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Abstract
Basing a remaining carbon budget on warming targets is subject to uncertainty due to 
uncertainty in the relationship between carbon emissions and warming. Framing emissions 
targets using a warming target therefore may not prevent dangerous change throughout the 
entire Earth system. Here, we use a climate emulator to constrain a remaining carbon budget 
that is more representative of the entire Earth system by using a combination of both warming 
and ocean acidification targets. The warming targets considered are the Paris Agreement targets 
of 1.5 and 2 °C; the acidification targets are −0.17 and −0.21 pH units, informed by aragonite 
saturation states where coral growth begins to be compromised. The aim of the dual targets 
is to prevent not only damage associated with warming, but damage to corals associated with 
atmospheric carbon and ocean acidification. We find that considering acidification targets in 
conjunction with warming targets narrows the uncertainty in the remaining carbon budget, 
especially in  situations where the acidification target is more stringent than, or of similar 
stringency to, the warming target. Considering a strict combination of the two more stringent 
targets (both targets of 1.5 °C warming and −0.17 acidification must be met), the carbon budget 
ranges from −74.0 to 129.8PgC. This reduces uncertainty in the carbon budget from by 29% 
(from 286.2PgC to 203.8PgC). This reduction comes from reducing the high-end estimate of 
the remaining carbon budget derived from just a warming target. Assuming an emissions rate 
held constant since 2021 (which is a conservative assumption), the budget towards both targets 
was either spent by 2019 or will be spent by 2026.
Plain language summary  The relationship between atmospheric CO2 and warming is uncertain, 
which means that we do not know precisely how much carbon we have left to emit until we 
reach the Paris Agreement warming targets of 1.5 and 2 °C. However, the relationship between 
atmospheric CO2 and ocean acidification is better understood, so by considering targets 
for acidification rather than warming alone, we can narrow down our estimate of how much 
emitted carbon is acceptable. Including acidification targets as well as warming targets means 
that we can directly address the issue of ocean acidification, which poses a threat to corals and 
the ecosystems reliant on them. By considering acidification and warming targets together, we 
can lower uncertainty in acceptable carbon emissions by 29%.
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1  Introduction

Climate change is one of the defining issues of the twenty-first century. The Paris Agreement 
(UNFCCC 2015), has been politically adopted by 196 parties and commits countries to an 
effort to “limit global warming to well below 2 [°C], preferably to 1.5 °C, compared to pre-
industrial levels”. Therefore, a central aim in climate science is to establish carbon emissions 
pathways or budgets that are consistent with these warming goals. The concept of a remaining 
carbon budget (RCB – the allowable carbon emissions remaining before a given climate target 
is met) is particularly meaningful in this context, as it allows for easy communication between 
the science and policy spheres regarding the impact of emissions on a complex system 
(Messner et al. 2010; Rogelj et al. 2019). Conventionally, the RCB is defined with respect to a 
single target of global mean warming (Rogelj et al. 2016, 2018), which is possible because the 
relationship between cumulative emissions and global mean warming is approximately linear 
(Allen et al. 2009; Matthews et al. 2009; Zickfeld et al. 2009; Goodwin et al. 2015). Exploiting 
this linear relationship allows for the simple calculation of a RCB towards a warming target.

Although calculating the RCB towards a warming target is a useful starting point, it has 
weaknesses. There is uncertainty in the value of the RCB due to uncertainty in the constant 
of proportionality (the transient response to climate change, TCRE), and uncertainty in 
non-CO2 related warming. Uncertainty in the TCRE (with a likely range of 1.0 to 2.3 K 
EgC−1 (1000 to 23,000 K PgC−1) in IPCC AR6, 2021 (Forster et al. 2021)) leads to an RCB 
for 1.5  °C ranging from of 0.65 to 1.5 EgC (650 to 1500 PgC). Political or sociological 
uncertainties increase this range even further (Rogelj et  al. 2016). As well as this, the 
UNFCCC definition of the climate system is ‘the totality of the atmosphere, hydrosphere, 
biosphere and geosphere and their interactions’ (UNFCCC 1992). The stated aim of avoiding 
dangerous climate change therefore, by definition, includes the protection of sustainable 
oceans, food production and ecosystems. Following this logic, the uncertainty associated 
with carbon emission pathways towards a 2  °C temperature change could mean carbon 
emissions that are on track with the Paris goals, but that would still cause dangerous change 
to the climate system as a whole (Steinacher et al. 2013), with carbon-associated changes 
predicted to ocean acidity and net primary production on land. Further, even if warming is 
restricted to 1.5 °C, at least 90% of all reef areas will be at risk of long-term degradation 
due to both ocean warming and ocean acidification caused by CO2 uptake (Schleussner 
et al. 2016). In particular, the reef-building coral Siderastrea sidera has been found to react 
negatively to warming and acidification (with the impacts of both stressors being worse than 
the impacts of just one), with acidification impacting calcification and skeletal morphology 
(Horvath et al. 2016). As well as warm water corals, species in high latitude oceans face 
negative impacts from acidification, with seasonal aragonite undersaturation predicted in 
the Southern Ocean at 450ppm (McNeil and Matear 2008). Hauri et  al. (2016) find that 
by 2060, surface aragonite undersaturation events will impact ~ 30% of the Southern Ocean 
following RCP8.5, increasing to more than 70% by 2100. Undersaturation harms the growth 
of calcifying plankton (for example Limanica helicina (McNeil and Matear 2008)), which 
has potential knock-on effects for the wider ecosystem.

An ensemble of simulations from a climate emulator (WASP: Goodwin (2016)), using sce-
narios that restore to either defined warming or defined acidification, finds that the resultant 
acidification from following warming targets within the range of the Paris Agreement targets 
(from 1.5 to 2.1 °C of warming) is between -0.135pH (less acidification) and -0.2pH (more 
acidification). Figure 1a shows the full range of achieved pH from pathways that stabilise at 
different warming targets. The variation across the ensemble is due to the uncertainty in the 
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relationship between a given amount of warming and the associated carbon emissions, leading 
to uncertainty in how much acidification occurs.

Some previous studies have examined ways to create more a representative RCB, 
including by using targets based on regional extreme temperatures and precipitation 
(Seneviratne et  al. 2016). The relationship is not 1:1 and varies spatially, which has the 
effect of lowering the RCB by differing amounts depending on which region is being 
considered. This method does avoid undesirable outcomes related to global mean warming 
but does not address issues that are related to carbon emissions and not to warming (for 
example, ocean acidification). The practice of scaling local temperature or precipitation 
extremes to global mean temperatures is also subject to limitations related to uncertainty 
in the scaling process, model biases and issues to do with exploring scaling on a local or 
regional basis. Many of these issues do not apply in the case of this study because the scale 

Fig. 1   a The resultant surface ocean acidification from emissions pathways consistent with warming targets 
between the Paris Agreement warming targets of 1.5- and 2-degrees C. b The resultant warming from acid-
ity targets ranging from −0.3 to −0.1
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is global, and we are exploiting a well-constrained relationship (i.e., between atmospheric 
carbon and ocean acidity).

Other studies have examined the RCB under combinations of climate targets, rather than 
solely (scaled) global mean warming (Steinacher et al. 2013). This is a manageable way 
to reduce the likelihood of dangerous change to multiple aspects of the climate system, 
and, like the study by Seneviratne et al. (2016), the use of combinations of climate targets 
reduces the allowable carbon emissions remaining before these targets are met. The 
study by Steinacher et  al. (2013) is carried out using a set of illustrative targets relating 
to atmospheric warming, steric sea level rise, ocean aragonite saturation and terrestrial 
productivity. They find that the RCB is lower for combined targets than for the most 
restrictive single target in the set, especially in the long term.

Here, we extend an algorithm for generating emissions pathways to reach warming-only 
targets (Goodwin et al. 2018) to include an additional ocean acidification target, and explore 
the impact on the RCB of incorporating another climate target. Acidification is used as the 
accompanying climate target for a few reasons. Firstly, it has been identified as a key issue that 
impacts many aspects of the ocean ecosystem. Ocean acidification caused by anthropogenic 
carbon emissions is already causing damage to coral reefs (Kleypas et al. 1999; Hughes et al. 
2003; Bruno and Selig 2007), and these impacts are projected to increase as acidification 
continues (Pelejero et al. 2010; Pandolfi et al. 2011). As well as acidification, ocean ecosystems 
are facing the impacts of ocean warming, which has the potential to worsen the impact on 
species and ecosystems. For example, the combination of ocean warming and acidification is 
predicted to reduce the habitable area for tropical and subtropical corals around Japan by half by 
2020–2030 (Yara et al. 2012). The impact of the two stressors together is highly species specific 
and can also vary with developmental stage, with studies showing that the impacts of the two 
stressors combined is sometimes synergistic, sometimes antagonistic (Talmage and Gobler 
2011; Duarte et al. 2014; Ong et al. 2017).

Also, it is possible to create an acidification target that is relevant to ocean ecosystems. 
Elevated CO2 in seawater will increase acidification (via chemical reactions that result in 
larger concentration of H+ ions) and reduce aragonitic calcium carbonate ( CaCO

3
 ) saturation 

– so ocean pH can be linked to aragonite saturation (Ridgwell and Zeebe 2005; Cao and 
Caldeira 2008). The saturation state with respect to aragonite is an important modulator of 
coral growth (Martindale et al. 2012; Guan et al. 2015), the general consensus being that 
modern shallow water corals require a consistent aragonite saturation state Ωarag > 3.4 to 
be able to grow. Cao and Caldeira (2008) find that stabilising atmospheric CO2 at 450ppm 
will mean only 8% of existing coral reefs will inhabit waters that satisfy these conditions. 
The link between increased atmospheric CO2, ocean acidification and aragonite saturation 
makes it possible to decide on a communicable acidification target that prevents damage to 
ocean ecosystems that are in danger from acidification. The well-constrained relationship 
between cumulative emissions and ocean acidification (Steinacher and Joos 2016) will aid 
in reducing uncertainty in the RCB that is caused by the uncertain relationship between 
carbon emissions and warming.

Although discussion concerning the impacts of ocean acidification is wide-ranging, 
there has been little successful effort to address ocean acidification in climate policy 
(Harrould-Kolieb and Herr 2012; Galdies et al. 2020). In the existing legal framework under 
the UNFCCC there is no explicit mention of ocean acidification. The Paris agreement, 
which is arguably the most prominent aspect of climate policy in global discourse, focuses 
solely on limiting global warming (Oral 2018). There have been multiple proposed ways to 
ensure that ocean acidification is properly addressed by the UNFCCC mandate (Lamirande 
2011; Harrould-Kolieb and Herr 2012; Kim 2012), including the possibility of framing 
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ocean acidification as an effect of warming-related climate change, rather than a concurrent 
problem (Harrould-Kolieb and Herr 2012). Putting ocean acidification under the umbrella 
of warming does mean increased discourse around ocean acidification as an issue and 
goes some way towards encouraging policy that effectively addresses acidification. 
However, it is possible to address warming without addressing acidification (e.g., through 
geoengineering (Zhang et al. 2015)), so the approach is not watertight. An RCB based on 
an ocean acidification target and a warming target provides a basis to incorporate marine 
issues into global policy, which have so far been underrepresented in global efforts to 
mitigate dangerous climate change (Harrould-Kolieb and Herr 2012; Oral 2018; Galdies 
et al. 2020).

The aim for this study is to quantify carbon emission pathways that are consistent with both 
warming and ocean acidification targets, and then use these pathways to explore the impact of 
multiple climate targets on the RCB. To examine this, we propose a pair of mean ocean pH 
targets that are analogous with the Paris Agreement targets for global mean warming (1.5 and 
2 °C warming).

The scientific questions for the study follow these aims, and can be summarised as:

1.	 What are two pH targets that are analogous to the 1.5 and 2 °C warming targets of the 
Paris Agreement in terms of feasibility and impacts avoided?

2.	 How does including these acidification targets change the remaining carbon budget?

2 � Methods

The WASP model uses an ‘Adjusting Mitigation Pathway’ algorithm (AMP) to create carbon 
emissions pathways that restrict global mean warming to a single policy-driven target (Goodwin 
et al. 2018). Here, this algorithm is extended to include the option of restricting surface ocean 
acidification to an additional pre-set target of similar stringency to the Paris Agreement 
temperature thresholds, to be used either instead of, or in conjunction with, a warming target. 
Every 10 years until 2150, the algorithm chooses an emissions rate to stabilise towards the more 
stringent target (here termed a strict scenario), the less stringent target (lenient), or to take the 
mean of the emissions rate towards each target (a weighted scenario). After 2150, the algorithm 
removes carbon if it is above the given target and allows carbon emissions if not, but the scale of 
carbon emissions or drawdown is no longer calculated using the relationship between warming/
acidification and cumulative emissions. The rate of carbon drawdown is greater for a greater 
overshoot. For more details on the algorithm structure, see Section 2.1.

2.1 � The WASP model and AMP algorithm

The Warming, Acidification and Sea-level Projector is an 8-box model of the heat and 
carbon flux between atmosphere (1 box), land (2 boxes) and ocean (5 boxes). 19 parameters 
describing the climate response to radiative forcing from CO2, other greenhouse gases and 
aerosols, and the exchange of carbon and heat between the 8 boxes, are varied randomly 
within a prescribed range according to Goodwin et al. (2018). Variation of these parameters 
causes variation between ensemble members. A visual representation of heat and carbon 
exchange between these boxes is available in Fig. 2.

The model generates a prior Monte Carlo ensemble of 2.5 × 106 simulations with 
Earth system parameters varied independently according to our current understanding 
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of the climate system (parameters are varied after Goodwin et al. 2018). Of this initial 
ensemble, only the model runs that are consistent with historical observations of climate 
characteristics such as surface warming (Ciais et al. 2013; Hartmann et al. 2013; Rhein 
et  al. 2014), ocean heat uptake (Rhein et  al. 2014) and ocean carbon uptake (Ciais 
et al. 2013) are used in projections into the future. This provides a posterior ensemble 
of around ~ 103 members out of the original 2.5 × 106. Simulations are allowed into the 
posterior ensemble if they lie within the 90% range of at least 7 out of 8 of the historical 
observation checks (see Goodwin et al. 2018 for more detailed explanation).

Uncertainty in processes impacting warming is represented in the model via variations 
in, e.g., climate sensitivity and ocean heat uptake, and uncertainty in processes impacting 
acidification are represented via variations the timescale of equilibration between 
atmosphere and surface ocean, and timescales of ventilation between ocean layers. These 
parameters are kept constant throughout a simulation but are varied across the ensemble 
members.

One of the functions of the WASP model is to create adjusting mitigation pathways 
towards a given climate target. In its original form, the Adjusting Mitigation Pathways 
(AMP) algorithm (Goodwin et  al. 2018) creates pathways towards just a warming target. 
Here, we expand the AMP algorithm to aim for a warming target and an acidification target. 
In this section we outline how the AMP algorithm creates pathways towards a target.

The key principle of the AMP algorithm is to calculate a carbon budget ( Iremaining ) 
based off a pre-set climate target, then set the emissions rate ( Crate ) at time t  such that 
carbon budget described by Iremaining is linearly reduced to zero:

Until t − tn = tC=0 , where tC=0 is the time at which the carbon emissions rate is 
reduced to zero (i.e., the carbon budget is used up). This process is repeated every 10 
years, to allow for adjustments in the emissions rate that may become necessary in the 
event of over- or under-estimation of Iremaining.

Iremaining for a given target quantity, X, is defined as

(1)Crate(t) = Crate(tn)

(

1 −
t − tn

tC=0

)

Fig. 2   Schematic of WASP model, adapted from Goodwin 2016
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where ΔX
ΔI

 , the response of quantity X to emissions, is assumed constant over the 10-year 
assessment period. For warming, this is the transient climate response to emissions. For 
acidification, further explanation is given in Section 2.2.

An example pathway resulting from this algorithm is shown in Fig.  3. After 2150 
(marked with a vertical line) the algorithm changes so that a linear rate of negative emis-
sions is prescribed if the target has been overshot.

(2)Iremaining
(
tn
)
=
[
ΔXtarget − ΔXobs(tn)

]
∕
[
ΔX

ΔI

]||||obs

Fig. 3   Example acidification, warming and cumulative emissions pathways following the strict scenario in 
the AMP algorithm (i.e. the most stringent carbon emissions rate is chosen at each 10-year checkpoint). The 
red line stabilises towards a warming target of 1.5, and a pH target of 8.03. The blue line stabilises towards 
a warming target of 2.0, and a pH target of 7.99. The grey box covers the historical period, where the AMP 
algorithm is not applied. The vertical line at year 2150 shows where the algorithm changes from an emis-
sions rate calculated using the response of warming or acidification to emissions, from prescribing a rate of 
emissions based on whether (and by how much) the target is being overshot
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2.2 � Relating Ocean pH to atmospheric CO2

Surface ocean pH is closely tied to atmospheric CO2, since there is an approximately 
annual timescale for CO2 exchange between the atmosphere and ocean mixed layer, and 
seawater pH reduces with ocean CO2 uptake (Zeebe and Wolf-Gladrow 2001). Thus, 
any given minimum surface ocean pH target can be accurately expressed as the maxi-
mum atmospheric CO2 that corresponds to that surface ocean pH. However, because 
of the lag of around a year between a change in atmospheric CO2 and the correspond-
ing change in surface ocean pH, tuning CO2 emissions directly to a surface acidifica-
tion target could lead to acidification stabilising just above the set target. To avoid this 
issue, we express the ocean acidification (minimum surface pH) target in the algorithm 
as a maximum atmospheric CO2, corresponding to that ocean surface pH value once the 
atmosphere and surface ocean have reached chemical equilibrium. The corresponding 
atmospheric CO2 is calculated online using the pre-existing equation within the WASP 
model relating surface ocean pH to atmospheric carbon:

where ΔCsat is the difference between the current dissolved inorganic carbon concentra-
tion, and the dissolved inorganic carbon that brings the surface ocean into equilibrium with 
atmospheric CO2. and CpH1

 and CpH2
 are coefficients calculated using a perturbation experi-

ment in an explicit numerical carbonate chemistry solver (Follows et al. 2006).
This CO2 target is then used in the AMP algorithm as a proxy for the surface pH 

target, with the assumption that the atmospheric fraction of emitted CO2 (the amount of 
total emissions that remain in the atmosphere, ΔCO2.atmos/Iem), remains roughly constant 
over the duration of each 10-year assessment period (Friedlingstein et  al. 2006), such 
that the allowable remaining emissions at the beginning of each assessment period is 
given according to Eq. 2.

2.3 � Developing acidification targets analogous to Paris Agreement targets

We begin by considering changes to regional aragonite saturation that would be con-
sidered dangerous to local ecosystems—in the tropics, this would most likely be 
Ωarag < 3.4 as this is the point where coral growth is compromised (Kleypas et al. 1999). 
It is worth noting that in higher latitudes, Ωarag < 1 is a more pressing threshold, as this 
is the point at which other calcifying organisms struggle to build their shells (Kleypas 
et al. 1999). For this exercise we focus on the Ωarag < 3.4 threshold at the tropics, which 
here we define as the band between 30 degrees North and South of the equator. To cre-
ate a pair of acidification targets, we use the climate projections of the Hadley Centre 
UKESM1.0-LL (Good et al. 2019) to find the global mean pH when the area of the trop-
ics that is habitable to corals (where aragonite saturation is above 3.4) reduces to 75% 
and 50% of the habitable area in 2020. We use projections following SSP245, because 
the amount of warming in this scenario is great enough to have a favourable signal to 
noise ratio, and still comfortably within the range of forcing the WASP emulator can 
simulate (Goodwin 2016; Goodwin et al. 2018).

(3)ΔlnCO
2
(limit) =

ΔpH(target) − CpH1
(−ΔCsat)

CpH1
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We use projections of dissolved inorganic carbon, pH, total alkalinity, ocean surface 
temperature and salinity from UKESM1.0-LL in an offline carbonate solver (Follows 
et  al. 2006) to calculate aragonite saturation for every grid point between 30 degrees 
north and south of the equator. This calculation is initially done for the years 2015, 
2050 and 2100 (maps shown in Online Resource 2). From just these three time points a 
significant area of ocean with Ωarag > 3.4 is lost by 2050 following SSP245. The global 
mean pH values that we wish not to exceed therefore lie somewhere in this range. To 
find them, we count the number of grid squares where Ωarag > 3.4 for several years from 
2015 to 2050. Plotting these values against the global mean pH for that year (averaging 
all grid squares from UKESM1.0-LL), we find that the number of grid squares with 
Ωarag > 3.4 decreases to 75% of its initial value when global mean pH is 8.03, and to 
50% of its 2020 value when global mean pH is 7.99 (Fig. 4). This yields acidification 
targets of -0.17 (75% area remaining) and -0.21 (50% area remaining) for initial ocean 
pH of 8.2. It is important to note that this relationship is subject to some uncertainty 
(shown in the shaded areas of the graph in Fig. 4) so the derived targets are also subject 
to a small amount of uncertainty. Because the uncertainty is small, we continue the 
study with just one set of targets rather than examining the impact of uncertainty here, 
to match the discourse around the warming targets of the Paris Agreement.

Fig. 4   The global average ocean acidity vs proportion of tropical ocean area where aragonite saturation is 
sufficient for tropical corals to survive. Red dotted lines indicate confidence intervals, which introduce min-
imal uncertainty to the resulting acidification targets
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2.4 � Evaluating the achieved vs actual acidification and warming for each 
combination scenario

We run the AMP algorithm for a range of targets around the Paris Agreement targets and 
the acidification targets proposed in Section  2.3—for warming, this range is 1.5–2.1  °C; for 
acidification this is -0.225 to −0.1 units. To simplify analysis in later sections, we will assess the 
performance of each combination scenario in terms of whether the four climate targets of interest 
are met and discard scenarios that do not consistently meet enough of the targets considered.

Figure 5 shows the resultant median warming and acidification for the strict, lenient and 
weighted scenarios. Figure 6 shows the difference between the target and resultant warming 
and acidification for the same scenarios. Here it is clear that in the lenient scenario, the 
warming targets are not reliably met for any combination of targets, and only the less stringent 
acidification targets are met. The stipulation for the lenient scenario is that the carbon 
trajectory for the next 10 years should be consistent with at least one target, but it is possible 
for both targets to be missed by 2100. This outcome can occur if the algorithm overestimates 
the allowable carbon budget by underestimating the climate sensitivity to emissions, or by 
underestimating the zero emissions commitment of warming. While this can happen regardless 
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of strict or lenient scenario, overshoot in a lenient scenario is likely to result in both targets 
being missed, because the algorithm is already choosing to aim towards the climate target that 
will likely result in the other climate target being missed. The purpose of the multiple targets 
framework is to prevent additional damage to the climate system, so it is not useful in this case 
to consider lenient combinations of targets going forward because this does not represent an 
improvement on current climate discourse.

Figure  1b shows the resultant warming from following carbon trajectories towards just 
acidification targets, with the black horizontal lines showing the Paris Agreement warming 
targets of 1.5 and 2 °C. For acidification targets that allow 0.2 units or more of acidification, 
the median resultant warming exceeds 2  °C. We conclude that, although acidification is 
important, it must be considered in combination with warming targets otherwise it is possible 
for the warming targets to be exceeded. It is therefore also not worth considering emissions 
pathways that stabilise at just acidification targets, as this does not constitute an improvement 
to current political efforts. We will therefore mainly present RCBs for the strict and weighted 
target combinations in the results section.

Fig. 6   The difference between resultant and target warming (right column) and acidification (left column) 
from strict (top row), lenient (middle row) and weighted (bottom row) combinations of warming and acidi-
fication targets. Red indicates target has not been met. Based on this, we discard lenient combinations of 
targets for analysis as they consistently fail to meet warming targets
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2.5 � Remaining carbon budget (RCB)

The nature of the AMP algorithm (creating a cumulative emissions pathway that stabilises 
to be in line with a given climate target) means it is straightforward to calculate a carbon 
budget for the future. This can be done by subtracting the cumulative emissions (CE) for the 
start year (2020) from the cumulative emissions at a policy relevant and/or time-stable point 
(t) in the model:

Here, the RCB will be evaluated using t = 2100 , a policy-relevant point as most policy 
focuses on changes in the nearest century.

3 � Results

3.1 � Remaining carbon budgets towards two climatic targets

Figure  7 shows the RCB for a strict combination of warming and acidification targets. To 
examine uncertainty in projections, we present the 5th, 50th and 95th percentiles. Here, 
horizontal contours indicate that the choice of pH target has no impact on the RCB (i.e., the 
algorithm favours the warming target-consistent emission rate at each ten-year interval), and 
vertical contours the opposite. From these contours we can find the median, 95th and 5th 
percentiles of the carbon budget consistent with a strict combination of the Paris Agreement 
warming targets and the pH targets chosen in this study. For a combination of 8.03pH and 
1.5 °C warming (the two more stringent targets) the median (5th–95th percentile) RCB is 24 
(−73.8 to 129.8) PgC. For the two less stringent targets of 7.99pH and 2 °C warming, the RCB 
is 315.2 (114.4 to 502.4) PgC.

Figure 8 shows cumulative emissions of carbon over time since 2018 for a select combination 
of pH and temperature targets. In these panels, stable cumulative emissions indicate that 
yearly emissions have been reduced to 0. A ‘combined target’ trajectory corresponding with 
a ‘single target’ trajectory indicates that the model is favouring the emissions rate consistent 
with the same target at every 10-year interval. The shaded area shows the 5-95th percentile 
range: a narrower plume indicates more certainty in the cumulative emissions consistent with 

(4)RCB = CEt − CE
2020
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tion of all warming and pH targets considered in the study
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the set target(s). Note that the uncertainty is noticeably narrower for the trajectories towards 
combined targets (strict and weighted), than when towards just a warming target. In all panels, 
we see a peak-and-decline pattern in cumulative emissions to stay on track towards the given 
combination of targets. This prompts us to consider the benefit of considering the extra target 
of acidification in terms of the difference in emissions reductions necessary to stay on target 
between the peak in cumulative emissions and 2150, when the 10-year checks for re-assessing 
carbon emissions rate cease. For the more stringent acidification target (−0.17) and less 
stringent warming target, the necessary emissions reduction reduces from 145PgC for just a 
warming target to 10PgC for both: a 93% change (top right panel). Although this change is 
smaller in other panels (and non-existent in 8d, where the warming target is more stringent than 
the acidification target), there is still a change of 58% and 32% in 8b and c respectively.

In Fig. 9, we see the impact on the parameter space of taking a 50:50 weighting of the 
two potential emission rates. Note that this is not necessarily a weighting of the strict and 
lenient scenarios, but a weighting of the temperature-only and the pH-only scenarios.

The RCB for the pH targets is generally larger than the RCB for warming targets (Figs. 5 
and 6, respectively). For the pH targets of 8.03 and 7.99pH, the median (5-95th percentile) 
RCB is 140.2 (59.2 to 192.1) PgC and 377.9 (218.3 to 519.2) PgC, respectively. For the 
warming targets of 1.5 and 2 °C, the RCBs are 92.4 (−7 to 297.2) PgC and 378.2 (165.7 to 
618.7) PgC, respectively.

Figure 10 shows the probability distribution of RCB for the Paris Agreement warming 
targets and the pH targets generated in this study. This indicates when uncertainty in the 
RCB is reduced by introducing another climatic target. For combinations of targets where 
one target is obviously more stringent than the other (panel d), the RCB consistent with a 
strict combination of the two targets matches the more stringent target (consistent with the 
nature of the algorithm) and therefore there is no reduction in uncertainty. In cases where 

Fig. 8   Plumes of cumulative emissions since 2010 for warming and pH targets of 1.5/2 °C and 7.99/8.03pH 
respectively. Here we present strict, warming only and 50:50 weighted, as these are the more likely to hit 
both targets. Solid line = median, shading = 5–95 percentile
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the targets are of a comparable stringency (panels b, c), the lines do not intersect because 
the algorithm is less likely to favour just one target, and may switch targets at the next 
check point. In these cases, the strict RCB has less uncertainty than the RCB towards just 
a warming target (see Online Resource 2 for the same PDFs for the highest, lowest and 
medium targets, where this is even more apparent). Also note the double peak in the strict 
scenario in 10c (the two more stringent targets in combination). This likely arises from 
the way the AMP algorithm handles overshooting each target—if the warming target is 
overshot, the algorithm prescribes negative carbon emissions at a rate that is scaled to the 
level of overshoot. If the acidification target is overshot, the same rate of carbon removal is 
prescribed regardless of how much the target is overshot. The double peak will only exist 
for target combinations where overshoot of both targets is feasible, otherwise the algorithm 
would deal with the overshoot more consistently.
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4 � Discussion and conclusions

A central goal in climate science is to create communicable carbon emissions trajectories and 
budgets that are consistent with a politically chosen climate goal. Conventionally, this is a single 
target of global mean surface warming, but emissions trajectories consistent with the political 
warming targets of 1.5 and 2 °C are not sufficient to prevent dangerous change in other aspects 
of the Earth system. The purpose of this study is to explore whether considering a second 
carbon-related target alongside warming makes a difference to the remaining carbon budget, 
and therefore to provide some impression of how comprehensive a single warming target is 
as a unifying goal in climate mitigation policy. To do this, we quantify the difference between 
carbon budgets consistent with one climate target and two climate targets. We examined the 
RCB for a range of temperature and pH targets between 1.5 and 2.1 °C and 8.1 and 7.9pH, 
respectively. Based on a strict combination of these targets (i.e., where emissions reductions take 
the pathway to the most stringent target as analysed every ten years), the median RCB for 2100 
ranges from ~ 500PgC for the least amount of mitigation (2.1 °C warming, -0.3 acidification) 
to ~ −100PgC for the most amount of mitigation (1.5  °C warming, −0.1 acidification). The 
median RCB and the year at which the budget will be spent (assuming a constant emission rate 
of 38.3PgC/year, equal to that in 2021 according to the IEA) is given in Table 1.

A key result from the study is the impact on the RCB of including a second target 
for ocean acidification. To illustrate, we consider the impact when running the AMP 
algorithm on a strict setting—i.e., both targets must be met. If the acidification target is 
considerably more relaxed than the warming target (see Fig.  10d), the AMP algorithm 
consistently favours the warming target, so there is no impact in this case. However, in 
cases where the acidification and warming targets are of a similar stringency (Fig. 10b, c), 
uncertainty is reduced—and this reduction comes from cutting off the high-end estimate 
of the RCB derived from just aiming for the warming target. If the acidification target 
is considerably more stringent (Fig. 10a), the difference in the median and spread of the 
RCB is more marked. Uncertainty in the combined RCB is lower than the carbon budget 
based on a single warming target, but the RCB with the highest certainty is framed using 
a single acidification target. This is due to the high level of certainty in the relationship 
between atmospheric carbon dioxide and ocean pH, caused by the short timescale of CO2 
exchange between atmosphere and ocean. We also find that the emissions trajectories 
towards combined targets are ‘smoother’, with less of a peak-and-decline shape—where 
declining cumulative emissions means that carbon is being removed from the atmosphere. 
This means a more urgent need to reduce emissions in the short term, with the benefit of 
needing less carbon dioxide removal (CDR) in the future. Given that CDR technology is 
still nascent, and its impacts on aspects of the climate system beyond warming are still 
uncertain, a scenario that commits us to less need for CDR is beneficial.

Table 1   Remaining carbon budget and year of expiry for strict and weighted combinations of the targets 
considered in this study

Remaining carbon budget (PgC) Year of expiry

1.5 °C 2.0 °C 1.5 °C 2.0 °C

Strict Weighted Strict Weighted Strict Weighted Strict Weighted

−0.17 24.6 98.3 104.1 194 2022 2024 2024 2027
−0.21 91.5 182.7 315.2 354.4 2024 2027 2030 2031
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The motivation for considering more than one climate target when calculating a remaining 
carbon budget is that the uncertainty in the relationship between warming and cumulative 
carbon emissions means that there is a range of potential allowable emissions that is consistent 
with one warming target. This means that there is a range of potential damage to the climate 
system that may be sustained, even if the warming targets of the Paris Agreement (for example) 
are met. We therefore wish to consider whether a second climate target will avoid additional 
damage to other aspects of the Earth System. We find that the adoption of the additional aim 
to limit ocean acidification reduces uncertainty in the remaining carbon budget by lowering the 
upper limit of the probability distribution. This decrease in allowable emissions (if honoured in 
global climate change mitigation policy) will increase the likelihood that the most dangerous 
effects of climate change can be avoided across multiple facets of the climate system.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s10584-​023-​03587-0.

Author contributions  Formal analysis and investigation: Sandy Avrutin; Conceptualisation: Philip 
Goodwin, Sandy Avrutin; methodology: Philip Goodwin, Sandy Avrutin;  Supervision: Philip Goodwin, 
Thomas HG Ezard.

Funding  This work was supported by the Natural Environmental Research Council [grant number NE/
S007210/1]. For the purpose of open access, the author has applied a CC BY public copyright licence to any 
Author Accepted Manuscript version arising from this submission.

Data availability  The version of WASP used to generate the datasets used in this study can be found in the 
github repository https://​github.​com/​SAvru​tin/​Wasp_​acidi​ficat​ion.

Declarations 

The authors acknowledge the use of the IRIDIS High Performance Computing Facility, and associated sup-
port services at the University of Southampton, in the completion of this work.
The authors declare no use of research involving human and/or animal participants.

Informed consent  N/A.

Competing interests  The authors declare that they have no relevant financial or non-financial interests to disclose.

The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Allen MR, Frame DJ, Huntingford C et al (2009) Warming caused by cumulative carbon emissions towards 
the trillionth tonne. Nature 458:1163–1166. https://​doi.​org/​10.​1038/​natur​e08019

Bruno JF, Selig ER (2007) Regional decline of coral cover in the Indo-Pacific: Timing, extent, and subre-
gional comparisons. PLoS One 2. https://​doi.​org/​10.​1371/​journ​al.​pone.​00007​11

Cao L, Caldeira K (2008) Atmospheric CO2 stabilization and ocean acidification. Geophys Res Lett 35:1–5. 
https://​doi.​org/​10.​1029/​2008G​L0350​72

https://doi.org/10.1007/s10584-023-03587-0
https://doi.org/10.1007/s10584-023-03587-0
https://github.com/SAvrutin/Wasp_acidification
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature08019
https://doi.org/10.1371/journal.pone.0000711
https://doi.org/10.1029/2008GL035072


Climatic Change (2023) 176:128	

1 3

Page 17 of 18  128

Ciais P, Sabine C, Bala G et al (2013) The physical science basis. Contribution of working group I to the 
fifth assessment report of the intergovernmental panel on climate change. Change, IPCC Climate 465–
570. https://​doi.​org/​10.​1017/​CBO97​81107​415324.​015

Duarte C, Navarro JM, Acuña K et al (2014) Combined effects of temperature and ocean acidification on the 
juvenile individuals of the mussel Mytilus chilensis. J Sea Res 85:308–314. https://​doi.​org/​10.​1016/j.​
seares.​2013.​06.​002

Follows MJ, Ito T, Dutkiewicz S (2006) On the solution of the carbonate chemistry system in ocean bio-
geochemistry models. Ocean Model (Oxf) 12:290–301. https://​doi.​org/​10.​1016/j.​ocemod.​2005.​05.​004

Forster P, Storelvmo T, Armour K, Collins W, Dufresne J-L, Frame D, Lunt DJ, Mauritsen T, Palmer MD, 
Watanabe M, Wild M, Zhang H (2021) The Earth’s Energy Budget, Climate Feedbacks, and Climate 
Sensitivity. In: Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger S, Caud N, Chen 
Y, Goldfarb L, Gomis MI, Huang M, Leitzell K, Lonnoy E, Matthews JBR, Maycock TK, Waterfield 
T, Yelekçi O, Yu R, Zhou B (eds) Climate Change 2021: The Physical Science Basis. Contribution of 
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, pp 923–1054. https://​doi.​org/​10.​1017/​97810​09157​896.​009

Friedlingstein P, Betts R, Bopp L et  al (2006) Climate –carbon cycle feedback analysis, results from the 
C4MIP model intercomparison. J Clim 19:3337–3353. https://​doi.​org/​10.​1175/​JCLI3​800.1

Galdies C, Bellerby R, Canu D et al (2020) European policies and legislation targeting ocean acidification in 
european waters—current state. Mar Policy 118:103947. https://​doi.​org/​10.​1016/j.​marpol.​2020.​103947

Good P, Sellar A, Tang Y, Rumbold S, Ellis R, Kelley D, Kuhlbrodt T (2019) MOHC UKESM1.0-
LL model output prepared for CMIP6 ScenarioMIP ssp245. Version 20210224. Earth System Grid 
Federation. https://​doi.​org/​10.​22033/​ESGF/​CMIP6.​6339

Goodwin P (2016) How historic simulation–observation discrepancy affects future warming pro-
jections in a very large model ensemble. Clim Dyn 47:2219–2233. https://​doi.​org/​10.​1007/​
s00382-​015-​2960-z

Goodwin P, Williams RG, Ridgwell A (2015) Sensitivity of climate to cumulative carbon emissions due to 
compensation of ocean heat and carbon uptake. Nat Geosci 8:29–34. https://​doi.​org/​10.​1038/​ngeo2​304

Goodwin P, Brown S, Haigh ID et al (2018) Adjusting Mitigation Pathways to stabilize climate at 1.5 
and 2.0 °C rise in global temperatures to year 2300. 0–3. https://​doi.​org/​10.​1002/​eft2.​310

Guan Y, Hohn S, Merico A (2015) Suitable environmental ranges for potential Coral reef habitats in the 
tropical ocean. PLoS ONE 10:1–17. https://​doi.​org/​10.​1371/​journ​al.​pone.​01288​31

Harrould-Kolieb ER, Herr D (2012) Ocean acidification and climate change: synergies and challenges of 
addressing both under the UNFCCC. Clim Policy 12:378–389. https://​doi.​org/​10.​1080/​14693​062.​
2012.​620788

Hartmann DL, Tank AMGK, Matilde Rusticucci (2013) IPCC Climate Change 2013: The Physical Science 
Basis. Chapter 2: Observations: Atmosphere and Surface. Climate Change 2013 the Physical Science 
Basis: Working Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change 9781107057:159–254. https://​doi.​org/​10.​1017/​CBO97​81107​415324.​008

Hauri C, Friedrich T, Timmermann A (2016) Abrupt onset and prolongation of aragonite undersaturation 
events in the Southern Ocean. Nat Clim Chang 6:172–176. https://​doi.​org/​10.​1038/​nclim​ate28​44

Horvath KM, Castillo KD, Armstrong P et al (2016) Next-century ocean acidification and warming both 
reduce calcification rate, but only acidification alters skeletal morphology of reef-building coral 
Siderastrea siderea. Sci Rep 6:1–12. https://​doi.​org/​10.​1038/​srep2​9613

Hughes TP, Baird AH, Bellwood DR et al (2003) Climate change, human impacts, and the resilience of 
coral reefs. Science 301:929–933. https://​doi.​org/​10.​1126/​scien​ce.​10850​46

Kim RE (2012) Is a new multilateral environmental agreement on ocean acidification necessary? Rev 
Eur Community Int Environ Law 21:243–258. https://​doi.​org/​10.​1111/​reel.​12000.x

Kleypas JA, Buddemeier RW, Archer D et  al (1999) Geochemical consequences of increased atmos-
pheric carbon dioxide on coral reefs. Science (1979) 284:118–120. https://​doi.​org/​10.​1126/​scien​ce.​
284.​5411.​118

Lamirande HR (2011) Note: from sea to carbon cesspool: preventing the world’s marine ecosystems 
from falling victim to ocean acidification. Suffolk Transnatl Law Rev 34:183

Martindale RC, Berelson WM, Corsetti FA et al (2012) Constraining carbonate chemistry at a potential 
ocean acidification event (the Triassic-Jurassic boundary) using the presence of corals and coral 
reefs in the fossil record. Palaeogeogr Palaeoclimatol Palaeoecol 350–352:114–123. https://​doi.​org/​
10.​1016/j.​palaeo.​2012.​06.​020

Matthews HD, Gillett NP, Stott PA, Zickfeld K (2009) The proportionality of global warming to cumula-
tive carbon emissions. Nature 459:829–832. https://​doi.​org/​10.​1038/​natur​e08047

McNeil BI, Matear RJ (2008) Southern Ocean acidification: A tipping point at 450-ppm atmospheric 
CO2. Proc Natl Acad Sci U S A 105:18860–18864. https://​doi.​org/​10.​1073/​pnas.​08063​18105

https://doi.org/10.1017/CBO9781107415324.015
https://doi.org/10.1016/j.seares.2013.06.002
https://doi.org/10.1016/j.seares.2013.06.002
https://doi.org/10.1016/j.ocemod.2005.05.004
https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1175/JCLI3800.1
https://doi.org/10.1016/j.marpol.2020.103947
https://doi.org/10.22033/ESGF/CMIP6.6339
https://doi.org/10.1007/s00382-015-2960-z
https://doi.org/10.1007/s00382-015-2960-z
https://doi.org/10.1038/ngeo2304
https://doi.org/10.1002/eft2.310
https://doi.org/10.1371/journal.pone.0128831
https://doi.org/10.1080/14693062.2012.620788
https://doi.org/10.1080/14693062.2012.620788
https://doi.org/10.1017/CBO9781107415324.008
https://doi.org/10.1038/nclimate2844
https://doi.org/10.1038/srep29613
https://doi.org/10.1126/science.1085046
https://doi.org/10.1111/reel.12000.x
https://doi.org/10.1126/science.284.5411.118
https://doi.org/10.1126/science.284.5411.118
https://doi.org/10.1016/j.palaeo.2012.06.020
https://doi.org/10.1016/j.palaeo.2012.06.020
https://doi.org/10.1038/nature08047
https://doi.org/10.1073/pnas.0806318105


	 Climatic Change (2023) 176:128

1 3

128  Page 18 of 18

Messner D, Schellnhuber J, Rahmstorf S, Klingenfeld D (2010) The budget approach: a framework for 
a global transformation toward a low-carbon economy. J Renew Sustain Energy 2:1–14. https://​doi.​
org/​10.​1063/1.​33186​95

Ong EZ, Briffa M, Moens T, van Colen C (2017) Physiological responses to ocean acidification and 
warming synergistically reduce condition of the common cockle Cerastoderma edule. Mar Environ 
Res 130:38–47. https://​doi.​org/​10.​1016/j.​maren​vres.​2017.​07.​001

Oral N (2018) Ocean acidification: falling between the legal cracks of UNCLOS and the UNFCCC? Ecol 
Law Q 45:9–30. https://​doi.​org/​10.​15779/​Z38SB​3WZ68

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting coral reef futures under global warm-
ing and ocean acidification. Science (1979) 333:418–422. https://​doi.​org/​10.​1126/​scien​ce.​12047​94

Pelejero C, Calvo E, Hoegh-Guldberg O (2010) Paleo-perspectives on ocean acidification. Trends Ecol 
Evol 25:332–344. https://​doi.​org/​10.​1016/j.​tree.​2010.​02.​002

Rhein M, Rintoul SR, Su J, Yu R (2014) IPCC Climate Change 2013: The Physical Science Basis. Chap-
ter  3: Observations: Ocean. Climate Change 2013 the Physical Science Basis: Working Group I 
Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
13:666–670. https://​doi.​org/​10.​1007/​s11802-​014-​2206-4

Ridgwell A, Zeebe RE (2005) The role of the global carbonate cycle in the regulation and evolution of the 
Earth system. Earth Planet Sci Lett 234:299–315. https://​doi.​org/​10.​1016/j.​epsl.​2005.​03.​006

Rogelj J, Schaeffer M, Friedlingstein P et al (2016) Differences between carbon budget estimates unravelled. 
Nat Clim Chang 6:245–252. https://​doi.​org/​10.​1038/​nclim​ate28​68

Rogelj J, Popp A, Calvin KV et  al (2018) Scenarios towards limiting global mean temperature increase 
below 1.5 °C. Nat Clim Chang 8:325–332. https://​doi.​org/​10.​1038/​s41558-​018-​0091-3

Rogelj J, Forster PM, Kriegler E et al (2019) Estimating and tracking the remaining carbon budget for strin-
gent climate targets. Nature 571:355–342. https://​doi.​org/​10.​1038/​s41586-​019-​1368-z

Schleussner CF, Lissner TK, Fischer EM et al (2016) Differential climate impacts for policy-relevant limits 
to global warming: the case of 1.5 °C and 2 °C. Earth Syst Dyn 7:327–351. https://​doi.​org/​10.​5194/​
esd-7-​327-​2016

Seneviratne SI, Donat MG, Pitman AJ et al (2016) Allowable CO2 emissions based on regional and impact-
related climate targets. Nature 529:477–483. https://​doi.​org/​10.​1038/​natur​e16542

Steinacher M, Joos F (2016) Transient Earth system responses to cumulative carbon dioxide emissions: line-
arities, uncertainties, and probabilities in an observation-constrained model ensemble. Biogeosciences 
13:1071–1103. https://​doi.​org/​10.​5194/​bg-​13-​1071-​2016

Steinacher M, Joos F, Stocker TF (2013) Allowable carbon emissions lowered by multiple climate targets. 
Nature 499:197–201. https://​doi.​org/​10.​1038/​natur​e12269

Talmage SC, Gobler CJ (2011) Effects of elevated temperature and carbon dioxide on the growth and sur-
vival of larvae and juveniles of three species of northwest Atlantic bivalves. PLoS One 6. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00269​41

UNFCCC (2015) Adoption of the Paris agreement. https://​unfccc.​int/​resou​rce/​docs/​2015/​cop21/​eng/​l09r01.​
pdf

Yara Y, Vogt M, Fujii M et al (2012) Ocean acidification limits temperature-induced poleward expansion 
of coral habitats around Japan. Biogeosciences 9:4955–4968. https://​doi.​org/​10.​5194/​bg-9-​4955-​2012

Zeebe RE, Wolf-Gladrow DA (2001) CO2 in seawater: equilibrium, kinerics, isotopes. Elsevier Oceanogr 
Ser 65:1–341

Zhang Z, Moore JC, Huisingh D, Zhao Y (2015) Review of geoengineering approaches to mitigating cli-
mate change. J Clean Prod 103:898–907. https://​doi.​org/​10.​1016/J.​JCLEP​RO.​2014.​09.​076

Zickfeld K, Eby M, Damon Matthews H, Weaver AJ (2009) Setting cumulative emissions targets to reduce 
the risk of dangerous climate change. Proc Natl Acad Sci U S A 106:16129–16134. https://​doi.​org/​10.​
1073/​pnas.​08058​00106

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1063/1.3318695
https://doi.org/10.1063/1.3318695
https://doi.org/10.1016/j.marenvres.2017.07.001
https://doi.org/10.15779/Z38SB3WZ68
https://doi.org/10.1126/science.1204794
https://doi.org/10.1016/j.tree.2010.02.002
https://doi.org/10.1007/s11802-014-2206-4
https://doi.org/10.1016/j.epsl.2005.03.006
https://doi.org/10.1038/nclimate2868
https://doi.org/10.1038/s41558-018-0091-3
https://doi.org/10.1038/s41586-019-1368-z
https://doi.org/10.5194/esd-7-327-2016
https://doi.org/10.5194/esd-7-327-2016
https://doi.org/10.1038/nature16542
https://doi.org/10.5194/bg-13-1071-2016
https://doi.org/10.1038/nature12269
https://doi.org/10.1371/journal.pone.0026941
https://doi.org/10.1371/journal.pone.0026941
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://doi.org/10.5194/bg-9-4955-2012
https://doi.org/10.1016/J.JCLEPRO.2014.09.076
https://doi.org/10.1073/pnas.0805800106
https://doi.org/10.1073/pnas.0805800106

	Assessing the remaining carbon budget through the lens of policy-driven acidification and temperature targets
	Abstract
	Plain language summary 
	1 Introduction
	2 Methods
	2.1 The WASP model and AMP algorithm
	2.2 Relating Ocean pH to atmospheric CO2
	2.3 Developing acidification targets analogous to Paris Agreement targets
	2.4 Evaluating the achieved vs actual acidification and warming for each combination scenario
	2.5 Remaining carbon budget (RCB)

	3 Results
	3.1 Remaining carbon budgets towards two climatic targets

	4 Discussion and conclusions
	Anchor 14
	References


