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ABSTRACT:

The international community have adopted a global warming limit of 2°C or below relative pre-
industrial levels as a goal for mitigation efforts to avoid dangerous climate risks. Attempts of
deliberate large-scale intervention of the environment to moderate global warming, the so-called
geoengineering, have been proposed as complementary solution due to the significant
probabilities of exceeding the target. Furthermore, the warming relative to a specified
greenhouse gas emissions are not well constraint currently owing to uncertainties in the climate
response and the carbon cycle. This research uses a simple climate model to quantify the
degree of geoengineering intervention that might be required to meet the 2°C target under the
‘representative concentration pathways’ (RCP) emission scenarios, and to probabilistically
assess the different combined strategies resulted. The results show that deploying carbon
dioxide removal options to neutralise the cumulative emissions under RCP3-PD (~400 PgC),
global surface temperature could be restored to pre-industrial levels by approximately 2500.
Removing 1200, 800, 400, and 0 PgC from the atmosphere might require a reduction in the
solar constant from 0.7% to 0.99% for RCP45, and from 1.55% to 2.23% for RCP6. The
different strategies leave from 56.6% to 78.8% of probability (90% probability interval) to avoid
exceeding the 2°C limit. Substantial amounts of research is needed into geoengineering,
particularly the climate response to those activities that counteract the radiative forcing
imbalance by reducing the solar constant.
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1. INTRODUCTION

Climate change is recognized as one of the greatest challenges that humankind faces (IPPC
2007). The international commitment at the Copenhagen Accord has adopted a global warming
limit of 2°C or below (relative to pre-industrial levels) as a target for mitigation efforts to reduce
climate change risks. However, it has been showed that significant efforts will be required
(Meinshausen et al. 2009). This situation has been anticipated (Crutzen 2006; Shepherd et al.
2009) by looking for alternative solutions. As a result, geoengineering, defined as deliberate
large-scale intervention of the environment (Keith 2000), offers a possible means to offset
greenhouse gases’ (GHG) current radiative imbalance (Lenton and Vaughan 2009).

This paper proposes a research focused on quantifying the degree of geoengineering
intervention that may be required to meet the 2°C target under different future emission
scenarios. Firstly, a critical review of the most relevant published scientific papers is given.
Then, the text sets in detail the research: objectives; data and methods; potential problems; and

schedule. Finally, the potential value of the results are described.

2. MEETING THE 2°C TARGET

Geoengineering options have already been analysed in a number of studies. The papers
reviewed in this text answer in somewhat several key issues of these solutions. Those that
suggest geoengineering options may be required to avoid dangerous climate. Studies that
describe what these solutions are in terms of technology development and their constrains.
Papers, that have. analyzed their risks of side effect. Finally, those that argue the conditions
that geoengineering solutions might be deployed.

2.1 AVOIDING DANGEROUS CLIMATE RISKS

Some studies based on probabilistic assessment using a simple climate model, MAGICC, show
that under the current scenarios the chances to limit the temperature rise below the 2°C goal is
likely to become less feasible (Wigley and Raper 2001; Hare and Meinshausen 2006;
Meinshausen et al. 2006; Van Vuuren et al. 2008; Meinshausen et al. 2009; Macintosh 2010;
Rogelj et al. 2010).

As a result, renewed interest in direct climate intervention has arisen (Fleming 2010), which can
be divided in two main categories (Keith 2000): solar radiation management (SRM) options that
attempt to rectify the radiative imbalance caused by anthropogenic GHGs by reducing the solar
radiation absorbed; and carbon dioxide removal (CDR) options which are based on the
subtraction of atmospheric carbon dioxide (CO2) by enhancing the existing natural carbon sinks
or creating new ones.

A set of SRM solutions have been proposed. A fraction of incoming solar radiation could be

reflected away before entering the Earth system, by objects placed either in a solar (Angel
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2006), and in an Earth orbit (NAS 1992; Pearson et al. 2006). Crutzen (2006) has proposed the
injection of sulphate aerosols into the lower stratosphere to cool the climate based on the
natural analogy of large volcanic eruptions. Finally, there are a set of options for enhancing the
albedo effect. Increasing the reflectivity of low level marine stratiform clouds by mechanical
(Latham 1990; Latham et al. 2008; Salter et al. 2008) or biological (Wingenter et al. 2007)
generation of cloud condensation nuclei (CCN). Other studies have suggested modification of
grasslands, croplands, human settlements and deserts (Hamwey 2007; Akbari et al. 2009;
Ridgwell et al. 2009).

There have been suggested some CDR options. Lenton and Vaughan (2009) have estimated
the long-term potential of “land carbon sink enhancement” for increasing conventional
vegetation and soil carbon storage (~165 Pg C). Several geoengineering proposals have been
made to enhance the existing ocean carbon sink. Two studies suggest the enhance of the
solubility pump, increasing the sinking of CO2-rich waters (Zhou and Flynn 2005), or by
manipulating surface ocean chemistry (Harvey 2008)). Other studies propose enhance the
biological pump, adding limiting nutrients (NAS 1992; Boyd 2008; Lampitt et al. 2008), or by
mechanically enhancing the upwelling of nutrient (Lovelock and Rapley 2007; Karl and Letelier
2008). Finally, air capture storage or removing atmospheric CO2 by wholly artificial means with
subsequent storage in the lithosphere, sediments or the deep ocean has been proposed (Elliott
et al. 2001; Keith et al. 2006; Zeman 2007).

2.2 EVALUATING GEOENGINEERING OPTIONS

Often the above geoengineering options have been evaluated somewhat in terms of “climatic
effectiveness”. Air capture and storage has considerable century-timescale potential to reduce
atmospheric CO2, although the main limitation is the storage capacity (Lenton and Vaughan
2009). Nutrient addition options for enhancing the ocean carbon sink are less effective on the
century timescale (Lenton and Vaughan 2009). Proposals to enhance the albedo over the
Southern Ocean (biologically), or in urban areas could provide useful regional cooling (Lenton
and Vaughan 2009). Options to enhance ocean upwelling or downwelling are wholly ineffective,
and carbonate addition to the ocean only becomes effective if sustained for many centuries
(Harvey 2008; Lenton and Vaughan 2009). Sunshades in space or stratospheric aerosols have
the greatest potential to uniformly decrease radiative forcing in a short term (Govindasamy et al.
2003; Angel 2006; Crutzen 2006; Wigley 2006; Matthews and Caldeira 2007). Mechanical
enhancement of cloud and land surface albedo modifications with could provide a partial
offsetting (Bower et al. 2006; Latham et al. 2008).

The potential side effects and related risks of geoengineering interventions are substantial.
Land carbon sink solutions would be likely to come into conflict with food production (Rajagopal
et al. 2007; Goldemberg and Guardabassi 2009). Attempts to enhance the biological pump
component may result in (Cullen and Boyd 2008; Lampitt et al. 2008; Law 2008): eutrophication,
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loss of biodiversity, algal bloom effect, and potential redistribution of the global macronutrient
balance. Furthermore, the temperature response in the case of an abrupt termination of SRM
leads to much higher rates of warming (Matthews and Caldeira 2007; Ross and Matthews
2009). Modelling studies show that sun shade solutions although would counteract a known
forcing from increased CO2 (Govindasamy et al. 2002; Matthews and Caldeira 2007), often
drive to a residual global cooling or warming (Govindasamy and Caldeira 2000; Govindasamy et
al. 2002; Govindasamy et al. 2003; Lunt et al. 2008). Other papers present several possible
side effects when sulphate aerosols are injected into the lower stratosphere: ozone depletion
(Tilmes et al. 2008); disruption to the monsoons (Robock et al. 2008); stronger positive phase of
the Arctic Oscillation (Stenchikov et al. 2002; Stenchikov et al. 2006); decreases on precipitation
over land (Trenberth and Dai 2007); and potential acid rain (Crutzen 2006). Moreover, SRM
solutions does not face the CO2 atmospheric concentration. Hence, the ocean acidity issue
(Kleypas et al. 1999; Caldeira and Wickett 2003; Caldeira and Wickett 2005; Orr et al. 2005;
Cao and Caldeira 2008) is not tackled.

2.3 EMISSION SCENARIOS

Over time, a broader range of emission scenarios has been developed, which let address
different components of climate change. Emission scenarios, defined as a plausible
representation of the future discharges to the atmosphere of the potentially radiatively active
gases (e.g. GHG and aerosols), based on a range of assumptions about driving forces and their
main relationships (Meehl et al. 2007), are used as input to a climate model to compute climate
projections.

The IPCC developed long-term emissions scenarios, such as the so-called 1S92 scenarios in
1992, and the IPCC Special Report on Emission Scenarios (SRES) (Nakicenovic et al. 2000),
classified in four storylines or ‘families’ representing alternative demographic, social, economic,
technological, and environmental pathways until 2100 (A1, subdivided in A1FI, A1T, and A1B;
A2; B1; and B2).

However, there are new information needs, such as the interest of exploring different
approaches to mitigation in addition to the 'no climate policy’ scenarios (e.g. SRES), or the
interest in modelling the oceans or the ice sheets needs emissions scenarios to extend well
beyond the conventional 2100 end-point (Hibbard et al. 2007), which in turn brings the
opportunity to a better exploration of the geoengineering solutions. Those needs and the
improvements in the climate change understanding for nearly a decade (e.g. inherent climate
system's variability, socio-economic, environmental and technological factors) are being
reflected in a new set of emission scenarios, the ‘representative concentration pathways’ (RCP)
(Moss et al. 2010). The RCP (RCP3-PD, RCP4.5, RCP6 and RCP8.5), rather than beginning
with detailed driving forces storylines to generate emissions and then climate scenarios, starts

identifying the characteristics for scenarios of radiative forcings for climate modelling until 2500
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(Meinshausen et al. in prep.), due to these might result from a number of different combinations
of socioeconomic and technological factors. RCP3-PD represents very low GHG atmospheric
concentration, where radiative forcing reaches a value around 3.1 W m-2 mid-century, reducing
to 2.6 W m-2 by 2100) (van Vuuren et al. 2007). For RCP4.5 (Clarke et al. 2007), the total
radiative forcing is stabilized before 2100, whereas for RCP6 (Fujino et al. 2006; Hijioka et al.
2008), the total radiative forcing is stabilized after 2100, by employment of a range of
technologies and strategies. The RCP8.5 characterises an increase of GHG emissions over
time representative for scenarios in the literature leading to high greenhouse gas concentration
levels (e.g. A2 storyline) (Riahi et al. 2007). Finally, it is important to recognise some limitations,
that above emission scenarios (e.g. SRES, RCP) are neither forecasts nor policy

recommendations (Nakicenovic et al. 2000; Moss et al. 2010).

2.4 MAGICC MODEL

MAGICC (Model for the Assessment of Greenhouse-gas-Induced Climate Change) is a reduced
complexity coupled carbon cycle climate model, that was developed by Wigley and Raper
(1987; 1992), and that has been improved continuously (Raper et al. 1996; Wigley and Raper
2001; Meinshausen et al. 2009; Wigley et al. 2009). MAGICC provides a mean to estimate the
joint responses of the more comprehensive atmosphere-ocean general circulation models
(AOGCM) by extrapolating their key characteristics to a range of other scenarios, and thus to
extend the understanding achieved on the climate system (Meinshausen et al. 2009).

There are some tasks that make simple models valuable for better understanding of the climate
system. First, emulations. AOGCM usually demand high computational resources (e.g. for
running large ensembles), and simple models can emulate these for the global or large-scale
averaged results in a set of different emission scenarios (Meinshausen et al. 2011). A central
condition for a simple model reliability is that the results of the emulation are accurate with the
AOGCM on the emission scenarios performed (Osborn et al. 2006) (e.g. MAGICC model).
Second, parametrization of structural uncertainties. The way some processes and components
are “parameterized” or implemented in AOGCM (e.g. clouds) brings structural uncertainties, and
simple models might be used to confine these (Meinshausen et al. 2011). For example, the
aggregated response of two models could differ because these have different structures, or
within common structures, owing to these set different parameter values. Third, factor
separation analysis. A main limitation when interpreting the AOGCM projections is that the
different radiative forcings considered in each modeling group (e.g. interpretations of the
projections in the IPCC AR4) (Meehl et al. 2007; Knutti and Hegerl 2008). Simple models, by
applying factor separation analysis, may help to harmonize the results from AOGCM, thus
making these more comparable (Meinshausen et al. 2011). Finally, joint response and feedback
analysis. Simple models might contribute estimating the joint response of the more

comprehensive models. In the IPCC AR4, the CO2 concentrations were implemented in the
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CMIP3 AOGCM without regarding to the climate sensitivity, though a higher sensitivity is likely
to lead to both, more CO2 atmospheric concentration and higher GMST owing to the climate
feedbacks of the carbon cycle (Meinshausen et al. 2011). For example, due to the climate
feedbacks on the carbon cycle are driven by the climate model response, MAGICC is consistent

in its CO2 concentrations (Meinshausen et al. 2009).

3. OVERALL OBJECTIVE AND SPECIFIC AIMS

The above studies show significant probabilities of raising global mean surface temperature
above 2°C relative to pre-industrial levels, therefore geoengineering has been suggested though
it might carry substantial side effects and potential risks. Climatic intervention in the absence of
deep emissions cuts could arguably constitute increased risk of dangerous anthropogenic
interference in the climate system. This concern have led the scientists to call for a widely
shared research and an international governance of the geoengineering options (NAS 1992;
Robock 2008; Shepherd et al. 2009; Blackstock and Long 2010; Keith et al. 2010), which might
help to avoid rushed actions, improve our knowledge and make wiser decisions. Rather than as
an alternative, geoengineering is considered by some as a potential complement to mitigation of
global greenhouse gas emissions. The overall objective of this research is to quantify the
degree of geoengineering intervention that may be required to meet the 2°C target under

different future emission scenarios. This objective involves three specific aims:

« first, to build custom scenarios for the above solutions suggested which attempt to
increase the amount of radiation emitted by the Earth (note that different solutions have

specific requirements in term of deployment, potential effects, maintenance, and so forth);

» second, to develop a methodology within MAGICC 6 to implement the geoengineering

solutions:
- representing the carbon dioxide removal custom scenarios;

- deploying the solar radiation management (by reducing the amount of solar radiation

absorbed) focused on a specific target;

+ third, to probabilistically assess the different combined strategies resulted that might be

required to meet the 2°C target.
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4. METHODOLOGY
4.1 The MAGICC model

This research uses the MAGICC (Model for the Assessment of Greenhouse-gas-Induced
Climate Change) climate model, version 6, to quantify the degree of geoengineering
intervention that might be required to meet the 2°C target since pre-industrial periods under
different future emission scenarios. MAGICC is a reduced complexity coupled carbon cycle
climate model. Hemispheric emissions of greenhouse gases, aerosols, and tropospheric ozone
precursors are its main inputs, whereas atmospheric concentrations, radiative forcings, surface
air temperatures, sea level rise, and ocean heat uptake are the outputs. The MAGICC model is
described in detail in Wigley (2008) and has been used extensively in past IPCC Assessment

reports to emulate higher complexity models.

4.1.1 CLIMATE SENSITIVITY

Climate sensitivity is defined as the equilibrium response of global mean surface temperature
after a doubling of CO2 atmospheric concentrations (Meehl et al. 2007). For MAGICC, this is a
primary model parameter. The range of the climate sensitivity is likely to lie between 2-4.5°C,
with a best estimation of 3°C according to the IPCC AR4. Though the most likely value
diagnosed for the AOGM emulated under MAGICC is on average 2.88°C (Meinshausen et al.
2011), estimation which is taken as a central value on this paper for solar constant reduction
calculus.

4.1.2 CARBON CYCLE

MAGICC presents a globally integrated box model for the terrestrial carbon cycle. It is built with
three sub-boxes, one for living plant box, and two for dead biomass, detritus and organic
matters in soils. The terrestrial carbon cycle accounts for the decay issue of the biomass
(Meinshausen et al. 2011), thus any further rectification is applied carbon dioxide removal

solutions suggested as Lenton and Vaughan (2009) did for taking it into consideration.

4.1.3 EMISSION SCENARIOS

Along the emission scenarios considered to be used (see Section 2.4), this paper works with
RCP3PD, RCP45, and RCP6 as a baseline for implementing CDR solutions, which in turn

poses three custom emission scenarios for each of these (see Section 4.2 and Table 5.1).
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4.2 CARBON DIOXIDE REMOVAL SCENARIOS

Among all the CDR options suggested on the literature, this work represents afforestation and
reforestation, bio-char, and air capture and storage due to their overall potential to remove CO2
from the atmosphere is fairly higher than the other solutions suggested (e.g. enhancing the
ocean carbon sink or increasing the surface albedo) (Table 2.1), and these presents in
somehow less questionable assumptions (e.g. land requirements) (Lenton and Vaughan 2009),

thus helping to counteract the radiative forcing imbalance caused by anthropogenic GHGs.

Instead using the scenarios proposed (see Section 2.3), this paper builds its custom scenarios
owing to some issues (Figure 1). First, to take into account the time of deployment and
dismantling of all the infrastructure, thus avoiding the sharp end of the CDR when these are in
their maximum potential, the solutions start rising until reach the maximum flux, approximately in
a central year of their lifetime, and start decreasing afterwards. Note that the RCP have different
shapes of deployment owing to these have different years as input values. Second, due to the
amount of CO2 that could be removed from the atmosphere and the potential of the CDR
options might not be accurate constrained (Lenton and Vaughan 2009; Shepherd et al. 2009;
Lenton 2010; Vaughan and Lenton 2011), the best scenarios argued may be overestimated
(e.g. economic and energetic constrains). Hence, the CDR solutions are halved, resulting in
total storage capacities of: 150 PgC for afforestation and reforestation; bio-char accounts for a
total of 250 PgC; and 800 PgC for air capture and storage. This 1200 PgC overcomes the
cumulative CO2 emissions in the RCP3-PD (~400 PgC). Thus, the total storage capacities are
halved again for afforestation-reforestation and bio-char, and the air capture and storage
accounts only for the eighth of its capacity to neutralise the cumulative CO2 emissions under
RCP3-PD. Third, these solutions start in different years to take into account the deployment
time that each of these might require as a constrain issue (Lenton 2010; Vaughan and Lenton
2011). Afforestation-reforestation and bio-char begin in 2030, whereas air capture and storage
starts in 2050.

To build these scenarios on MAGICC there are a couple of considerations that have to be done.
Representing the CO2 emissions could be implemented both, globally or regionally. Due to the
CO2 is a well mixed gas (IPCC 2007) and to simplify the task, the scenarios files are compiled
globally. Afforestation-reforestation and bio-char solutions are affected by the terrestrial carbon
cycle, whilst the air capture and storage is not affected. To take into account this particularity,
the first is implemented on the emission file which considers the terrestrial carbon cycle and the
decay issue (see Section 4.1.2), and the second is applied on the fossil CO2 emission file. The
resultant emission files are the subtraction of the CDR solutions to the former emissions under
the RCP.
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a. shows the total storage capacities; solid lines represents all carbon dioxide removal solutions,
and dashed lines presents the shapes for each solution.

b. shows the CO, emission pathways; solid lines represents the total CO, emissions for the
RCP when all the CDR solutions are deployed, and dashed lines shows the total CO, emissions

for the former RCP scenarios.

Figure 1 shows the CO2 emission scenarios for each of these CDR solutions under the RCP.
The total storage capacity deployed is represented on Figure 1.a, whereas the CO2 emission

pathways, after subtracting the CDR to the emissions on the RCP, are plotted on Figure 1.b.

4.3 SOLAR RADIATION MANAGEMENT IMPLEMENTATION

This research does not consider the technical or spatial complexities of solar radiation
management solutions, thus it simulates these solutions by reducing the amount of incoming
solar radiation that reaches the Earth system to explore global mean surface temperature

changes.

Due to the risks involved on rectifying the anthropogenic radiative imbalance by reducing the
solar radiation that reaches the Earth could be higher than those involved by enhancing the
existing natural carbon sinks or creating new ones to remove CO2 from the atmosphere, this
paper applies SRM after the above CDR solutions are deployed and the GMST is still higher
than the 2°C target since pre-industrial period for a climate sensitivity of 2.88°C and the CCSM1
C4MIP. The climate sensitivity of 2.88°C is the most likely value diagnosed on MAGICC (see
Sections 4.1.1), and the CCSM1 C4MIP is the randomly related carbon cycle to that set of
parameters which contains this climate sensitivity on MAGICC (see Section 4.4). The starting

year is 2040 due to for some scenarios is needed to avoid exceeding the 2°C.

To analyse the degree of SRM intervention, this research studies the Earth’s annual global
mean energy balance, due to similar pattern on GMST changes results from the same global

magnitude of radiative forcing (Hansen 2005).

4.4 PROBABILISTIC ASSESSMENT

To relate the carbon dioxide removal and solar radiation management deployment under the
default parameters chosen (e.g. climate sensitivity 2.88°C and the CCSM1 C4MIP) to the
climate system uncertainty reported in the literature (Meehl et al. 2007), thus obtaining a range
of climate responses, this work uses the methodology of Meinshausen et al. (2009).
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The methodology followed varies 9 climatic parameters related to the energy balance (e.qg.
climate sensitivity), 33 gas-cycle and global radiative forcing parameters, and 40 factors for
scaling the regional 4 boxes pattern, though this research only studies the global mean surface
temperature responses. To constrain these parameters, observational data of GMST was used
from 1850 to 2006, the linear trend in ocean heat content from 1961 to 2003, the radiative
forcing estimation for 18 forcing agents in 2005, and the diagnosis of the effective climate
sensitivity on the 21st century from the AOGM CMIP3 emulations. The distribution of these
parameters was obtained using a Metropolis-Hastings Markov chain Monte Carlo approach, and
for the likelihoods observational uncertainty and climate variability from AOGM were taken into
account. This generates 82 dimensional parameters space. Finally, these 82 historically
constrained parameters are represented by 600 sets and randomly combined with nine of the
C4MIP carbon cycles.

5. RESULTS

This paper quantified the degree of geoengineering intervention that might be required to avoid
exceeding the 2°C target since pre-industrial levels under different future emission scenarios
(Table 1, Appendix). Even if the afforestation and reforestation, bio-char, and air capture and
storage (CDR solutions considered on this research) were deployed removing a total amount of
~1200 PgC from the atmosphere (~400 PgC on RCP3-PD), leaves the probabilities (90%
probability interval) of above one third on RCP3-PD, one fifth for RCP45, and no chance on
RCP6 to meet the 2°C target. This result suggests the need of SRM solutions on RCP45 and
the RCP6 (the RCP3-PD without CDR falls 0.23°C below the target, thus SRM was not applied
on this scenario, note that the SRM required was calculate for a climate sensitivity of 2.88°C
and CCSM1 carbon cycle).

Removing those 1200 PgC from the atmosphere, global mean surface temperature on RCP45
overshoots the target almost a century around 2100 (maximum of 0.5°C in 2080), which would
require a decrease in the incoming solar radiation of a maximum of approximately 0.7% over
the overshoot period. Whereas, global temperature on RCP6 exceeds the target around 2055
for not returning back again, which in average would require 1.1% of solar constant reduction
until 2500.

Further analysis were made considering or afforestation-reforestation and bio-char (400 PgC),
or air capture and storage (800 PgC), which allowed to investigate the degree of SRM required
to meet the target under a wider range of CDR deployments and plausible emission scenarios.
Removing 800 PgC from the atmosphere leaves similar scenarios for both, RCP45 and RCP6.
For RCP45, the overshoot (~130 years) could be avoid with a maximum of 0.73% on solar
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constant reduction; whilst for RCP6, an average of -1.4% in incoming solar radiation would be
required. A total amount of 400 PgC removed from the atmosphere would required in average a
reduction in the solar constant reduction of ~0.51% and ~1.83% for RCP45 and RCP6
respectively, from 2040 to 2500. The extreme case without CDR deployment would require an
average decrease in the incoming solar radiation, from 2040 to 2500, of ~0.99% and ~2.23% for
RCP45 and RCP6 respectively to meet the 2°C target. Overall, the degree of CDR and SRM
solutions required to avoid exceeding 2°C since pre-industrial levels, leaves between 56.6%-
78.8% of probability (90% probability interval) for the 600 emulations to meet the target.

These results suggest that under high or moderate mitigation measures, possibly
complemented by carbon dioxide removal options, no solar radiation management might be
required, and if so, at low levels and for limited period. Although, the incoming solar radiation
that may need to be reduced to meet the 2°C limit, not only increases in the required level, but
also in the period that has to be deployed, under high emission schemes and/or low carbon
removal activities, which may involves substantial risks (e.g. disruptions of the hydrological
cycle, ocean acidity), and challenges (e.g. development of appropriate technology, narrowing

the current uncertainties of the climate system).

6. DISCUSSION

The results of this work are difficult to analyse against previous studies which implemented
geoengineering solutions, due to some used different emission scenarios (e.g. ‘Wigley, Richels
and Edmonds’, WRE), other investigated different issues (e.g. the risk of rapid temperature
change and impacts on the hydrological cycle), and other used alternative methodology and/or
climate models (see Section 2.3 for further details).

It is usually discussed in the literature that to offset a doubling atmospheric CO2 concentration
since pre-industrial levels requires 1.8% reduction in the solar constant (Govindasamy and
Caldeira 2000). In this paper, RCP45 doubles atmospheric CO2 concentration by 2100 and it
holds afterwards similar values (~568 ppm), which requires approximately 0.99% reduction in
the solar constant to avoid exceeding 2°C. Although, the latter reduction in the solar constant
takes into account total radiative forcings, and it does not attempt to completely offset radiative

forcing imbalance, but to keep global temperature below 2°C.

To increase the probability to avoid exceeding 2°C, it might be deployed higher solar constant
reductions (e.g. taking a higher value of the climate sensitivity as default parameter), though
some issues may appear. The uncertainty of global temperature response rises when does the
SRM implemented. The temperature range for the 50% probability interval rises with increased
SRM (for RCP6-SRM-1200 global temperature ranges within 0.57°C, and within 2.37°C for
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RCP6-SRM). In addition, it shows that the probability of falling below 0°C relative to pre-
industrial periods rises when does the deployed SRM (over 30% when the solar constant

reduction is higher than 5 W m-2).

Ocean responses slower than the atmosphere to changes in the climate system (e.g. heat
content change, sea level rise) (Meehl et al. 2007). The results here seems to be consistent,
decreases in incoming solar radiation leads to relative high reductions in the ocean heat uptake
(from 0.344 W m-2 to 0.985 W m-2) until a new equilibrium is reached, approximately within a
century for low solar constant reductions (e.g. total amount blocked of 89.26 W m-2) or still
converging 5 centuries later for high solar constant reductions (e.g total amount reduced of
2.456 W m-2).

6.1 Assumptions, limitations and uncertainties

This section discusses the assumptions, limitations and uncertainties involved on this work

which constrain the results above presented and suggest future improvements and research.

The 2°C target relative to pre-industrial levels to avoid dangerous disruptions in the climate
system and its consequences adopted at the Copenhagen Accord might leave unaddressed
several issues (UN FCCC 1992). In addition to the critique of global temperature change target
of 2°C (e.g. it might lead the Arctic sea-ice to disappear each summer, see Section 1) (Lenton
and Schellnhuber 2007), it has been argue that there might be thresholds which are not fully
linked to global surface temperature change. For example, rates of climate change may affect
the ability of ecosystems to get adapted (e.g. migrations in altitude and latitude on rates of
temperature rise, and coral reefs and mangroves on rates of sea level rise), or spatial gradient
of forcing might disrupt the climate system (e.g. the monsoon phenomena and El Nifio events)
(Lenton 2011). Hence, the degree of geoengineering presented and discussed on this research
may not be an accurate measure if the international commitment is revised (e.g. to more
ambitious levels of 1.5°C or 1°C, and/or to a wider policy frame), or if risks that may lie outside

the 2°C target are taken into account for further discussions and research.

The results can be only as good as the data used, due to the assumptions, limitations and
uncertainties involved on these. CDR options and their potential of removing CO2 from the
atmosphere are surrounded by many assumptions and uncertainties. The best estimations of
the total amount of CO2 that could be removed are ~300 PgC for afforestation and
reforestation, ~500 PgC for bio-char, and a range between 453-3000 PgC of total storage
capacity for air capture and storage (IPCC 2005; Lenton 2010), though substantial uncertainty
involves these estimations (e.g. constraints, or issues of double-counting). The CO2 removal
fluxes suggested may involve even higher uncertainty, ranging between 0.2-1.5 PgC yr-1 by
2050 and 0.3-3.3 PgC yr-1 by 2100 for afforestation and reforestation, approximately 1.74 PgC
yr-1 by 2060 and 3.15 PgC yr-1 by 2100 for bio-char, and 10 PgC yr-1 by 2100 for air capture
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and storage, which leave an overall potential of 4-6 PgC yr-1 by 2050 and 6-14 PgC yr-1 by
2100 (Lenton and Vaughan 2009; Lenton 2010). In addition, these estimations do not account
neither, the energy costs of the deployments that would reduce the net effectiveness of any
solution if obtained from fossil fuels, and the economic constrains from the costs of
implementing the geoengineering solutions (Lenton and Vaughan 2009). Hence, it seemed
reasonable to halve the estimations on the fluxes and the total amounts of CO2 that could be
removed from the atmosphere, and hold the deployment time, as data input for CDR solutions

implemented on this research.

There are some limitations which affect the climate modelling realized on this work. First, those
that arise when using MAGICC 6. The reduced complexity coupled carbon cycle climate model
used emulates the original AOGCM and C4MIP models, thus it carries with the limitations
involved on these former models. For example, there are substantial uncertainties on the
original carbon cycle models related to fertilization, fire regimes or ocean circulation and
chemistry (Meinshausen et al. 2011). Modelling is a simplification of the ‘real world’, and
emulations can not simulate this any better than the original models. Furthermore, an
incomplete knowledge of the forcings may lead, even in a perfect calibration (though limitations
have been reported in Meinshausen et al. (2011)), to over- or under-estimate the climate
response under a given forcing of an AOGCM. For instance, an AOGCM might include the first
indirect aerosol effect of an effective radiative forcing of -0.4 W m-2 by 2005 since pre-industrial
levels, though MAGICC attempts to emulate the AOGCM including the IPCC AR4 (2007) best
estimation of -0.7 W m-2, therefore MAGICC will underestimate the temperature response of the
AOGCM along the historical period (Meinshausen et al. 2011). There are a tested range of how
AOGCM and carbon cycles models would behave, and uncertainties arise outside this range.
Meinshausen et al. (2011) reports that the C4MIP were constrained only by a single emission
scenario (SRES A2) until 2100, thus how the carbon cycle may behave under peaking
scenarios (increasing and decreasing temperatures or concentrations), and beyond 2100 is not
constrained. Note that this research does not use the RCP85 owing to an opposite behavior to
that expected (Scott et al. 2011; Vaughan and Lenton 2011) on atmospheric CO2 concentration
was found when applying SRM, which might be the result of the lack on C4MIP calibration
procedure. MAGICC emulates only temperatures changes and some closely related variables
(Meinshausen et al. 2011), such as ocean heat uptake (taken into account to calculate the SRM
required), though precipitation changes are not modeled in MAGICC, and SRM options would
likely lead to spatially inhomogeneous alterations on precipitation patterns (Govindasamy et al.
2008; Lunt et al. 2008). Finally, natural forcings (e.g. volcanic and solar forcings) are not known
beyond the present though these will be in the future, therefore, at this point assumptions
should be made for future projections using climate models. MAGICC 6 emulating AOGCM
assumes a constant negative forcing equal to the average over the 20th century for the volcanic

forcing, setting this mean to zero (Meinshausen et al. 2011). For solar radiation forcing, this
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paper assumes the solar ‘11 years’ cycle used in Meinshausen et al. (2011), which is close to
the value in 2000.

Second, there are some limitations that should be held in mind when analyzing and/or using the
above results related to the methodology applied. This work might be the first attempt of
decreasing the incoming solar radiation to counteract the anthropogenic radiative forcing
imbalance with an specific target (2°C relative to pre-industrial levels), thus little is known about
the methods. The research uses a climate sensitivity of 2.88°C, due to this is the best estimation
diagnosed on MAGICC after the AOGCM temperature responses were averaged (Meinshausen
et al. 2011), although the best estimation of the IPCC AR4 is 3°C, with a likely range of 2°C-
4.5°C. Therefore, the results would be in somewhat different if other value of the climate
sensitivity were applied. Furthermore, MAGICC uses 1765 as a starting year, though the
AOGCM assume different years among them. Meinshausen et al. (2011) argue that this issue
could lead to projections approximately 0.1°C warmer relative to 1765 for the 21st century.
Though this effect is minimised when a base period (e.g. 1980-1999) is taken for differences on
future projections (Meinshausen et al. 2011), this work uses 1765 as a reference for changes on
the global surface temperature. Furthermore, regarding to the deployment of geoengineering
solutions some assumptions were made. This paper only implements three of CDR suggested
in the literature, afforestation and reforestation, bio-char and air capture and storage, due to
both, their overall potential to remove CO2 from the atmosphere lies substantially above than
the potential suggested for the other solutions, and with simplification purposes. Although, the
other solutions, even with less potential and/or higher constraints could contribute as well.
Finally, assuming 2040 as a starting year for the SRM might be ambitious, although under the
RCP45 and RCP6 scenarios it is required if there is the will to avoid exceeding 2°C, even with

the afforestation and reforestation, bio-char, and air capture and storage deployed.

Taken all together, the results presented here seem to be robust within the aims and the scope

of this research, though it would be improved with a more comprehensive analysis.

SCENARIOS AFFBIO + AIRCAP SAM AFFBIO + SRM AIRCGAP + SRM AFFBIO + AIRCAP + SRM
Afforestation-reforestation Solar Radiation a5 " Adf L f ian and Alr Caplure Storage Aftorestation-redorestation anc
Bio-Char Bio-Char
Bio-Char Solar Radiation Management Solar Radiation Management Air Capture Storage
Ajr Capture Storage Salar Aadiation Managamant
WFIFD
CDR (GIC) 400

SAM W &
600 Parameters Sth=85th percentile

Probability <2°C 85.6% 78.7%
Probability <0%C 20.8% BE%
P45
COR [GIC) 1200 400 800 1200
SAM (W m =2.3T average =1.21 average Minz 0/ Max: -1.6 Wlim: 0/ Ma: <16
600 Parameters 5th-95th percentile 600 Parameters 5th-85th percentile 600 Parameters Sth-85th percentile 600 Parameters 5th-05th percentile 600 Parameters Sth-95th percen
Probability «2°C 20.8% 20.3% B6.3% 6B.5% 57.3% 58.1% 55.6% 56.6% BE.6% BB.E
Probability <0°C 0.3% 0% 6.6% 1.6% 02% 0% 0.2% 0% 0.2% ¢
PE
CDA (GIC) 1200 400 800 1200
SAM (W -5.34 avenge -4.37 average Min: -1.01 / Mae: -4.35 Min: -0.99 / Mase -3.81
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Probability <2°¢ 0.5% 0% 73.5% TE.2% 735 78.3% T3% 78.8% 75.6% e
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7. CONCLUSION

There is high agreement that climate change is one of the greatest challenges that humankind
faces, and current policies will likely lead to dangerous disruptions in the global climate system
during the 21st century. The international commitment have adopted a global warming limit of
2°C relative to pre-industrial levels as a target for mitigation efforts to reduce climate change
risks. Although, it has been shown that significant efforts will be required to avoid exceeding this
target. Geoengineering, looking for alternatively solutions, have been proposed as complement
to mitigation measures. The objective of this work is to quantify the degree of geoengineering
intervention that may be required to meet the 2°C target under different future emission
scenarios, which involves building custom carbon dioxide removal (CDR) scenarios, developing
a methodology to implement the geoengineering solutions within MAGICC 6, especially for solar
radiation management (SRM) to a specific target, and probabilistically assessing the different

combined strategies resulted to avoid exceeding the 2°C limit.

The carbon dioxide removal scenarios built are the result of the options suggested in the
literature, taking into account both, their potential of removing carbon from the atmosphere, and
their constraints (e.g. the flux and the total amount of carbon removed). This results roughly for
RCP45 and RCP6 in ~200 years of carbon dioxide removal options, with 400 PgC removed due
to afforestation-reforestation and bio-char activities (starting in 2030 and a maximum removal
flux of 4 PgC yr-1 by 2130), and 800 PgC removed from air capture and storage measures
(starting in 2050 and a maximum removal flux of 5 PgC yr-1 from 2100 to 2210). The carbon
dioxide removal scenarios for RCP3-PD differs from the previous on the amount of total the
carbon removed, due to 400 PgC are roughly its cumulative CO2 emissions (represented by
200 PgC on the above solutions respectively), and in the deployment period of ~450 years
(peaking the removal carbon flux on ~1.74 PgC yr-1 in 2100 for decreasing afterwards). The
methodology developed implements geoengineering solutions within MAGICC 6. Carbon
dioxide removal options are represented in the emission scenarios as a subtraction of the
former emissions (land changes emissions for afforestation-reforestation and bio-char, and
fossil emissions for air capture storage). Whereas, solar radiation management options are
implemented as a decrease in the solar constant to rectify the radiative forcing imbalance which
exceeds 1.99°C since pre-industrial levels, taking into account ocean heat uptake and the solar
‘11 years’ cycle. This research quantifies the degree of geoengineering solutions that might be
required to meet the 2°C target for different combined strategies and future emission scenarios.
The RCP3-PD do not exceed the 2°C limit, although applying the carbon dioxide removal
solutions (~400 PgC), the global surface temperature could be restored to pre-industrial levels
by approximately 2500. For RCP45 and RCP6 respectively to meet the target, deploying all
carbon dioxide removal options (~1200 PgC) might require 0.7% and 1.55% of solar constant

reduction, implementing air capture and storage (~800 PgC) may need a decrease in the
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incoming solar radiation of 0.73% and 1.82%, the deployment of the afforestation-reforestation
and bio-char measures (~400 PgC) may require approximately 0.75% and 1.83% of solar
constant reduction, and without implementing any carbon dioxide removal strategy may need a
decrease in the solar constant of 0.99% and 2.23%. The probabilistic assessment of these
combined strategies results in a range of 56.6%-78.8% of probability (90% probability interval)
for the 600 emulations to avoid exceeding 2°C since pre-industrial periods.
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