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Abstract To avoid the most dangerous consequences of anthropogenic climate change, the Paris
Agreement provides a clear and agreed climate mitigation target of stabilizing global surface warming to
under 2.0°C above preindustrial, and preferably closer to 1.5°C. However, policy makers do not currently
know exactly what carbon emissions pathways to follow to stabilize warming below these agreed targets,
because there is large uncertainty in future temperature rise for any given pathway. This large uncertainty
makes it difficult for a cautious policy maker to avoid either: (1) allowing warming to exceed the agreed
target or (2) cutting global emissions more than is required to satisfy the agreed target, and their associ-
ated societal costs. This study presents a novel Adjusting Mitigation Pathway (AMP) approach to restrict
future warming to policy-driven targets, in which future emissions reductions are not fully determined
now but respond to future surface warming each decade in a self-adjusting manner. A large ensemble

of Earth system model simulations, constrained by geological and historical observations of past climate
change, demonstrates our self-adjusting mitigation approach for a range of climate stabilization targets
ranging from 1.5°C to 4.5°C, and generates AMP scenarios up to year 2300 for surface warming, carbon
emissions, atmospheric CO,, global mean sea level, and surface ocean acidification. We find that lower
21st century warming targets will significantly reduce ocean acidification this century, and will avoid up to
4 m of sea-level rise by year 2300 relative to a high-end scenario.

1. Introduction

There is uncertainty in the response of the climate system to any given future scenario, shown by the wide
warming responses of climate models (IPCC, 2013) when forced with the same prescribed forcing pathways
(Meinshausen et al., 2011). This uncertainty in warming response makes it difficult to prescribe a future
pathway now, that will limit future warming to satisfy the Paris Climate Agreement (UNFCCC, 2015) target
over the 21st century of under 2.0°C above preindustrial (e.g., IPCC, 2013; Meinshausen et al., 2009), and
preferably closer to 1.5°C. For example, some of the Climate Model Intercomparison Project phase 5 (CMIP5)
ensemble of complex Earth system models suggest that the prescribed Representative Concentration Path-
way 4.5 (RCP4.5) will lead to warming of less than 2°C, while other ensemble members suggest that 2°C will
be exceeded even if the more heavily mitigated RCP2.6 pathway is adopted (IPCC, 2013). Thus, at this point
in time we do not know exactly which pathway to follow to stabilize global mean surface warming to a
given target, such as the 1.5°C or 2.0°C targets of the Paris Climate Agreement (UNFCCC, 2015).

The highly complex CMIP5 models are too computationally expensive to conduct full parameter space
exploration of the uncertainty in pathways that lead to stabilization at 1.5°C or 2.0°C warming, and to run
simulations beyond 2100. To investigate questions where computational expense prohibits using highly
complex models, one approach has been to generate an ensemble using an efficient model, where the
input parameters are tuned to emulate a more complex model ensemble, for example, using the MAGICC6
efficient climate model to emulate the CMIP3 ensemble (Meinshausen et al., 2011, 2011). Here we take an
alternative approach, used by Goodwin et al. (2018), based on history matching (Williamson et al., 2013,
2015): we generate a large Monte Carlo ensemble of many millions of efficient climate model simulations
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with varied input parameters, using geological evidence for the input distribution of the climate sensitiv-
ity (Rohling et al., 2012), and then select only those simulations that agree with historical observations to
make future projections. This results in a large ensemble of observation-consistent climate simulations with
computational efficiency to project hundreds of years into the future.

Goodwin et al. (2018) applied this method to evaluate the amount of carbon that can be emitted before
the 1.5°C and 2.0°C warming targets are breached, using four RCP scenarios to integrate into the future.
Goodwin et al. (2018) used observational reconstructions of surface warming, ocean heat uptake, and
atmosphere-ocean-terrestrial carbon fluxes up to the end of year 2016 to extract observation-consistent
simulations via the history matching (Williamson etal.,, 2013, 2015). The final history-matched model
ensemble contains many thousands of simulations, and has warming projections similar to, but narrower
than, the CMIP5 ensemble (Goodwin et al., 2018, see figure 2 therein). This final history-matched ensemble
contains simulations that are not only consistent with historical observations of warming, heat uptake, and
carbon fluxes; the simulations also span the observational uncertainty.

Goodwin et al. (2018) found that if the total carbon emitted after the start of 2017 reaches 135 PgC, there
is a 95% chance that warming remains under 1.5°C. This likelihood drops to 66% if emissions reach 200PgC
and to just 5% if emissions reach 325 PgC (Goodwin et al., 2018). For the higher Paris Agreement target, if
the total carbon emitted after 2017 reaches 315 PgC there is a 95% chance that warming will remain under
2.0°C, reducing to 66% if emissions reach 405 PgC and 5% if emissions reach 590 PgC. These results for
the cumulative carbon emitted when warming targets were breached were similar following different RCP
scenarios (Goodwin et al., 2018), in spite of the difference in non-CO, radiative forcing, consistent with a
near-linear link between cumulative emissions and warming (Allen et al., 2009; Gillet et al., 2013; Goodwin
etal, 2015).

Given these projected emission limits (Goodwin et al., 2018), and a current annual rate of carbon emission
of over 11 PgC per year (Le Quéré et al., 2016), only scenarios where mitigation is immediate and compre-
hensive will likely restrict 21st century warming to a maximum of 1.5°C-2.0°C above preindustrial in Earth
system models, such as the RCP2.6 scenario (IPCC, 2013). However, the uncertainty in the future climate
response to emissions makes it difficult to prescribe now a precise emissions policy that will avoid either
possible societal costs from warming exceeding an agreed warming target, or possible societal costs from
emissions being cut further than required to meet the agreed warming target. Will the real climate system
remain under 1.5°C until total future emissions reach 135 PgC, or 200 PgC, or even 325 PgC?

As the 21st century progresses, the extended observational records will reduce uncertainty in the future
warming for a given emissions pathway, and will provide extended records on anthropogenic emissions.
However, the emissions pathways available will also narrow over time, increasing the likelihood of it becom-
ing impossible to limit warming to under 2°C. Thus, to maximize the chance of restricting warming to
an agreed target, an immediate future pathway to reduce the emission rate must be adopted as soon as
possible, based on current understanding. Then, this emissions policy can be adjusted as the ongoing obser-
vational record reduces uncertainty over the 21st century.

This study explores an innovative self-adjusting approach to mitigation, in which an agreed policy frame-
workis adopted defining how quickly the global carbon emission rate is reduced based on decadal reassess-
ment of the future realized warming trajectory over the 21st century. An efficient Earth system model is
used to test this adjusting approach to mitigation for climate stabilization targets between 1.5°C and 4.5°C
above preindustrial, and generate scenarios for warming, atmospheric CO,, surface ocean pH and global
mean sea-level (GMSL) rise for the different climate stabilization targets. Importantly, we extend our future
scenarios to year 2300 since the climate stabilization target will have impacts, on for instance the extent of
sea-level rise, well beyond the 21st century.

The adjusting mitigation approach used here has similarities to, but is distinct from, adaptation pathways
that have been applied in the impacts and adaptation literature (e.g., Barnett et al.,, 2013; Haasnoot et al.,
2013; Ranger etal., 2013). Adaptation pathways for impacts and adaptation address deep uncertainty
in both the climate system and human impacts through a series of linked adaptive actions triggered by
changes in external conditions that lead to a low-regrets future through adaptive management (Barnett
etal, 2013; Haasnoot et al., 2013; Ranger et al,, 2013). In an adaptation pathway, a tipping point occurs,
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and triggers an adaptive action to switch to an alternative pathway to reduce risk to the whole system,
for example, an increase in the rate of sea-level rise in the Thames Estuary above some threshold may
alter the planning strategy for flood defenses (Nicholls etal., 2015; Ranger et al., 2013). This addresses
deep uncertainty by having an overall adaptation management goal, but allowing time to resolve highly
uncertain events where a step-change in management is required to reach that goal. In contrast, in the
self-adjusting mitigation pathways (AMPs) considered here the climate stabilization target is fixed at the
outset with no further adaptive decisions to change this climate stabilization target. The goal is not to
over-mitigate or under-mitigate to an uncertain sensitivity of warming to emissions. Therefore, our AMPs
approach considers only the uncertainty in the physical climate system, regarding the emissions required
to reach a climate stabilization target, and does not consider uncertainty in the human impacts of the
resulting climate change. Adaptive pathways can be framed in terms of “signposts,” which are measured
quantities of the climate system, and tipping points or “triggers,” which are used to determine whether
policy should be adapted (e.g., Haasnoot et al., 2013). Here, the self-AMP approach does also contain
“signposts,” since the global mean temperature and emission rates are monitored. However, the approach
here differs from an adaptation pathways in that are no “triggers” at which a response is or is not taken.
Rather, here the emissions pathway is continually adjusted based on the observations to maintain the
same policy target for global mean surface warming. This does not avoid the evitable “lock-in” as we
are already committed to sea-level rise due to past emissions. However Adjustable Mitigation Pathways
indicate potential further lock-in and suggest the pathways for implications of further emission reductions,
which help guide adaptation response.

Section 2 of this paper presents and tests an algorithm that continually reassesses how quickly to reduce the
global carbon emission rate based on how the realized warming trajectory unfolds over the 21st century
and beyond, and then adjusts the mitigation pathway to continually aim for a climate stabilization target
defined at the outset. The algorithm is employed to define five AMP scenarios, which are employed within a
large ensemble of simulations using the Warming Acidification and Sea-level Projector (WASP) Earth system
model (Goodwin, 2016). The WASP model configuration of Goodwin et al. (2018) is used, containing monthly
time-step and stochastic temperature variability, with the additional sea-level component included after
Goodwin et al. (2017). The AMP1.5 scenario represents eventual climate stabilization at 1.5°C above prein-
dustrial, where preindustrial is taken here to be approximated by the 1850-1900 time period and be 0.78°C
below the 1993-2012 global mean surface temperature (IPCC, 2013). The AMP2.0, AMP2.5, AMP3.0, and
AMP4.5 scenarios represent policy aims for eventual climate stabilization at targets of 2.0°C, 2.5°C, 3.0°C,
and 4.5°C warming above preindustrial, respectively.

Section 3 of this paper then presents the AMP scenarios in the WASP model ensemble for carbon emis-
sions, surface warming, atmospheric CO,, surface ocean acidification, and GMSL rise, up to year 2300 for
the different climate stabilization targets. The ability of these AMP scenarios to reach the required climate
stabilization target is assessed, by considering the robustness of the AMP scenarios. Future projections from
the AMP scenarios are compared to the high-end prescriptive RCP8.5 scenario, and it is found that adop-
tion of a climate stabilization target policy now will significantly reduce ocean acidification during the 21st
century, and significantly reduce GMSL rise by year 2300.

Section 4 discusses the implications of this study. The full AMP scenarios for emissions, warming, atmo-
spheric CO,, surface ocean acidification, and sea-level rise defined and described here are given in Sup-
porting Information S1.

2. Methods

This section presents our novel AMP approach to restrict warming to a given climate stabilization target,
testing the AMP approach in a large ensemble of Earth system model simulations.

2.1. Generating the Ensemble Climate Simulations

The WASP Earth system model is used (Goodwin, 2016; Goodwin et al., 2017), comprising a computationally
efficient eight-box representation of the atmosphere—ocean and terrestrial carbon system. WASP calculates
the global surface temperature anomaly from cumulative carbon emissions based on the equation of Good-
win et al. (2015), with additional terms for radiative forcing from other sources (Goodwin, 2016; Williams
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Figure 1. Adjusting mitigation pathways toward climate stabilization at different warming targets in a model simulation. (a) Warming
and (b) CO, emission rate over time. Shown is a single WASP Earth system model simulation following 5 AMP scenarios (solid lines) for
warming targets of 1.5, 2.0, 2.5, 3.0, and 4.5°C. The AMP algorithm determines the emissions reduction pathway to reach the required
warming target at 10-year intervals from year t; = 2030 to year t; = 2100, and again at year t, = 2125 (gray dashed lines) by considering
the additional warming and emissions since a reference period (gray solid bar).

etal., 2016, 2017). Here, we use the WASP configuration of Goodwin et al. (2018), containing a monthly
time-step and with added stochastic surface temperature anomaly, forced by Auto Regressive, AR(2), noise
where the coefficients are set to approximate the monthly temperature variability shown by the GISTEMP
record (GISTEMP Team, 2017; Hansen et al., 2010). We also include the hybrid method for projecting global
mean sea-level rise as described in Goodwin et al. (2017), with thermosteric sea-level rise calculated from
the simulated ocean heat uptake after Williams et al. (2012) and an ice-melt contribution calculated from a
semi-empirical coefficient (Rahmstorf, 2007).

The added stochastic interannual temperature anomaly tests whether the AMP framework can adapt the
emissions pathway to reach the required warming target even though the observed time-average warming
reflects both the trend in warming and interannual variability (Figure 1).

Exploiting the computational efficiency of WASP, an initial ensemble of 5 x 107 simulations is generated
using a Monte Carlo approach (Goodwin, 2016; Goodwin et al., 2017), with each simulation containing a
unique set of model parameter values (Table S1 in Supporting Information S1). The simulations are restored
to historic CO, concentrations from year 1765 to 2005. From year 2005 to 2014 each simulation is forced with
the global annual carbon emission rate from the Global Carbon Budget (Boden et al., 2016; Houghton et al.,
2012; Le Quéré et al., 2016). From 2015, the global annual carbon emission rate is then linearly interpolated
towards the year 2030 from the Paris Agreement “Intended Nationally Determined Contributions” (INDC)
global carbon emissions (Fawcet et al., 2015).

The WASP Earth system model does not have interactive cycles of non-CO, radiative forcing agents, such
as methane, nitrous oxides, halogens, or aerosols. Therefore, in the simulations forcing agents other than
CO, are prescribed following historic values and then into the future by the heavily mitigated scenario,
RCP2.6 (Meinshausen et al., 2011). The uncertainty in the radiative forcing from these other agents is tuned
to the present-day uncertainty and scaled over time (Table S1 in Supporting Information S1). A total of
19 model parameters are varied between the 5 x 107 simulations (Table S1 in Supporting Information S1),
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including the equilibrium climate sensitivity, the timescales of ocean tracer uptake, the terrestrial carbon
cycle sensitivity to warming and CO, and the ice-melt sensitivity to warming.

A subset of the initial 5 x 107 simulations are chosen for the final model ensemble, and used to make future
projections, following the methodology of Goodwin (2016) and Goodwin et al. (2017). To extract the simula-
tions for the final ensemble, each of the initial 5 x 107 simulations is assessed for observational consistency
against 10 metrics of observed climate change when the simulations reach the start of year 2017 (Supple-
mentary Table 2). The 10 metrics include observed surface warming (GISTEMP Team, 2017; Hansen et al.,
2010; IPCC, 2013; Morice et al., 2012; Smith et al., 2008; Vose et al., 2012), ocean heat uptake (Cheng et al.,
2017; Levitus et al., 2012; Smith et al., 2015; Smith & Murphy, 2007), ocean and terrestrial carbon uptake
(IPCC, 2013), and GMSL rise (IPCC, 2013). This leaves just 5784 simulations that satisfy the historic consis-
tency tests, and only these simulations are then used to integrate forward in time to year 2300 and define
the AMP scenarios. It should be noted that WASP ensemble members generated for this study are observa-
tionally constrained to only include only processes that have acted historically (e.g., Goodwin et al., 2017),
and therefore historically unprecedented processes that may act in the future are not considered in the
simulations. Historically unprecedented processes could affect future warming, required carbon emissions
or sea-level rise trajectories in a way not included within our simulations, for example, due to a possible
historically unprecedented sudden change in ice sheet dynamics (Kopp et al., 2017).

This extraction of a historically plausible subset of simulations (Tables S1 and S2 in Supporting Information
S1), from a large initial Monte Carlo ensemble, produces a final ensemble of future projections from the
efficient WASP model with future warming and GMSL sensitivities that are similar to more complex and
computationally expensive Earth system models (Goodwin, 2016; Goodwin et al., 2017). Here, we utilize this
computational efficiency to generate and test our AMP scenarios, including uncertainty ranges, for climate
stabilization targets between 1.5°C and 4.5°C above preindustrial out to year 2300.

2.2, AMP Framework for Climate Stabilization

This section presents an algorithm for determining the required carbon emissions reductions to stabilize
warming at an agreed policy target, based on decadal assessment of the observed future-warming trajec-
tory.

The AMP scenarios first assume that global carbon emissions follow the INDC from the Paris Agreement until
year 2030 (Fawcet et al., 2015). To achieve this, the annual carbon emission rate is linearly increased from the
year 2017 value to the Fawcet et al. (2015) figure for 2030 (Figure 1). From the year 2030, the AMP scenarios
reduce the carbon emission rate linearly over time to restrict warming to the climate stabilization target,
assuming that warming is approximately linearly related to the cumulative carbon emission (Allen et al.,
2009; Gillet et al., 2013; Goodwin et al., 2015; Matthews et al., 2009). The AMP algorithm makes assessments
of the required reduction in the carbon emission rate for climate stabilization n =9 times between 2030
and 2125: starting every 10 years from time t; = 2030 to time t; = 2100, and then a final assessment made
atyear ty =2125 (Figure 1).

The algorithm assesses the required reduction in carbon emissions for climate stabilization as follows. First,
the additional warming per unit additional carbon emitted, ([AT/Al],,,, in °C/1000PgC), is calculated at time
t, from realized trajectory global surface temperature anomaly, AT, and the change in cumulative carbon
emissions, Al,,, in PgC, by comparing a 10-year period (t-11 years to t-1 year) relative to the 2003-2012
average using,

AT T(t=t,—11—1t,—1)=T(t=2003 - 2012)

Al |ops ") lo (t = t, = 5) — 5, (t = 2008) @

Note that in Equation (1) the 10-year observation period (t=t, — 11 to t,-1) ends 1 year prior to the
time when the rate of emissions reductions is altered (t,), to facilitate time for policy agreement and
implementation.

Next, the remaining cumulative CO, emission allowed after time t,,, /iemaining (t,) in PgC, to restrict total warm-
ing to the policy-determined target, AT, is calculated. This is achieved assuming that there is a near-linear

link between additional cumulative carbon emitted and future warming (Allen et al., 2009; Gillet et al., 2013;
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Goodwin et al., 2015; Matthews et al.,, 2009). This near-linear link implies that the observed additional warm-
ing per unit emission, (AT/Al),,, (Equation (1)), continues into the future, giving

-— AT
Iremaining (tn) = [ATaim - ATobs (tn)] / [E

obs

(tn)] : 2

where the observed temperature anomaly at time t, T, (t), is calculated assuming that the 2003-2012
period was 0.78°C above preindustrial (IPCC, 2013),

AT,

o]

ws (t,) = AT (t=1t,—11 > t, — 1) — AT (t = 2008 — 2012) + 0.78.

The annual global net carbon emission rate is then linearly reduced to zero so that total future cumulative
emission after time t,, is /emaining (£,) USING,

t—t,

Crate (t) = Crate (tn) 1- 5 (3)
te—o

untilt —t, = tc_ o Where te_ = 2 emaining (t5)/ Crare (t,) is the time at which the carbon emission rate is reduced

to zero.

It should be noted that in the AMP algorithm (Equations (1)-(3)) the final value for /gy ining(t,) (Equation 2)
will only be known 1-year before the rate of emission reductions is adjusted (Equation 3). In practice, how-
ever, policy makers will have more time to prepare for the adjustments than this, since half the data required
to calculate the 10-year time average temperature anomaly (Equation (1)), and /;gmaining (Equation 2), will be
available 6 years prior to the point at which the rate of emission reductions is adjusted. From 6 years prior
to the implementation of adjustments to emissions reductions, the estimated value of /,¢,iing from partial
data will be continually improved until the value is finalized at 1-year prior to t,,.

P - ‘ - : Once emissions have been reduced
Representative Concentration Pathway .

RCPE.5 Wm?) to zero, t—t,>t._, (Equation3), a
10 ] check on the simulated temperature

Adjusting Mitigation Pathways .
anomaly, (), relative to the warm-

Observations
4| HadCRUT4

AMP4.5 (°C)
s ing target. AT, is undertaken at each
2 miz'i ‘(3 model time step. To maintain warming
=S :
IE 6 AMP1.5(°C) 1 close to the stabilization target, a small
3
=

regulating emission rate is permitted:
negative emissions of —1.0 PgCyr~" are
applied if T . (t) is more than 0.05°C

2 above AT, and positive emissions of
+1.0PgCyr~' areappliedif T, () is less

2000 2050 2100 2150 2200 2250 2300 than AT, by more than 0.2°C.

Year

Alternative climate stabilization tar-
Figure 2. Global mean surface temperature anomaly relative to 1850-1900 gets are achieved by altering the value
average from observations and for Earth system model projections. For the of AT in the algorithm (Equations

simulations, the lines are the ensemble medians and the shaded regions are the aim 9 a
66% ranges (from the 17th to 83rd percentiles). The observations (black line) are (1)=(3)). Here, the AMPs are named
from the HadCRUT4 data set (Morice et al., 2012). according to the value of the climate

stabilization target, AT,;,. AMP1.5 has
climate stabilization AT,,,,=1.5°C above preindustrial, AMP2.0 has climate stabilization AT,,, =2.0°C
above preindustrial, while AMP2.5, AMP3.0, and AMP4.5 have climate stabilization AT, at 2.5, 3.0, and
4.5°C above preindustrial, respectively (Figure 1).

3. AMP Scenarios to Year 2300

This section presents the AMP scenarios for surface warming, carbon emissions, atmospheric CO,, surface
ocean acidification, and sea-level rise for climate stabilization targets of 1.5°C, 2.0°C, 2.5°C, 3.0°C, and 4.5°C,
and compares these to the projections for the high-end RCP8.5 scenario.
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3.1. AMP Scenario Warming Trajectories to Year 2300

For AMP1.5, AMP2.0, and AMP2.5 the ensemble-median warming reaches the respective targets during the
simulations (Figure 2), while for AMP3.0 the ensemble-median warming reaches 0.1°C under target. For
AMP4.5 the warming is still increasing as the simulations end, reaching 3.9°Cin 2300.

The AMP1.5 scenario overshoots 1.5°C warming during the mid-21st century, with ensemble-median warm-
ing reaching 1.7°C from the 2040s to the 2060s (Figure 2, gray), before relaxing back toward 1.5°C warming
by the 2140s.

AMP2.0 does not result in overshoot by the ensemble-median, with warming reaching 2.0°C during the
2070s and remaining until the 2160s (Figure 2, blue). Eventually, warming relaxes down toward 1.8°C by
year 2300.

For the AMP2.5 scenario, the ensemble median warming remains under the 2.5°C target through the 21st
century, with warming reaching 2.3°C by 2100 (Figure 2, orange). Ensemble-median warming eventually
reaches the 2.5°C target during the 2140s, before relaxing down to 2.3°C warming by year 2300.

AMP3.0 sees ensemble-mean warming reach 2.4°Cby 2100. Ensemble-median warming then peaks at 2.9°C
from the 2190s to the 2210s (Figure 2, green), before stabilizing at 2.8°C through to year 2300.

AMPA4.5 sees warming increase over time throughout the simulations to year 2300, with ensemble-median
warming reaching 2.5°C at year 2100 and increasing to 3.9°C at 2300 (Figure 2, red).

There is variation in the warming trajectories within the observation-consistent ensembles for each AMP
warming target (Figure 2). For the pathways toward climate stabilization at 1.5°C, 2.0°C, or 2.5°C, 66% of the
simulations cover a typical warming range of 0.6°C while 95% of the simulations typically cover a warming
range of 1.3°Cat year 2100. This reduces to 0.3°C for 66% of simulations and 1.0°C for 95% of simulations at
year 2300 (Figure 2). Thus, for climate stabilization targets of 2.5°C or below, the AMP approach for carbon
emissions reductions successfully deliver warming close to the policy target in the majority of the 5784
observation-consistent simulations.

3.2. AMP Scenario Emissions Trajectories to Year 2300

All'the AMP scenarios follow a linear increase in emission rate towards the final INDC emissions (Fawcet et al.,
2015) in year 2030 (Figure 3). After year 2030 the AMP algorithm determines unique emissions trajectories
for each of the 5784 observation-consistent simulations within the ensemble depending on the warming
target.

0 For climate stabilization at 1.5°C, fol-

lF§epresentati\‘/<~> Concentration Pathway . )
—~ RCP8.5 lowing AMP1.5, the ensemble-median
‘T‘_ 351+ b e .
3 Adjusting Mitigation Pathways emission rate is reduced to zero by
g s0f AmP457 | year 2045 (Figure 3), with negative
Q
T o5l AMP2.5- emissions of —1.0 PgC yr~' required
5 PRy from 2046 to the 2120s as warming
2 20F 24 . o
£ Observations remains above the 1.5°C target by
g 151 GCB 2016 | more than 0.05°C (Figure 2). Within the
g 1oh | 5784 ensemble simulations, the 1.5°C
é target requires that the emission rate is
g ° reduced to zero in 66% of simulations
(O]

between years 2041 and 2049.

L N L
2150 2200 2250 2300

Year

2000 2050 2100 . o1 .
For climate stabilization at 2.0°C,

the AMP2.0 scenario reduces the

Figure 3. The global net carbon dioxide emission rate (PgC yr~') over time from ensemble-median emission rate to
observations and for alternative scenarios in the observation-constrained WASP .
ensemble. Observations stem from the Global Carbon Budget 2016 (Le Quéré half present—day levels durmg the
etal, 2016). Shading and colors are same as Figure 2. 2060s and to zero during the 2080s

(Figure 3). However, depending on the
future temperature trajectory there is a wide range in when emissions must be reduced to zero: 5% of
simulations see the emission rate reduced to zero by 2055 and 10% of simulations by 2057. This shows that
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the Paris Agreement commitment to restrict warming to 2.0°C or less implies, depending on the realized
warming between the 2003-2012 period and 2030, that the global net carbon emission rate may have to
be reduced to zero during the 2050s.

The ensemble-median carbon emission rate is reduced to half the present value during the 2080s for stabi-
lization toward 2.5°C warming, AMP2.5 (Figure 3), during the 2140s for stabilization toward 3.0°C warming,
AMP3.0, and by 2200 for stabilization toward 4.5°C warming, AMP4.5 (Figure 3). The ensemble-median
emission rate reaches zero in the 2160s for 2.5°C stabilization and in the 2230s for 3.0°C. Aiming for 4.5°C
warming allows the annual carbon emission rate to be reduced more slowly, with ensemble-median emis-
sions remaining at 2 PgC yr~! at in year 2300 (Figure 3).

3.3. Potential Contribution from Negative Emissions

The AMP1.5 and AMP2.0 scenarios show that the ensemble-median global net carbon emission rate has
to be reduced to zero (carbon neutrality) by year 2045 for AMP1.5 and by 2080 for AMP2.0, respectively
(Figure 3). In addition, the AMP1.5 scenario requires negative emissions of —1.0 PgC yr~' from 2046 to the
2120s (Figure 3). These two scenarios demand significant and sustained global mitigation of CO, emissions
with reliance on long-term negative emissions for the AMP1.5 scenario. In terms of global mitigation, a
phase-out of fossil fuels by 2045 (AMP1.5) or 2080 (AMP2.0) requires a rapid decarbonization of the power,
industry, buildings, and transport sectors. This may be accomplished by deep emission reductions through
increasing shares of renewables, nuclear, and carbon capture and storage of fossil-fuel emissions in addition
toincreased energy efficiency. For net CO, emissions to become negative from 2046 onward specific carbon
dioxide removal technologies (CRD) have to be deployed (IPCC, 2014; Mathews, 2008; National Academy of
Sciences, 2015, Tavoni & Socolow, 2013). Bioenergy with carbon capture and storage (BECCS) is the most
widely selected negative emission technology (e.g., Azar et al.,, 2010; IPCC, 2014; Rao et al., 2008). Consid-
ering the AMP1.5 pathway, the question is how much BECCS can achieve in terms of negative emissions.
The near-term mitigation rate of BECCS may be between 0.8 and 2.7 PgC yr~' (IPCC, 2014) with a theoret-
ical potential of up to 4.8 PgC yr~' (Azar et al., 2010; Kriegler et al., 2013). This has to be put in perspective
with the current net global carbon emission rate of 11.2 PgC yr~' (Figure 3). The large-scale deployment
of BECCS has significant environmental impacts in terms of land use, water resources, and nutrients. For
example, using switchgrass as a bioenergy feedstock would require 2 x 108 ha of land, 4 x 103 km3 yr~" of
water and 20 Tg yr~" of nitrogen fertilizer for removing 1 PtC yr~! (Smith & Torn, 2013). Thus the land area
required for 1 PtCyr~' removal is approximately 60% of the surface area of India. The AP1.5 scenario requires
a steep cut in the global net carbon emission rate to reach carbon neutrality by 2045 (Figure 3). The theo-
retical potential for negative carbon emissions of BECCS with rates of up to 2.7 PgC yr~' in the near term
(IPCC, 2014) could result in significant cuts but it will most likely be constrained by the availability of land
for energy crops, water resources, and the use of fertilizer that results in additional non-CO, greenhouse
gas emissions (Smith et al., 2015). Furthermore, BECCS directly competes with carbon capture and storage
of fossil-fuel emissions until they are phased-out. BECCS may provide the 1 PgC yr~' negative emissions
from 2045 onward required by the AP1.5 pathway but given the significant impact of it on land, water, and
nutrients, it cannot significantly contribute to the reduction of global carbon emission from continuing use
of fossil fuels between 2030 and 2045.

3.4. Robustness of AMP Scenarios

The robustness of an adaptive policy pathway expresses the likelihood that the pathway will achieve its
objectives, given the uncertainty in the system (e.g., Haasnoot et al., 2013). In this section, we present eval-
uate how robust how the AMP scenarios are, both in terms of reaching the required warming target and in
terms of assumptions made in generating the model ensembles.

3.4.1. Robustness to Variation within the Model Ensemble

The ensemble of WASP simulations contains variation that spans observational uncertainty in observed
historic warming, ocean heat uptake, and atmosphere—-ocean-terrestrial carbon fluxes (Table S2 in Sup-
porting Information S1), and incorporates the subset of geological uncertainty in climate sensitivity that is
consistent with the historic period (Table S1in Supporting Information S1). The imposed stochastic temper-
ature variability within each simulation (GISTEMP Team, 2017; Goodwin et al., 2018) also provides variation
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Table 1.

Robustness of the Adjusting Mitigation Pathways for Reaching Target Warming in the Climate Model Ensemble in Three
20-Year Average Periods. The Percentage of the Ensemble Simulations that Have 20-Year Average Temperature Anoma-
lies Within +0.25°C of the Target, and the Percentage of Ensemble Simulations Below the Target, are Shown for the AMP
Scenarios with Linear Emissions Reductions and Year-on-Year Emissions Reductions

% of simulations with 20-year average temperature
within +0.25°C of target (% of simulations below target)

2081-2100 2181-2200 2281-2300
AMP1.5 64.8 (33.3)% 71.6 (64.8)% 75.5 (85.7)%
AMP1.5yy 66.2 (37.6)% 71.8 (67.3)% 75.6 (87.2)%
AMP2.0 73.6 (46.6)% 79.3 (70.7)% 69.1 (89.5)%
AMP2.0yy 63.8 (60.1)% 66.4 (75.7)% 52.6 (91.4)%
AMP2.5 38.9(79.5)% 75.1 (68)% 61.4 (89.6)%
AMP2.5yy 27.1(86.7)% 48.8 (78.6)% 39.1(92.3)%
AMP3.0 9.4 (95.8)% 53.6 (69.7)% 52 (87.5)%
AMP3.0yy 6.4 (97.4)% 28 (84.2)% 28.7 (91.7)%
AMP4.5 0(100)% 6.7 (94)% 18.8 (87.4)%
AMP4.5yy 0(100)% 3.3(97.2)% 7.1 (94.8)%

between simulations in how much the variability in surface temperature affects the observed 10-year aver-
age surface warming at the t,, time periods (Figure 1).

Each simulation in the ensemble reacts differently to the AMP scenarios, representing uncertainty in the
future of response of the physical climate system. We test the robustness of the AMP scenarios to this uncer-
tainty (as encapsulated in the model ensemble) by assessing how many of the ensemble simulations reach
the required warming target.

Table 1 shows the percentage of the 5784 ensemble simulations that are (1) within +£0.25°C of the warm-
ing target or (2) under the warming target for the AMP scenarios (AMP1.5, AMP2.0, AMP2.5, AMP3.0, and
AMPA4.5) for the 20-year periods at the end of the 21st, 22nd, and 23rd centuries. For the AMP1.5 and AMP2.0
scenarios, over 64% of simulations are within +£0.25°C of the warming target across all three time averages.
For scenarios with warming targets at 2.5°C or greater (AMP2.5, AMP3.0, and AMP4.5), at least 75% of sim-
ulations are either less than, or within +0.25°C, of the warming target across all three time periods.

Despite the significant variation in the model ensemble (Tables A1 and A2), the self-adjusting mechanisms
within the AMP scenarios (Equations (1)—(3)) provide a robust method to achieve a policy-driven warming
target (Table 1).

3.4.2. Robustness of AMP Method to Alternative Reduction Pathways

In the standard AMP scenarios, Equations (1) and (2) are used to evaluate from observations, at 10-year
intervals (Figure 1), how much future carbon can be emitted in total to stabilize climate at a given target.
Equation 3 then calculates a linear reduction in the carbon emission (Figure 2) to achieve this future total
carbon emission (Figure 3). However, a linear reduction in the carbon emission rate to zero is not the only
policy option to achieve the determined total future carbon emission. An alternative policy option is to
continually reduce the carbon emission rate by a calculated percentage year-on-year, such that the emission
rate decays to zero with an e-folding timescale, 7 yy,ining- TO test the robustness of the AMP approach to
alternative policy choices for the way in which emissions are reduced, we conduct additional experiments
in which emissions are reduced year-on-year, based on the observed warming, rather than linearly.

To generate these AMP scenarios with year-on-year reductions in the carbon emission rate, the fol-
lowing changes are made to the linear reductions approach. At each time, t,, an e-folding timescale
is adjusted such that the total future carbon emission is as determined by Equations (1) and (2), using
T /Crate(t,), such that the total cumulative carbon emitted after t, is equal to / The

remaining — Iremaining remaining*
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annual carbon emission rate at time ¢, C ..

—(t—t
Crate (t) = Crate (tn) exp <u> > (4)

is then reduced according to,

Tremaining

where and where the value of /o,,ining is €valuated in Equation 2. Equations (1), (2), and (4) are applied to
generate the AMPs using year-on-year reductions, again with AT, used to set the climate stabilization
target. For these AMP scenarios with year-on-year emissions reductions AMP1.5yy has climate stabilization
at 1.5°C above preindustrial, and AMP2.0yy, AMP2.5yy, AMP3.0yy, and AMP4.5yy have stabilization at 2.0,

2.5, 3.0, and 4.5°C above preindustrial, respectively (Figure 4a).

The AMP scenarios with year-on-year
emission rate reductions have a
quicker initial reduction in the emis-
sion rate than the linear reductions
pathways, for the same warming tar-
get (Figure 4a, compare solid lines to
dashed lines). The year-on-year path-
ways then allow some continuation
of emissions after the emission rate
is brought to zero in the linear reduc-
tions pathways (Figure 4a, compare
solid lines to dashed lines). This results
in the warming targets being reached
slightly later in the year-on-year reduc-
tions pathways, compared to the
linear reductions pathways (Figure 4b,
compare solid lines to dashed lines).
However, across the same ensemble

Figure 4. Ensemble projections of (a) carbon emission rate and (b) surface of model simulations the AMP scenar-
warming for AMP scenarios with year-on-year emissions reductions (solid lines, ios with year-on-year emission-rate
shading) compared to linear emissions reductions (dashed lines). Colors for R . X
warming targets and shading for ensemble ranges are same as Figure 2, but here reductions have a similar success in
are shown for the AMP scenarios with year-on-year emissions reductions: getting to the required Warming tar-

AMP1.5yy (gray), AMP2.0yy (blue), AMP2.5yy (green), AMP3.0yy (yellow), and . . .

et as the AMP scenarios with linear
AMP4.5yy (red). Dashed lines show the ensemble median for the linear reductions 9 L K
scenarios, shown in Figures 2 and 3, for comparison. emission-rate reductions (Table 1, e.g.,

compare AMP1.5yy to AMP1.5). There-
fore, the AMP scenario methodology is robust to the choice of whether the emission rate is reduced linearly
or with year-on-year emissions reductions. This is consistent with previous work indicating that it is the
total amount of carbon emitted that is the primary control on the carbon-induced global mean surface
warming (Allen et al., 2009; Gillet et al., 2013; Goodwin et al., 2015; Matthews et al., 2009).

Q)

Carbon emission rate

(on

Warming

2050 2100 2150 2200 2250 2300
Year

3.4.3. Impact on Robustness of Interannual Temperature Variability

The imposed stochastic temperature variability within each simulation is chosen to approximate the
observed monthly temperature variability in the GISTEMP record from 1971 to 2016 (GISTEMP Team, 2017;
Goodwin et al., 2018).

An ensemble of year-on-year AMP scenarios is generated, differing only in that the AR2 noise on surface
temperature is removed. In these “no noise” ensemble simulations, the ability of the AMP algorithm to
reach the target warming is slightly higher, but very similar to the standard year-on-year AMP ensembles
for each scenario: the maximum increase in the percentage simulations within +0.25°C for any time period
is +3.8%, while the average increase in the percentage simulations within +0.25°C across all three time
periods and all five warming targets is just +1.3%. Thus, the imposed temperature variability has min-
imal impact on the ability of the AMP scenarios to stabilize climate at their respective target warming
levels.
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We conclude that, in the ensemble of simulations, the interannual temperature variability as simulated in
the model ensemble is not a significant factor in determining the robustness of the AMP method to success-
fully stabilize climate to a policy-driven warming target. It should be noted though, that while the simulated
interannual temperature variability in the WASP model approximates the observed amplitude for the real
climate system from 1971 to 2016 (Goodwin et al., 2018), it may be that differences between future interan-
nual variability in the real climate system and the WASP simulations may affect the robustness of the AMP
scenarios for the real climate system.

3.4.4. Robustness to Non-CO, Radiative Forcing

The AMP scenarios (Figures 1-4) assume that non-CO, radiative forcing follows the heavily mitigated
RCP2.6 scenarios. However, it is not certain that such heavy mitigation will be applied to non-CO, agents.
If less mitigation is applied to non-CO, radiative forcing agents than RCP2.6 going forward, then more
mitigation must be applied to CO, emissions than the AMP scenarios suggest (Figures 3, 4a) to successfully
reach the Paris Agreement warming targets (Figures 2, 4b).

To test how sensitive the required rates of carbon emission reductions are to the non-CO, radiative forcing,
we repeated the AMP scenario experiments with linear emission-rate reductions but, instead of applying
RCP2.6 forcing for non-CO, agents, we applied the less-mitigated RCP4.5 forcing (Meinshausen et al., 2011).
This reduced the time required to reduce the emission rate to zero in the AMP scenarios by just 1 year when
targeting 1.5°Cwarming (from year 2045 for the ensemble-median in AMP1.5 to year 2044 with RCP4.5 forc-
ing for non-CO, agents). However, to target 2°C warming the reduction in mitigation in non-CO, agents
required significantly more mitigation in the carbon emission rate: the time at which carbon emissions
reached zero is brought forward by 27 years, from year 2087 for the ensemble-median in AMP2.0 to year
2060 with RCP4.5 forcing for non-CO, agents.

This substantial reduction in the time to reduce the emission rate to zero for a 2.0°C warming target high-
lights the significant contribution to warming pathways that non-CO, forcing agents can make.

3.5. AMP Scenarios for Atmospheric CO, and Surface Ocean pH to Year 2300

The preindustrial atmospheric CO, and global surface ocean pH values in the WASP model are 278 ppm and
8.2, respectively, with simulated values in year 2017 of 405 ppm for CO, and 8.06 for surface ocean pH. Now
consider how the climate stabilization targets affect the future evolution of these quantities in the AMP
scenarios.

a 000 Following AMP1.5 requires restrict-
§ Representative Concentration Pathway ing ensemble-median atmospheric
1500 RCP85 _ CO, to a peak of 450 ppm in year
% Q,?,:;i‘_‘gg Mitigation Pathways 2040 (Figure 5a), before reducing to
%,1000— APa e ] around 410ppm by year 2100 and
2 AMP2.0 385 ppm by 2300. This sees the WASP
£ s500L AMP15 .
Z ensemble-median surface-ocean pH
b reduce to a minimum 8.03 in year
2040 (Figure 5b), before increasing
5 slightly to 8.05 in 2100 and 8.08 in
=
§ year 2300. Targeting 2.0°C warming
§ requires restricting ensemble-median
g CO, to a peak of 475 ppm during the
@ 2060s (Figure 5a) before eventually
™ 000 2050 2100 2150 2200 2250 2300 stabilizing at around 430 ppm by year
Year 2300. Surface ocean pH reduces to a
minimum of 8.00 in the 2060s before
Figure 5. AMP scenarios for atmospheric CO, and surface ocean acidification. increasing toward 8.03 by year 2300.

Colors and shading as Figure 2.

Both AMP1.5 and AMP2.0 are in stark
contrast to the unmitigated RCP8.5 scenario, which sees CO, increase to 935 ppm by year 2100 and
1960 ppm by year 2300 (Meinshausen et al.,, 2011) (Figure 5a), with surface ocean pH decreasing to just
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7.75 in year 2100 and 7.45 in year 2300 (Figure 5b). The much smaller decline in surface ocean pH for
the AP scenarios compared to RCP8.5 (Figure 5b) shows the significant benefits of warming mitigation for
also reducing ocean acidification. The additional benefit of restricting warming to 1.5°C rather than 2.0°C
equates to around 0.05 pH units less surface acidification at stabilization (Figure 5b, compare gray to blue).

3.6. AMP Scenarios for Global Mean Sea-Level Rise to Year 2300

Global mean sea level is calculated in the WASP Earth system model using a hybrid approach (Goodwin
etal., 2017). A process-based thermosteric contribution, calculated from ocean heat uptake after Williams
etal. (2012), is combined with a semiempirical ice-melt contribution, calculated using the methodology of
Rahmstorf (2007) but applied here only to ice-melt.

The sea-level projections made by the WASP model using this hybrid approach depend on the historical
constraints used to extract the final WASP ensemble (Goodwin et al., 2017). If the historic constraints for
sea-level rise are taken from the process-based historic simulations of Assessment Report 5 (IPCC, 2013),
then the21st century WASP sea-level projections also closely agree with Assessment Report 5 (Goodwin
et al,, 2017 —the “SimHist” ensemble therein). However, if the historic constraints are taken from the obser-
vations of historic sea level rise, then the 21st century projections of the WASP ensemble are higher than
the Assessment Report 5 projections (Goodwin et al., 2017 —see “ObsHist” ensemble therein). Here, the his-
toric sea-level rise constraints for the WASP model are taken from observations (Supplementary Table S2),
and so the future sea-level projections are slightly higher than other WASP ensembles where the historic
constraints derive from the Assessment Report 5 process-base simulations (Goodwin et al., 2017, “SimHist”
ensemble, and Nicholls et al., 2018). It should be noted that there is discrepancy in the literature, with some
studies projecting probability distributions containing considerably larger future sea-level projections than
either Assessment Report 5 or the observationally constrained WASP projections used here (e.g., Kopp et al.,
2017).

Up to year 2100 a constant value of the ice-melt coefficient may be assumed (Goodwin et al.,, 2017), defining
the ice-melt contribution to the rate of sea-level rise per unit warming, in units of mm yr~' °C™" (Goodwin
et al,, 2017; Rahmstorf, 2007). Here, to extend the sea-level projections to year 2300, the ice-melt coefficient
is reduced to zero over time after year 2100 following an exponential decay, such that the total ice-melt con-
tribution to sea-level rise on a multimillennial timescale is 2.3 m per °C global temperature anomaly (IPCC,
2013). The exponential decay timescale is set separately for each simulation. Based on a simulation’s 21st

61— . ‘ century ice-melt coefficient value
Representative Concentration Pathway (Table S1 in Supporting Information
RCP8.5 . .

51 Adjusting Mitigation Pathways 1 S1), the exponential decay timescale
AMP4.5 is set to the unique value that both

avoids discontinuity in the ice-melt

AMP2.5

AMP2.0 coefficient at year 2100 and reaches
3p AMPLS 1 2.3 msea-level rise per °C temperature

Observations

anomaly at equilibrium.
Church and White

For the final WASP ensemble used here,
the high-end RCP8.5 scenario sees
ensemble-median GMSL rise of 0.78 m
relative to the 1986-2005 average by
2150 2200 2250 2300  year 2100 (Figure 6), with a 66% range

Year from 0.62 to 0.96m and a 95% range
Figure 6. The global mean sea level anomaly relative to 1986 -2005 (m) over time from 0.50 to 1.2 m. Median GMSL rise
from observations and future scenarios in an Earth system model. The period from increases over time to around 2.5 m by
years 1980-2300 is shown. The observation GMSL reconstruction is from Church year 2200 and to around 4.5 m by year

and White (2011), downloaded 10 May 2017. Shading and colors are same as .
Figure 2. 2300 (Figure 6).

GMSL anonaly relative to 1986-2005 (m)

L I
2000 2050 2100

Aiming for climate stabilization using
the AMP scenarios for targets between 1.5°C and 4.5°C sees a significant reduction in GMSL rise relative
to high-end RCP8.5 (Figure 6). Following the AMP to 1.5°C avoids almost half of the high-end GMSL rise to
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2100 (Figure 5), with ensemble-median GMSL rise reaching just 0.40 m when aiming for 1.5°C stabilization
(66% range from 0.31 to 0.51 m and 95% range from 0.24 to 0.66 m). Aiming for 2.0°C climate stabilization
avoids nearly as much GMSL rise compared to business as usual, with ensemble-median GMSL rise of 0.46 m
at 2100 for AMP2.0 (66% range of 0.35 to 0.57 m and 95% range from 0.27 to 0.73 m).

The benefits of a lower climate stabilization target for reduced sea-level rise continue to grow after year 2100
(Figure 6). For climate stabilization between 1.5°C and 3.0°C, every 0.5°C reduction in the warming target
reduces ensemble-median GMSL rise by 0.01-0.05 m by year 2100. This reduction in GMSL rise increases to
0.09-0.16 m by year 2200, and increases further to 0.18 to 0.26 m by year 2300 (Figure 6). For the year 2300,
climate stabilization at 1.5°C results in an average of 4 m reduction in GMSL compared to RCP8.5.

Thus, the policy choices made this century to stabilize climate at reduced levels of surface warming will lead
to growing benefits in terms of reduced GMSL rise for centuries to come.

4, Discussion and Conclusions

The Paris Agreement has focused climate policy in terms of restricting the global surface temperature
anomaly to a maximum of 2°C above preindustrial, and preferably under 1.5°C.

While warming appears to be linearly related to cumulative carbon emissions, there is currently significant
uncertainty in the sensitivity of this linear relationship (e.g., Allen et al., 2009; Gillet et al., 2013; Goodwin
etal, 2015; IPCC, 2013; Matthews et al., 2009). The uncertainty makes it impossible to prescribe a carbon
pathway policy now that both avoids the possible costs associated with warming exceeding the agreed
target, and avoids the possible costs associated with cutting carbon emissions more than necessary.

This study has presented AMP scenarios, in which the carbon emission pathway is reassessed every decade,
starting at year 2030 after the Paris Agreement INDC period (UNFCCC, 2015), to steer the global surface
temperature anomaly to the agreed policy target. The AMP scenarios are shown to workin a large ensemble
of efficient Earth system model simulations, with simulations reaching the 1.5°C, 2.0°C, or 2.5°C targets
(Figure 2) due to the adjusting mitigation strategy (Figure 3).

If emissions follow the expected INDC path (Fawcet et al., 2015) to year 2030, our projections suggest it will
take an enormous effort to keep warming from stabilizing above 1.5°C (Figure 3, gray), with the required
global net annual carbon emission rate reaching zero during the 2040s in most simulations. The pathway to
climate stabilization at 2.0°C warming is more achievable, with the global net carbon emission rate reaching
zero in most simulations at some point between 2057 and the early 22nd century (Figure 3, blue). However,
this does assume that non-CO, radiative forcing agents are also heavily mitigated. If there is less mitigation
on non-CO, agents then carbon emissions will have be reduced to zero more quickly, potentially by decades.

Both the AMP scenarios for the 1.5°C and 2.0°C warming targets have considerable benefits in terms of
surface ocean pH and sea-level rise compared to a higher warming target or a high-end prescribed scenario,
RCP8.5 (Figures 5 and 6). While the benefits in terms of reduced ocean acidification are felt immediately as
the emissions pathways diverge (compare Figures 3 and 5), the benefits of reduced sea-level rise continue
to grow over the coming centuries even after emissions cease (compare Figures 3 and 6).

Our self-adjusting approach to mitigation provides policy makers and stakeholders with a framework to
achieve their agreed warming targets, based on a decadal timescale for pathway reassessment. The AMP
scenarios we have presented show the impact of the agreed climate stabilization target for carbon emis-
sions, surface warming, atmospheric CO,, surface ocean pH, and global mean sea-level rise (Supporting
Information S1). We anticipate that this information will allow a wide variety of stakeholders to assess how
the climate stabilization target has knock-on effects for these other parameters.
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