine et al., 2009; Curry et al., 2014; Cao
et al., 2016).

2. Method

2.1 Model description

The model used here is the version 2.9 of the University of
Victoria Earth System Climate Model (UVic), which is an
Earth system model of intermediate complexity with a
prognostic global carbon cycle (Weaver et al., 2001;
Schmittner et al., 2008; Eby et al., 2009). The oceanic
component is represented by a three-dimension ocean gen-
eral circulation model with nineteen layers in the vertical,
which is coupled to a dynamic/thermodynamic sea-ice model
and one layer simple energy-moisture balance atmosphere
model. Both the atmosphere and the ocean models have a
horizontal resolution of 1.8° latitude by 3.6° longitude. The
marine carbon cycle is simulated with an organic carbon
cycle that is represented by a simplified Nutrient-Phyto-
plankton-Zooplankton-Detritus (NPZD) ocean ecosystem
model and inorganic carbon cycle that simulates air-sea CO,
exchange and carbonate chemistry based on the Ocean
Carbon-Cycle Model Intercomparison Project (OCMIP, Orr
et al., 1999) protocol.

The UVic model also includes a land vegetation and ter-
restrial carbon cycle model derived from MOSES?2 (the land
surface model) and TRIFFID (the dynamic vegetation
model) of the Hadley Centre (Meissner et al., 2003). The
land module also has a horizontal resolution of 1.8° latitude
by 3.6° longitude. By coupling the global carbon cycle and
physical climate modules, the UVic model can be used as an
appropriate tool to study the interactions between the global
carbon cycle and climatic changes, as shown in earlier stu-
dies (Schmittner et al., 2008; Keller et al., 2014).

2.2 Simulated experiments

To obtain a quasi-equilibrium preindustrial climate system
state, the model is spun up for 10000 model years with a
constant preindustrial atmospheric CO, concentration of
280 ppm. Averaged over the last 100 years, the globally in-
tegrated air-sea and air-land CO, flux is 0.0+0.02 Pg C
(1 Pg C=10" g C) and 0.0£0.06 Pg C (one standard devia-
tion), soil carbon storage is 1231+0.5 Pg C, and the global
mean surface temperature is 13.18+0.02°C (Appendix Figure
Al, http://link.springer.com), indicating that a quasi-equili-
brium state has been reached for both the carbon cycle and
climate.

The quasi-equilibrium model state is then used as the in-
itial condition for the subsequent simulated experiments. We
used a prescribed time series of CO, emissions to drive the
model. Between year 1800 and 2015, the time series of CO,
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emissions (Figure 1a) are based on the historical emissions
from fossil fuel burning and land use change (Houghton et
al., 2012; Boden et al., 2016). From year 2016 to 2100,
prescribed emissions are based on IPCC emissions scenario
SRES (Special Report on Emissions Scenarios) A2, which
represents globally high population growth and intensive
fossil fuel combustion in the future (IPCC, 2007). After year
2100, CO, emission is assumed to decrease linearly at a rate
0f 0.13 Pg C per year. By year 2300, CO, emission is reduced
to zero with a cumulative emission of 5000 Pg C after year
2000. The release of 5000 Pg C fossil fuel is a conservative
estimate of fossil fuel resources (IPCC, 2001; Kvenvolden,
2002), and we use this rough estimate to illustrate a future
word with long-term intensive CO, emissions.

Here we represent solar geoengineering in the model
simply by reducing the amount of solar irradiance at the top
of atmosphere to mimic the effect of sunshade geoengi-
neering (Matthews and Caldeira, 2007). We model the highly
idealized case where the reduction in solar irradiance is as-
sumed to offset radiative forcing from anthropogenic CO,,
which maintains a near-zero global mean surface tempera-
ture change in the solar geoengineering simulation. Using the
idealized solar geoengineering scenario as an illustration, our
focus here is to investigate interactions between climate
change and the carbon cycle under solar geoengineering.

Two transient simulations are performed in our study: (1) a
simulation under the prescribed A2 emission scenario,
termed as A2; (2) a solar geoengineering simulation with the
same A2 emission scenario but at the same time the sunshade
geoengineering scheme is implemented from year 2020 to
2300, termed as GEO.

The solar geoengineering implementation in the model is
simply represented by a reduction in incoming solar radia-
tion, which is calculated following the method of Matthews
and Caldeira (2007). In the UVic model, radiative forcing
caused by excess atmospheric CO, is calculated as the nat-
ural logarithm of simulated CO, concentrations relative to a
preindustrial CO, concentration level (Weaver et al., 2001).
The amount of required reduction in solar irradiance to offset
CO,-induced radiative forcing is calculated according to

KSH(1-a,)= Fln%. (1)

The right-hand side of eq. (1) represents radiative forcing
caused by increasing atmospheric CO,. The left-hand side of
eq. (1) represents the amount of solar forcing needed to offset
CO, forcing. F has constant value of 5.35 W m". S; denotes
the incoming solar radiation at each model grid point;
a,, denotes the planetary albedo at each model grid, which is
calculated as reflected solar radiation divided by incoming
solar radiation at every model step. K, represents the fraction
of incoming solar radiation that needs to be reduced to bal-
ance CO, forcing. In the GEO simulation, K, is calculated
according to eq. (1) at every model step starting at the im-
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plementation of sunshade geoengineering (year 2020), and
then solar irradiance is correspondingly reduced by multi-
plying the value of 1-K, at each grid cell. Using this tech-
nique, in the GEO simulation we ensure that reduced solar
radiation at global mean base offsets CO, radiative forcing at
each time step (Figure 1b).

3. Result

3.1 UVic-simulated present day global carbon cycle

UVic-simulated atmospheric CO,, and oceanic and terrestrial
CO, uptake during the historical period compares well with
data-based estimates as reported by the IPCC fifth assess-
ment report (Ciais et al., 2013; Table 1). For example, data-
based estimates show that since preindustrial time, land and
ocean have respectively stored 160+90 and 155+30 Pg C of
anthropogenic CO, emissions, including emissions from
fossil fuel combustion, the production of cement, and land
use (Ciais et al., 2013). For comparison, during the same
time period in the UVic model, simulated land and ocean
cumulative CO, uptake is 154 and 153 Pg C, respectively.
UVic-simulated atmospheric CO, also compares well with
observations. For example, UVic-simulated annual mean
atmospheric CO, concentration at year 2010 is 390 ppm
(Figure Ic), compared with observed value of 388 ppm
(Tans, www.esrl.noaa.gov/gmd/ccgg/trends/). Averaged over
the period of 2002-2011, UVic-simulated rate of increasing
in atmospheric CO, is 4.1 Pg C yr ', which compares well
with the data-based estimate of 4.3+0.2 Pg C yr ' during the
same period (Table 1). In addition, the UVic model captures
the observed large-scale distribution of carbon-related tra-
cers in different basins of the global ocean, such as dissolved
inorganic carbon and alkalinity (refer to supplementary
material of Cao et al., 2014).

3.2 Response of carbon cycle

To evaluate the impacts of solar geoengineering, we compare
the UVic-simulated Earth system evolution in the A2 and
GEO simulations with a focus on the global carbon cycle.
Solar geoengineering stabilizes many aspects of CO,-in-
duced climate change, including temperature, precipitation,
sea ice, and large-scale ocean meridional circulation (Ap-
pendix Figures A2—A4). A detailed discussion of our results
for the physical climate fields can be found in the Appendix.

In our simulations, solar insolation is reduced to balance
CO, radiative forcing. However, increasing atmospheric CO,
also causes changes in the growth and distribution of vege-
tation, which in turn have feedbacks on global climate (Bala
etal., 2006). This direct effect of increasing atmospheric CO,
on global vegetation is not offset by reduced solar insolation.
Therefore, in the GEO simulation, there is a small land
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Figure 1 Time series of (a) prescribed CO, emission scenario, (b) ra-
diative forcing caused by CO, emission (red line), applied negative solar
radiative forcing to offset CO, radiative forcing (blue line) and net radiative
forcing (CO,+solar) in the GEO simulation (black line), (c¢) model-simu-
lated atmospheric CO, concentration for A2 (red) and GEO (blue) simu-
lations. Solar geoengineering starts at year 2020.

surface warming (0.47 and 0.64 K by year 2100 and 2300,
respectively) associated with CO,-induced expansion of
vegetation and resulting decrease in surface albedo (Ap-
pendix Figures AS and A6). This residual land warming will
have some effects on the land carbon cycle, but this effect is
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much smaller than the effect from CO, radiative warming.

3.2.1 Response of the terrestrial carbon cycle

The key carbon cycle variable values at year 2100 and 2300
are shown in Table 2. In the A2 simulation, increasing at-
mospheric CO, increases land net primary production (NPP,
defined as the difference between gross primray production,
GPP, and plant respiraiton) primarily as a result of increased
photosynthesis via the CO, fertilization effect (Owensby et
al., 1999). In the A2 simulation, land NPP increases with
time but the rate of NPP increase declines with time (Figure
2a), indicating saturation of the CO, fertilization effect.
Concurrently, soil respiration increases during the simulation
period (Figure 2a). Before year ~2120, increasing soil re-
spiration in A2 is caused by increasing temperature, soil
moisture and soil carbon storage (Appendix Figure A7).
After year ~2120, the effect of increasing temperature and
moisture exceeds that of decreased soil carbon storage and
thus soil respiration still increases but at a smaller rate
(Figure 2a and Appendix Figure A7). Net carbon uptake by
the terrestrial biosphere is determined by the difference be-
tween NPP and soil respiration. In our A2 simulation, at year
2125, soil respiration exceeds NPP (Figure 2a and 2b), in-
dicating that the global land as a whole turns from a net CO,
sink to a net CO, source. Notably, there are some areas in the
northern latitudes that act as CO, sink, but the CO, sink is
counteracted by CO, source from large areas in the tropics, as
shown in Appendix Figure AS.

Because CO,-induced warming is largely offset in the
GEO simulation (acknowledging the small land-warming
associated with CO,-induced vegetation change as discussed
previously), the globally integrated land NPP in the GEO
simulation is larger than that of the A2 simulation (Figure 2a)
mainly as a result of NPP increase in the tropics (Figure 3c¢).
In the northern middle and high latitudes, land NPP in the
GEO simulation is lower than that of A2 because of reduced
temperature in the GEO simulation, which suppresses GPP.
However, in the tropics, land NPP in the GEO simulation is
higher than that of A2 throughout the simulation (Figure 3c,
Appendix Figure A9). Before year 2100, higher tropical NPP
in GEO than that of A2 is primarily the result of warming-
induced increase in plant respiration rate in the A2 simula-
tion. After year 2100, the tropical land area with temperature

Table 1 UVic-simulated global carbon budget compared with data-based estimates®

Preindustrial 2011 (P .
reindusteas Pg 1980-1989 (Pg C yr')

1990-1999 (Pg C yr')

2000-2009 (Pg C yr') 2002-2011 (Pg C

yr)
D! v Dol v Dueteddove  Daetedgve  Daeed v
Atmosphere  240+10 2393 3.4£0.2 32 3.1£0.2 33 4.0£0.2 3.8 43+02 4.1
Land 16090 153.9 1.5+1.1 2.0 2.6+1.2 23 2.6£1.2 24 25413 2.5
Ocean 155430 153.1 2.00.7 1.8 22407 2.1 2.340.7 24 24407 25

a) Atmosphere CO, increase; Land, CO, uptake; Ocean, CO, uptake (Ciais et al., 2013)
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Figure 2 Model-simulated time series of carbon cycle variables for (a) land net primary production (NPP) (solid lines) and soil respiration (dotted lines), (b)
annual mean land CO, uptake, which is the difference between net primary production and soil respiration (¢) cumulative land CO, uptake, (d) ocean net
primary production, (e) annual mean ocean CO, uptake, (f) cumulative ocean CO, uptake. Red lines are for the A2 simulation, and blue lines are for the GEO

simulation.

Table 2 UVic-simulated change of key carbon cycle variables under the A2 and GEO simulations at year 2100 and 2300 relative to the preindustrial state

A2 GEO
Carbon cycle fields

2100 2300 2100 2300

Atmospheric CO, (ppm) 900 2123 790 1669

AOcean storage (Pg C) 543 1260 526 1332

ALand storage (Pg C) 427 258 678 1128

ASoil carbon (Pg C) 242 74 476 805
AVegetation carbon (Pg C) 185 184 202 323
ALand net primary production (Pg C yr™") 40.23 49.12 42.82 61.69
AOcean net primary production (Pg C yr™") 13.55 36.03 -0.17 -0.85

higher than 33°C (optimal temperature for photosynthesis of
broadleaf tree and shrubs in the tropics in the model. Cox,
2001) gradually expands in the A2 simulation (Appendix
Figure A10), which would suppress plant photosynthesis.
Therefore, after year 2100, higher tropical NPP in GEO than
that of A2 is a result of suppressed plant photosynthesis and
increased plant respiration due to increasing temperature in
the A2 simulation.

Throughout the simulation period, globally integrated NPP
in the GEO simulation is larger than that of A2, which results
in a greater amount of carbon in the terrestrial biosphere and
soil. Soil respiration is determined by the temperature-de-
pendent rate of respiration, amount of soil carbon storage and
soil moisture concentration (Cox, 2001). Before year 2100,
global soil respiration in GEO is smaller than that of A2,
which is mainly associated with the reduced rate of soil re-

spiration caused by lower temperature in GEO (Appendix
Figure A7a). After year 2100, soil respiration in GEO is
larger than that of A2 due to higher soil moisture and larger
amounts of soil carbon (Figures 2a, Appendix Figure A7b
and A7c). Throughout the simulation, net carbon uptake by
the terrestrial biosphere (i.e., NPP minus soil respiration) in
GEO is larger than that of A2, causing more carbon storage
on land and less atmospheric carbon storage (Figures lc, 3f
and 4).

3.2.2 Response of the ocean carbon cycle

With increasing of atmospheric CO,, air-to-sea CO, flux in
the A2 simulation increases to a peak value of 5.2 Pg C yr '
at year 2100 and decreases to 2.1 Pg C yr ' at year 2300
(Figure 2e). For the GEO simulation, before year 2080, the
air-to-sea CO, flux is smaller than that of A2 which is mainly
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vegetation at year 2100 and 2300 for the A2 and GEO simulations.

a result of smaller atmospheric CO, concentrations in GEO.
After year 2080, simulated oceanic CO, uptake in GEO be-
comes larger than that of A2. In the A2 simulation, increased
sea surface temperature reduces oceanic CO, by decreasing
CO, solubility. In addition, reduced NADW decreases
oceanic uptake of anthropogenic CO,. In the GEO simula-
tion, both changes in sea surface temperature and NADW are
rather small, suppressing the climate effect on oceanic CO,
uptake. Therefore, as the amount of global warming in-
creases in A2, GEO simulates a larger oceanic CO, uptake
despite smaller amount of atmospheric CO,. In our simula-
tions, the total amount of carbon stored in the oceans of GEO

exceeds that of A2 after year 2150 (Figure 2f). By year 2300,
6% (72 Pg C) more anthropogenic carbon is sequestered in
the ocean for the GEO simulation than that of A2.

In the GEO simulation, due to increased land and ocean
carbon uptake compared to that in the A2 simulation, model-
simulated atmospheric CO, concentration is 12% (110 ppm)
and 21% (454 ppm) smaller than that of A2 at year 2100 and
2300, respectively (Figure 1c).

3.3 Response of ocean biogeochemical cycles

In the UVic model, the rate of detritus remineralization de-
pends on temperature (Schmittner et al., 2008), and therefore
a warmer ocean leads to a greater rate of organic matter
remineralization, producing more nutrients in the upper
ocean and thus increasing ocean NPP. In the A2 simulation,
relative to the preindustrial level, globally integrated marine
NPP increases by 24% and 75% by year 2100 and 2300,
respectively (Figure 2d). Throughout the GEO simulation, as
a result of the small change in ocean surface temperature,
ocean NPP shows small changes relative to the preindustrial
value of 52 Pg C yr .

In the A2 simulation, global mean ocean oxygen con-
centration gradually decreases over time primarily as a result
of increasing surface temperature that decreases oxygen so-
lubility. By year 2100, in the A2 simulation, the global ocean
mean concentration of dissolved oxygen decreases by 5%
(Figure 5a), which is within the predicted declining range of
4% to 7% shown in previous studies (Plattner et al., 2001;
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Bopp et al., 2001; Matear and Hirst, 2003). By year 2300,
simulated global mean ocean oxygen concentration de-
creases by 14% in the A2 simulation (Figure S5a). The
maximum decrease of about 30% in dissolved oxygen is
observed at a depth of about 500 m around 40°N (Figure 5b).
In the A2 simulation, the suboxic zone (ocean areas where
the concentration of dissolved oxygen is less than
10 pmol L™, Keller et al., 2014) is 1.96x10" km’ (1.5% of
the global ocean) at year 2100, which expands to
2.51x10” km® (1.9% of the global ocean) by year 2300. For
comparison, under the GEO simulation, ocean oxygen con-
centration changes slightly relative to the preindustrial state
(Figure 5a and 5c). Also , the size of the suboxic regions in
the GEO simulation maintains the preindustrial level of
1.57x10” km”® (1.2% of the global ocean).

4. Discussion and conclusions

Most previous studies of solar geoengineering prescribed
atmospheric CO, concentration, and therefore neglected the
response of the global carbon cycle and its feedback on
global climate. Here we conduct solar geoengineering si-
mulations with prescribed CO, emissions and analyze the
response of the global carbon cycle. Global carbon cycle
regulates the amount of atmospheric CO, that in turn affects
global climate. Therefore, to fully assess the climate re-
sponse to solar geoengineering, it is important to understand
the carbon cycle response to solar geoengineering. In this
study, we focus on the carbon cycle response to solar
geoengineering. In future study, we will quantify the effect of
the carbon cycle feedback on physical climate.

In our simulations, solar geoengineering has a profound
effect on the land and ocean carbon cycles. Compared to the
A2 scenario without geoengineering, solar geoengineering
substantially increases CO, uptake by the terrestrial bio-
sphere for two main reasons: (1) reduced temperature acts to
increase tropical NPP because warming in the A2 suppresses
tropical NPP; (2) reduced temperature reduces the rate of soil
respiration. In comparison, solar geoengineering prevents
ocean warming and the reduction in large-scale ocean mer-
idional circulation, which cause the ocean to absorb more
CO, compared to the world without geoengineering. In-
creased CO, uptake by both the land and ocean leads to a
lower atmospheric CO, content in the solar geoengineering
simulation relative to the A2 simulation without geoengi-
neering.

Only a few studies have analyzed the global carbon cycle
response to solar geoengineering. Tjiputra et al. (2016),
using a comprehensive Earth system model, investigated the
response of the land and ocean carbon cycles to solar
geoengineering by applying stratospheric aerosol injection
(SAI) under RCP 8.5 CO, emission scenario. Although our
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study cannot be directly compared with Tjiputra et al. (2016)
due to different solar geoengineering methods and CO,
emission scenarios, some useful insight can be gained by the
comparison between these two studies. Tjiputra et al. (2016)
projected cumulative land carbon sinks of 288 Pg C with SAI
for year 2020-2100, which is much smaller than that of
478 Pg C simulated in our GEO simulation during the same
time period. One reason for this difference is that in their
solar geoengineering simulations, there is a residual global
warming over preindustrial of about 2 K by year 2100,
whereas in our GEO simulation, global mean temperature
change by year 2100 is only 0.26 K. A warmer world tends to
reduce CO, uptake by land through reduced tropical land
NPP and/or increased soil respiration (Matthews et al., 2007;
Keller et al., 2014). Second, the terrestrial carbon cycle
component of Tjiputra et al. (2016) includes the nitrogen
limitation, which could substantially suppress simulated land
carbon uptake. The smaller land CO, sink results in higher
atmospheric CO, concentration in Tjiputra et al. (2016). By
year 2100, their simulated atmospheric CO, concentration
under SAI is 1084 ppm, while in our GEO simulation at-
mospheric CO, concentration is 790 ppm. For the response
of the ocean carbon cycle to SAI, Tjiputra et al. (2016) si-
mulated a cumulative ocean CO, sink of 487 Pg C between
year 2020 and 2100. During the same period, UVic-modeled
ocean carbon storage in the GEO simulation is 326 Pg C. The
larger ocean carbon uptake in Tjiputra et al. (2016) can be
largely attributed to the higher atmospheric CO, concentra-
tion as previously discussed. This comparison highlights the
importance of coupled land-ocean carbon cycle response to
solar geoengineering.

Our results also demonstrate that solar geoengineering has
important effects on the ocean biogeochemistry. In our si-
mulation, solar geoengineering, by stabilizing ocean tem-
perature, prevents reduced dissolved oxygen in the ocean and
the extension of the suboxic zone. Furthermore, solar
geoengineering decreases ocean net primary production as a
result of decreased temperature.

The atmosphere component of the UVic model is re-
presented by an energy-moisture balance module that has a
simple representation of atmospheric radiation. The lack of
explicit representation of direct and diffuse radiation could
have important implication for the response of the terrestrial
carbon cycle to some solar geoengineering schemes. For
example, if solar geoengineering is implemented through
stratospheric aerosol injection, diffuse radiation reaching the
Earth surface would be increased as a result of increased
aerosol concentrations in the stratosphere (Kalidindi et al.,
2015). The increased diffuse radiation may increase land
NPP and affect land carbon uptake (Mercado et al., 2009;
Kalidindi et al., 2015). A detailed investigation of this effect
requires a land carbon cycle model that separates the effect of
direct and diffuse radiation on terrestrial ecosystem (Mer-
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Figure S Model-simulated time series of global mean ocean oxygen concentration (a), and latitude-depth distribution of changes (relative to preindustrial
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cado et al., 2009), which is beyond the scope of this study.

Furthermore, the land module used in our simulations does
not consider nitrogen limitation. Although the mechanisms
of nitrogen limitation on biosphere carbon accumulation
remain unclear, soil nitrogen would potentially restrict the
magnitude of the CO, fertilization effect on terrestrial eco-
systems in a CO,-enriched world (Oren et al., 2001; Reich et
al., 2006). Therefore, the lack of nitrogen limitation in the
land component may overestimate model-simulated NPP of
terrestrial vegetation associated with the CO, fertilization
effect. For example, in Tjiputra et al. (2016), a nitrogen cycle
is included in the terrestrial carbon cycle, which partly
contributes to a smaller land carbon sink in their geoengi-
neering simulations.

Another uncertainty related to the land carbon cycle re-
sponse is the response of dynamic vegetation. There are only
five plant function types (PFTs) represented in the TRIFFID
dynamic vegetation model used in UVic. Models with re-
presentation of more PFTs might yield a different terrestrial
vegetation response to climate change (Cramer et al., 2001;
Sitch et al., 2008). Furthermore, the parameterization
schemes in TRIFFID that determine physiological, biophy-
sical, and biogeochemistry processes of terrestrial biosphere
are less complicated than some dynamic vegetation models
(for example, IBIS), which could generate potential para-
meter-based uncertainties in the land carbon cycle to climate
change and solar geoengineering (Cramer et al., 2001; Sitch
et al., 2008).

In terms of the ocean carbon cycle, the representation of
marine biology in the UVic model is relatively simple, and
hence may neglect potentially important responses of marine

biological processes to solar geoengineering, which might
affect the simulated ocean carbon cycle. Uncertainties also
exist regarding the response of ocean circulation to solar
geoengineering and carbon transportation from the surface
ocean to deep ocean, which would also affect the response of
the ocean carbon cycle.

There are considerable uncertainties about the climate
system and global carbon cycle response to solar geoengi-
neering. In addition to the uncertainties related to the climate
system response to solar geoengineering, when considering
the feasibility of implementing solar geoengineering propo-
sals in the real world, challenges would arise from technol-
ogy, cost, and risks of solar geoengineering (Matthews and
Caldeira, 2007; The Royal Society, 2009; Kravitz et al.,
2016). With increasing global temperature as a result of
continued greenhouse gas emissions, solar geoengineering
might be used as a potential means to mitigate global
warming. Therefore, further studies are needed to better
understand the consequences and risks of solar geoengi-
neering.

Here we conduct highly idealized sunshade geoengineer-
ing simulations using an Earth system model of intermediate
complexity; more studies using comprehensive climate-car-
bon cycle models are needed to further investigate the in-
teractions between the carbon cycle and solar
geoengineering. Ongoing GeoMIP studies simulate climate
response to different solar geoengineering schemes under
prescribed atmospheric CO, concentration (Kravitz et al.,
2015). Similar multi-model simulations on solar geoengi-
neering that consider an interactive carbon cycle are en-
couraged to obtain a more reliable projection of climate
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change and the global carbon cycle response to solar
geoengineering.
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