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Abstract
Evidence suggests that several elements (i.e., subsystems) of the Earth’s climate system could tip into a qualitatively differ-
ent state due to on-going and future anthropogenically induced climate change. Risks associated with tipping could form 
a component of critical climate risks, and their consideration should be indispensable in decision-making. However, there 
is lack of scientific knowledge about the risks associated with tipping elements, inhibiting their incorporation into com-
prehensive risk assessments of climate change (i.e., assessments of impact, adaptation, and mitigation with uncertainty). 
Using two major tipping elements (Arctic summer sea-ice loss and Greenland ice-sheet melting) as examples, this study 
attempted to address this lack of knowledge by conducting several calculations under various policy choices based on target 
temperature, including (i) the probability of passing a threshold temperature in this century and (ii) the potential impact of 
passing a threshold temperature on a millennial timescale beyond this century. The first theme of this study [Item (i) above] 
suggested that probability of exceeding the threshold within this century is 24.8% for the Greenland ice sheet and 2.7% 
for Arctic summer sea ice under a 1.5 °C temperature goal. However, it should be noted that the estimated probabilities of 
exceeding the threshold are largely dependent on the specification of the probability density function and key assumptions. 
With regard to the second theme of this study [Item (ii) above], estimation of the potential global coastal exposure using 
the estimated sea level exhibited a significant gap between scenarios not exceeding the threshold (1.5 °C target) and those 
exceeding the threshold.

Keywords Arctic summer sea-ice · Climate change · Greenland ice sheet · Sea level rise · Tipping elements · Threshold 
temperatures

Introduction

Tipping elements (TEs), as introduced by Lenton et al. 
(2008) and described as abrupt or irreversible changes in 
the Intergovernmental Panel on Climate Change (IPCC) 
Fifth Assessment Report (IPCC 2013) with slightly differ-
ent implications, are elements (i.e., subsystems) within the 
earth’s climate system that could pass critical thresholds, 
resulting in the destabilization, destruction, critical damage, 
or transmutation of the major subsystems of the climate sys-
tem (Lenton et al. 2008; Schellnhuber et al. 2016). Among 
the TEs that could be triggered within this century, Arctic 
summer sea-ice loss and Greenland ice sheet melting are 
two major TEs that could have large impacts on a global 
scale. For example, melting of the Greenland ice-sheet could 
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result in a sea level rise (SLR) of more than 7 m (Lenton 
et al. 2008), although this transition will likely occur on 
a timescale of several hundreds of years to a millennium. 
Meanwhile, the disappearance of Arctic summer sea-ice is 
expected to have a great impact on humans and ecosystems 
in the Arctic region (Cohen 2014), and the transition could 
occur in less than 10 years (Lenton et al. 2008). In addition 
to their potential considerable impacts, these TEs could pass 
their critical threshold (i.e., thresholds of global mean tem-
perature) within this century, even if the Paris Agreement 
goal of an “increase in the global average temperature (well) 
below 2 °C above preindustrial levels” is achieved (Schell-
nhuber et al. 2016).

The Integrated Climate Assessment—Risks, Uncertain-
ties and Society (ICA-RUS) was a 5-year (2012–2016) 
research project that had the aim of developing and pro-
posing strategies for global climate risk management, from 
which several papers, including this paper, have been sub-
mitted to the special feature of this journal. Although many 
of the research components of ICA-RUS focused on the risks 
and impacts that could appear within this century, and miti-
gation options that could be implemented in this century, 
the choice of strategies could lead to drastically different 
implications with regard to TEs (ICA-RUS Report 2015). 
For example, if the threshold of a TE is only 1.0 °C, it will 
inevitably be passed, regardless of which strategy is chosen. 
However, if the threshold is 2.0 °C, the strategic choice will 
greatly affect the likelihood of the threshold being passed 
(ICA-RUS Report 2015).

To consider TEs when developing and proposing strate-
gies (Emori et al. 2018 in this special feature), which are 
primarily outcomes of integrated assessment models (IAMs) 
of climate change, there are at least two topics that should be 
further investigated beyond the literature that was available 
when ICA-RUS was initiated: the uncertainty surrounding 
TEs and their threshold temperatures and the consequences 
of passing threshold temperatures.

The aim of this paper in this special issue was to inves-
tigate these two topics based on specific examples of TEs. 
Based on an investigation of two major TEs (Arctic summer 
sea-ice loss and Greenland ice sheet melting), we assess (i) 
the probability of passing thresholds within this century both 
for Arctic summer sea-ice loss and Greenland ice sheet melt-
ing, and (ii) the potential impact of Greenland ice sheet melt-
ing beyond the threshold on a millennium timescale. In addi-
tion, this investigation provides estimations of the potential 
impact and probability of exceeding thresholds performed 
under consistent scenarios using the IAM simulations from 
ICA-RUS. The ultimate goal of this research was to support 
the incorporation of TEs and their threshold temperatures 
into strategies for the global-scale management of climate 
change risks, which could be realized through the incorpo-
ration of TEs and their thresholds into IAMs in a technical 

sense. Although we have not reached this ultimate goal, the 
analyses presented herein represent an indispensable pre-
liminary step toward this goal.

The structure of this paper is as follows. The next section 
focuses on the two investigated TEs. We explain the details 
of our framework to estimate the probability of exceeding 
the threshold temperatures of TEs. Then, we apply the pro-
posed framework to two TEs and discuss the results. Fol-
lowing this, we focus on the special case that has the high-
est probability of occurrence within our framework, and 
perform a millennial-scale estimation of sea level rise and 
its consequences considering the threshold behavior of the 
Greenland ice sheet.

Probability of exceeding threshold 
temperatures in the current century

Exceeding threshold temperatures could have catastrophic 
impacts. However, existing studies on the impacts of tem-
perature increase seldom consider the threshold behavior of 
climate systems in their assessments. Difficulties in consid-
ering climate system thresholds in impact assessments arise 
from uncertainties associated with the thresholds, includ-
ing the possible range of threshold temperatures. However, 
a probabilistic approach can be used to cope with these 
uncertainties. Several studies using IAMs have evaluated 
climate impacts while considering the probability of cross-
ing threshold temperatures (e.g., Hope 2006, 2011; Cai et al. 
2015; Lontzek et al. 2015). Lontzek et al. (2015) introduced 
a threshold module into a stochastic version of the dynamic 
stochastic integrated climate and economy model, which is 
an IAM that has been widely used for evaluating the eco-
nomic impacts of climate change (Watkiss 2011). The mod-
ule’s parameter to set the probability of crossing the thresh-
old temperature was determined by referring to the study of 
Kriegler et al. (2009), which used expert elicitations from 43 
experts. Meanwhile, Screen and Williamson (2017) assessed 
the probability of an ice-free state Arctic sea focusing on the 
temperature targets in the Paris Agreement. These studies 
provide important insights into the probability of exceeding 
the thresholds of the climate system. However a framework 
to estimate the probability of exceeding various thresholds 
has not yet been established, whereas the probabilities esti-
mated using such a framework can be incorporated into 
IAMs and the importance of incorporating thresholds has 
previously been discussed (Lenton and Ciscar 2013).

Here, we present a framework to execute a probabilis-
tic assessment of exceeding the threshold of the climate 
system focusing on two TEs, the Greenland ice sheet and 
Arctic summer sea-ice. Within our framework, uncertainty 
in the threshold temperatures is represented by probabil-
ity density functions (PDFs). The parameters of the PDFs 
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are determined based on a literature review, enabling us to 
obtain the PDF for each TE separately. In this study, tem-
perature increase represents the temperature anomaly with 
respect to preindustrial levels.

Methodology used to estimate the probability 
of exceeding the threshold temperatures

Figure 1 presents the algorithm used to assess the probability 
of exceeding the threshold temperatures of the TEs. In this 
algorithm, the uncertainties of the global mean temperature 
increase and the threshold temperature of the TEs are rep-
resented by PDFs. For the two major TEs, we set the PDF 
and threshold temperature of the two TEs based on the fol-
lowing rationale.

First, the threshold of Greenland ice-sheet melting is 
defined as the temperature increase at which the surface 
mass balance of the Greenland ice sheet becomes negative. 
It should be noted that it may take hundreds of years to reach 
a negative mass balance after the temperature increases to 
the threshold. In the AR5 (IPCC 2013), the threshold tem-
perature of the Greenland ice sheet is given as greater than 
1 °C (low confidence) and lower than 4 °C (medium confi-
dence). These statements suggest that we can be relatively 
confident that the threshold of Greenland ice sheet melting 

is below 4 °C, and also implies that the threshold might 
be lower, and closer to 1 than 4 °C. Robinson et al. (2012) 
estimated the threshold temperature to be 1.6 °C with a 95% 
confidence interval of 0.8–3.2 °C. In addition to the above 
studies, Leverman et al. (2013) discussed the threshold of 
abrupt Greenland ice sheet loss to be between 0.8 and 2.2 °C 
(90% credible interval). Based on these values, we employed 
a log-normal distribution for the threshold temperature of 
Greenland ice-sheet melting using 1.6 °C as the best esti-
mate and 1.0–4.0 °C as the 95% confidence interval., This 
setting of the PDF is consistent with our assumption of a 
threshold around 1.6 °C with a right-skewed distribution. 
Second, the threshold of Arctic summer sea-ice loss is the 
temperature at which the Arctic Ocean is in a nearly ice-
free in September, and was determined as follows. Several 
models have estimated that a largely ice-free Arctic sea in 
summer would begin around 2 °C above the present tem-
perature (Lenton 2012). Massonnet et al. (2012) identified a 
Coupled Model Intercomparison Project Phase 5 (CMIP5) 
subset to represent September Arctic sea ice extent, indicat-
ing an increase of 1.6–2.1 °C (mean 1.9 °C) from the present 
period (2.2–2.7 °C and mean 2.5 °C from preindustrial lev-
els) as the annual mean global surface temperature threshold 
for a nearly ice-free state of the Arctic Ocean in September. 
Therefore, we set the PDF for the threshold temperature of 

Step1: Estimate probability density functions (PDF) of climate sensitivity and 
threshold temperature

Step 2: For each policy choices (i.e. temperature goal in 2100), make regression 
equation between climate sensitivity and temperature increase in the target year.

Step 3: Estimate PDF of temperature increase in the target year by using the regression 
equation.

Step 4: Create joint probability density function between PDF of temperature increase 
and threshold temperature.  

Step 5: Integrate the joint probability density function in Step 4 to obtain the 
probability of exceeding threshold temperature. 

Fig. 1  Flow chart of a method for estimating the probability of exceeding the threshold temperature by a target year under different policy 
choices
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Arctic summer sea ice of 2.45 °C as the mean and 2.2–2.7 °C 
as the 68% confidence interval. The mean of 2.45 °C was 
almost consistent with a mean value of 2.5 °C in the CMIP 5 
subset presented in Fig. 12.31e of AR5 (IPCC 2013), and did 
not conflict with the best estimate of ~ 2.0 °C (above present) 
given by Mahlstein and Knutti (2012). Meanwhile, setting 
2.2–2.7 °C as the 68% confidence interval (1.95–2.95 °C as 
the 95% confidence interval) enabled the possibility of the 
threshold falling in the range beyond of 2.2–2.7 °C, which 
should be considered because of the large variabilities of the 
thresholds in the models presented in Figs. 12.30 and 12.31 
of the AR5 (IPCC 2013).

To estimate the probability of exceeding the thresholds 
by the end of this century, we used a set of global mean 
temperature increase projections conducted as IAM simu-
lations in ICA-RUS. The IAM simulations were performed 
for several policy choices based on the target temperature 
at the end of this century. Details of the IAM simulations 
can be found in Su et al. (2017), who computed four sets 
of future emission pathways, including T15, T20, and T25. 
Each emission pathway corresponds to a temperature path-
way. These pathways each correspond to a policy target that 
limits the temperature increase in 2100 to below 1.5, 2.0, 
and 2.5 °C from preindustrial levels, respectively. The IAM 
simulations in ICA-RUS assume the existence of a policy-
maker who presumes climate sensitivity as 3.65 °C, which 
yields a 66% probability of achieving the policy target by 
additionally assuming that climate sensitivity follows a nor-
mal distribution with a mean of 3.0 and standard deviation 
of 1.5 (ICA-RUS report 2017).

In addition to T15, T20, and T25, Su et al. (2017) com-
puted a set of future emission pathways for a business-as-
usual (BaU) scenario. The T15, T20, T25, or BaU scenarios 
were each associated with several future emission pathways 
(temperature pathways) depending on the actual climate 

sensitivity, which were set to 1.50, 3.00, 3.65, or 4.00 °C. 
These settings of climate sensitivities were used because 
the actual climate sensitivity for policy-making is currently 
unknown; that is, even though policy-makers assume 3.65 °C 
as the climate sensitivity, future emission pathways (tem-
perature pathways) could differ according to the discrepancy 
between the actual climate sensitivity and the climate sensi-
tivity assumed by policy-makers. For this reason, four sets 
of actual climate sensitivities were assumed for each of the 
policy choices (i.e., T15, T20, T25, and BaU). Although the 
IAM simulations in the ICA-RUS were also conducted under 
three Shared Socioeconomic Pathways (SSPs), we focused 
on SSP2, which is a middle-of-the-road scenario (O’Neil 
et al. 2014). As a result, our analysis included 16 emission 
pathways or temperature pathways (i.e., the four temperature 
goals, including the BaU scenario, multiplied by the four 
sets of climate sensitivities under SSP2).

Figure 2 shows some of the temperature pathways with 
threshold ranges of 1.0–4.0 °C for the Greenland ice sheet 
and 1.95–2.95 °C for Arctic summer sea ice. If the actual 
climate sensitivity were to differ from the climate sensitivity 
adopted in a policy, the actual temperature increases at the 
end of this century would differ from the temperature goal 
(Su et al. 2015). As such, our framework incorporated this 
uncertainty in the future temperature increase using the IAM 
simulations for different climate sensitivities.

Using the 16 emission pathways (i.e., 16 temperature 
pathways) and assumptions of the PDFs of the threshold 
temperatures, the algorithm in Fig. 1 was executed as fol-
lows. First, we estimated the PDFs of the threshold tempera-
ture and climate sensitivity (Step 1). The PDF of climate 
sensitivity was estimated following the assumption used in 
the ICA-RUS (i.e., climate sensitivity is normally distributed 
with a mean of 3.0 and standard deviation of 1.5). Then, for 
each policy choice, we estimated the regression line (Step 2) 

Fig. 2  Relationship between global temperature paths of ICA-RUS 
and threshold temperatures of a Arctic summer sea ice and b Green-
land ice sheet. The temperature paths assume that the climate sensi-
tivity assumed by policy maker is 3.65 °C and the climate sensitivity 

of actual climate is 3.00 °C. The temperature paths were adjusted so 
that mean temperature increase during 1986–2005 is 0.61  °C from 
average of 1850–1900 (IPCC 2013)
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between the temperature increase in 2100 and actual climate 
sensitivity (i.e., 1.5, 3.00, 3.65, and 4.5 °C). Scatter plots of 
the temperature increase in 2100 and actual climate sensi-
tivity suggested that the relationship between the tempera-
ture increase in 2100 and actual climate sensitivity could 
be approximated based on linear regression lines (Fig. 3). 
Therefore, we used the estimated linear regression lines to 
convert the PDF of climate sensitivity into the PDF of the 
temperature increase in 2100 (Step 3).

It should be noted that, although linear response theory 
of climate sensitivity suggests that the multiplicative (i.e., 
two) of climate sensitivity should correspond to the same 
multiplicative (i.e., two) of temperature increase, such mul-
tiplicative features do not appear in Fig. 3 (i.e., a twofold 
increase in the climate sensitivity from 1.5 to 3.0 °C does 
not correspond to a twofold temperature increase in 2100). 
The reason for this response feature of temperature increase 
against climate sensitivity is due to the setting of the tar-
get temperature in the IAM. When the climate sensitivity 
assumed by the policy is in accordance with the climate 
sensitivity of the actual climate, the temperature increase 
obtained from the IAM is almost the same as the policy tar-
get temperature, as seen at x = 3.65 in Fig. 3. However, when 
the policy assumes a climate sensitivity greater than that of 
the actual climate, a more stringent effort to reduce emis-
sions is performed in the IAM (Su et al. 2015), and accord-
ingly the temperature increase at 2100 is lower than the 
policy target temperature. Similarly, when policy assumes 
a lower climate sensitivity than that of the actual climate, 

the temperature increase at 2100 exceeds the policy target 
temperature. In other words, because we use the IAM, which 
controls emissions according to the policy temperature target 
and policy-maker assumptions regarding climate sensitivity, 
the temperature increase at 2100 is strongly controlled by 
both the temperature target at 2100 and by how much the 
climate sensitivity of the actual climate departs from the cli-
mate sensitivity assumed by the policy. As a result, the tem-
perature increase in 2100 does not show a linear response to 
increasing of climate sensitivity.

Next, we made a joint PDF from the PDFs of the tem-
perature increase at 2100 and the threshold temperature 
(Step 4). Finally, we integrated this PDF over the domain 
where the threshold temperature was lower than the tem-
perature increase at 2100 to obtain probability of exceeding 
the threshold temperature (Step 5).

Results and discussion of the probability 
of exceeding threshold temperatures

From the above-described algorithm, we obtained the prob-
abilities of exceeding the threshold temperatures by 2100 
(see Step 5 of the algorithm). As examples of how we inte-
grated the joint PDFs to obtain the probabilities of exceed-
ing the threshold, Fig. 4a, b (Arctic summer sea ice under 
T20 and BaU, respectively) and Fig. 5a, b (Greenland ice 
sheet under T20 and BaU, respectively) show the joint PDF 
and the PDFs of the threshold temperature and temperature 
increase at 2100, respectively. Comparison of Fig. 4a, b (or 
Fig. 5a, b) shows that BaU has higher probabilities of large 
temperature increases than T20. Compared with T20, the 
higher probabilities of larger temperature increases in BaU 
shift the center of the joint probability density from outside 
of the integration domain (see Figs. 4a, 5a) to inside of the 
domain (see Figs. 4b, 5b), resulting in higher probabilities of 
exceeding the thresholds under BaU. In fact, the cumulative 
probabilities of exceeding the thresholds, which are obtained 
by integrating the domain where the temperature increase 
is greater than the threshold, confirmed that higher target 
temperatures result in higher probabilities of exceeding the 
thresholds (see “Appendix 1”).

Table 1 presents the probabilities of exceeding the thresh-
old temperatures for Arctic summer sea ice and the Green-
land ice sheet (see Step 5 of the algorithm). The probabilities 
of exceeding the threshold for the Greenland ice sheet were 
estimated as 24.8 (13.6)% for T15, 44.5 (26.4)% for T20, 
62.5 (39.8)% for T25, and 88.1 (77.6)% for BaU, where the 
number in parentheses is the probability estimated assuming 
that the PDF of the threshold temperature follows a uni-
form distribution. The probability using a uniform distri-
bution was also applied here to investigate the sensitivity 
of the estimated probability against the choice of probabil-
ity distribution. A uniform distribution was used for this 

Fig. 3  Relationship between the actual climate sensitivities (i.e., 
actual climate sensitivity = 1.5, 3.0, 3.65, or 4.5 °C) and temperature 
increase in 2100. The relationship and regression line are shown for 
the business-as-usual (plus and black line), T15 (triangle and blue 
line), T20 (circle and red line), and T25 (square and cyan line) sce-
narios
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comparative PDF as an alternative assumption. The proba-
bilities of exceeding the threshold for Arctic summer sea ice 
were estimated as 2.7 (3.0)% for T15, 16.6 (17.1)% for T20, 
37.3 (37.5)% for T25, and 82.4 (82.2)% for BaU. Screen 
and Williamson (2017) estimated that the probability of a 
nearly ice-free Arctic sea at the end of summer was less than 
1/100,000 for a 1.5 °C increase in temperature. Although our 
estimation showed a slightly higher probability for T15 than 
that of Screen and Williamson (2017), both studies indicated 

that the probability of exceeding the threshold temperature 
for Arctic summer sea ice would be low under T15.

The results showed that if the policy target temperature 
were low, the likelihood of exceeding the threshold for the 
Greenland ice sheet would be higher than that of Arctic sum-
mer sea ice. This was due to our assumption that the lower 
bound of the threshold for the Greenland ice sheet was lower 
than that of Arctic summer sea ice. The assumption that 
the PDF of the Greenland ice sheet was right-skewed also 

Fig. 4  Probability density functions (PDFs) of the threshold tempera-
ture for Arctic summer sea ice (red) and temperature increase (blue) 
at 2100. The PDFs are shown for a T20 and b business as usual. Joint 
probability density function (green) between the PDFs is shown on 

the plain spanned by temperature increase and threshold temperature 
axis. The domain for integration to obtain the probability of exceed-
ing threshold is colored with gray

Fig. 5  Probability density functions (PDFs) of the threshold tempera-
ture for Greenland ice sheet (red) and temperature increase (blue) at 
2100. The PDFs are shown for a T20 and b business as usual. Joint 
probability density function (green) between the PDFs is shown on 

the plain spanned by temperature increase and threshold temperature 
axis. The domain for integration to obtain the probability of exceed-
ing threshold is colored with gray
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explained the relatively high probability of exceeding the 
threshold even though the temperature target was low.

However, under a high temperature increase (i.e., BaU), 
the probability of crossing the threshold for Arctic sum-
mer sea ice would rapidly increase, as indicated by a sud-
den increase in the probability from 37.3% (T2.5) to 82.4% 
(BaU). This rapid increase in probability arose because the 
upper bound of the threshold temperature of Arctic summer 
sea ice was lower than that of the Greenland ice sheet, even 
though the lower bound of the threshold temperature of Arc-
tic summer sea ice was higher than that of the Greenland ice 
sheet. Therefore, the probability of exceeding the threshold 
of Arctic summer sea ice increases rapidly under high tem-
perature increases. However, it should be noted that these 
trends in the probability of exceeding thresholds strongly 
depend on the assumptions of the form of the PDF and range 
of the confidence interval.

Our probabilistic assessment quantitatively showed the 
variations in the probability of exceeding thresholds accord-
ing to policy target temperature. By placing assumptions 
on climate sensitivity and tipping points, this computation 
suggested that identifying the lower bound of the threshold 
and narrowing the uncertainty range of the threshold, as well 
as identifying their PDFs could greatly improve the confi-
dence of the estimated probability of exceeding the threshold 
temperature.

It should be noted that the probabilities of exceeding 
thresholds were derived from several assumptions. For 
instance, we assumed a log-normal distribution for the 
Greenland ice sheet and a normal distribution for the Arctic 
summer sea ice, despite the fact that the probability distri-
butions for those thresholds remain unknown. Thereby, a 
sensitivity analysis of the estimated probabilities was per-
formed using a uniform distribution as the PDF of tipping 
points. The ranges of uniform distribution for the Greenland 
ice sheet and Arctic summer sea ice were set as (1.0–4.0) 
and (1.95–2.95), respectively. The sensitivity analysis (see 
the numbers in parenthesis in Table 1) suggested that the 

probabilities varied according to the choice of PDFs. There-
fore, it is crucial to keep updating the PDFs and threshold 
ranges to enhance the reliability of the assessed probabilities 
of exceeding thresholds. Moreover, further advancement in 
scientific understanding of climate sensitivity is also vitally 
important, because previous studies employed various PDFs 
to fit climate sensitivity (e.g., Hare and Meinshausen 2006; 
Annan and Hargreaves 2011) and the likely range of cli-
mate sensitivity given in AR5 (IPCC 2013) is still wide (i.e., 
1.5–4.5).

In addition, the meaning of “exceeding thresholds” 
should be interpreted carefully. Passing the threshold of the 
Greenland ice sheet does not mean that it reaches the point 
of no return; if the temperature reaches only slightly above 
the threshold and then decreases below the threshold within 
the transition time, the surface mass balance of the Green-
land ice sheet could become positive, although it might not 
recover to the original state observed before crossing the 
threshold (Robinson et al. 2012). Passing the threshold of 
Arctic summer sea ice indicates a nearly ice-free state of 
Arctic Ocean in September and does not necessarily mean 
that the climate system of the Arctic Ocean has passed into a 
different phase; as described in AR5 (IPCC 2013), although 
sudden loss of Arctic summer sea ice was indicated in some 
climate projections (Holland et al. 2006; Vavrus et al. 2012; 
Döscher and Koenigk 2013), those projections are not nec-
essarily associated with the existence of a tipping point to 
another stable state or irreversible process (Amstrup et al. 
2010; Lenton 2012).

Impact of Greenland ice sheet melting 
on sea level rise beyond the tipping point

To present the potential impact of crossing the threshold, 
we focused on the Greenland ice sheet because exceeding 
its threshold could cause large-scale sea level rise that has 
a transition time of several hundreds to thousands of years. 
In fact, the impact of sea level rise associated with global 
warming on human society has become a matter of concern 
for coastal areas around the world. With regard to the sea 
level rise beyond the threshold temperature, most recent 
studies on sea level rise (Clark et al. 2016; Mengel et al. 
2016) and its impacts (Hallegatte et al. 2013; Hinkel et al. 
2014; Strauss et al. 2015) have shown only projections to 
the end of the 21st century or projections that do not model 
threshold temperatures explicitly. Here, with a focus on lim-
iting temperature scenarios, we describe specific cases of 
exceeding (T20 and T25) or not exceeding (T15) the thresh-
old temperature. The specific cases were selected based on 
those which have the highest probability of occurrence under 
the probabilistic framework outlined in the previous section. 
Thus, the cases correspond to an actual climate sensitivity of 

Table 1  Probability (%) of exceeding threshold temperature by 2100

The numbers in parenthesis represent the probability estimated by 
assuming that the probability density function of the threshold tem-
perature exhibits a uniform distribution
The range of the uniform distribution is 1.0–4.0 for Greenland ice 
sheet and 1.95–2.95 for Arctic summer sea ice. These ranges are 
given as the 95% confidence intervals of the log-normal distribution 
for Greenland ice sheet and normal distribution for Arctic summer 
sea ice

T15 T20 T25 BaU

Greenland ice 
sheet

24.8 (13.6) 44.5 (26.4) 60.2 (39.8) 88.1 (77.6)

Arctic summer 
sea ice

2.7 (3.0) 16.6 (17.1) 37.3 (37.5) 83.4 (82.2)
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3.00 °C and threshold temperature of the Greenland ice sheet 
of 1.6 °C, which are PDF modes for climate sensitivity and 
threshold temperature. As a result, three emission pathways 
(i.e., three temperature goals, with SSP2 and an actual cli-
mate sensitivity of 3.0 °C) were used for the analysis in this 
section. To present the global impacts rather than those at a 
regional scale, only global results that represent the poten-
tial sea level rise if the threshold of the Greenland ice sheet 
melting is exceeded and the degree of impact on society on 
a millennial timescale are described (see “Appendix 2” for 
technical details).

Figure 6 shows the estimated global sea level rise in the 
period from 2005 to 3000 under the three temperature goals 
(T25, T20, and T15). In most of the pathways, the sea level 
continued to rise even after temperature became constant in 
2300 because of the slow response time. Whereas T15 tem-
porarily reaches the Greenland ice sheet threshold of 1.6 °C 
around the middle of the 21st century, the contribution of 
the Greenland ice sheet to sea level rise is small because the 
exceedance of the threshold is slight and occurs for only a 
short period under T15. For this reason, following discus-
sion regards T15 as the case without exceeding threshold. In 
the case where the threshold temperature was not exceeded 
(T15), the sea level rise did not stop, even though the global 
mean temperature rise showed a decreasing trend, because 
the attained equilibrium sea level was higher than the cur-
rent sea level. The maximum range of the estimated sea level 
rise corresponded to a pessimistic outlook, which assumed 
the shortest response time and largest expected contribution 
from all four contributors (see “Appendix 2” for details). 
Conversely, the minimum range corresponded to an opti-
mistic outlook. Both bounds did not contain the uncertainty 
of the threshold itself, due to the assumptions.

The estimated sea level rise values associated with T25 
and T20, which both exceeded the threshold temperature, 
were relatively large compared to that of T15, which did 
not exceed the threshold. The differences in these trends 
increased over time until the year 3000. Even when the 

temperature goal was changed from T20 to T15, the dif-
ferences in the median sea level rise among the ranges was 
only 0.07 m in 2100, but 0.57 m in 2300 and 1.86 m in 3000. 
The trends beyond 2100 varied due to the longer response 
time of the Greenland ice sheet. The global mean tempera-
tures in T25 and T20, which exceeded the threshold of the 
Greenland ice sheet, were similar, whereas the difference 
between the global mean temperature in T20 and T15 was 
relatively large. The uncertainty range of the sea level rise in 
T15 was smaller than those of T25 and T20 due to the lack 
of a contribution by the Greenland ice sheet.

Figure 7 shows the responses of three types of estimated 
global total exposures: inundated areas (Fig. 7a), popula-
tion (Fig. 7b), and assets (Fig. 7c). The estimated exposures 
followed similar trends irrespective of temperature pathway 
until around 2100. Thereafter, the trends of all exposures 
in T25 and T20, which continued to exceed the threshold, 
were relatively similar compared to that of T15, which was 
considerably lower. This trend became larger over time until 
the year 3000, because the sea level continued to rise. These 
increases were relatively steep compared with that of the 
estimated sea level rise (Fig. 7) because there are broad low-
lying areas and concentrated populations in many coastal 
regions around the world. At a country-scale, countries with 
either low-lying areas or long coastlines and broad areas of 
land would suffer more from land loss caused by coastal 
inundation.

Concluding remarks

In this study, which had the ultimate aim of incorporating 
the risks associated with TEs and their thresholds into the 
development of strategies for global climate risk manage-
ment, we assessed two major TEs (Arctic summer sea-ice 
loss and Greenland ice-sheet melting) to determine (i) the 
probability of passing the thresholds within this century and 

Fig. 6  Estimated sea level rise relative to the 2005 level following the 
three temperature targets of T25, T20, and T15. The blue lines and 
ranges indicate the median and minimum and maximum ranges of sea 

level rise relative to 2005, respectively. The red dashed lines indicate 
the global mean temperature increase relative to preindustrial levels
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(ii) the potential impact of the Greenland ice-sheet melting 
beyond the threshold.

In the first part of this study, we estimated the probabil-
ity of crossing the thresholds under several policy choices, 
which indicated how policy choices could alter the probabil-
ity of crossing thresholds within this century. The estimated 
probabilities for BaU were significantly larger than those for 
T25 and T20, whereas the estimated probabilities for T15 
were considerably lower. Such information could be used 
to support decision-making. However, the estimated prob-
ability in this study is not definitive, because the derived 
probability depends on several assumptions, as described 
in the methodology. Therefore, applying different methods 
of making assumptions or different analytical approaches 
would help in evaluating the confidence and robustness of 
the estimated probabilities. For example, a recent study by 
Screen and Williamson (2017) used a different estimation 
approach and found that the probability of achieving a nearly 
ice-free Arctic sea would be less than 1/100,000 for a 1.5 °C 
increase and around 1/3 for a 2 °C increase. It should be also 
noted that the probability of crossing thresholds after 2100 
should be researched in greater detail in the future to offer 
greater support to decision-making.

In the second part of this study, we estimated the global 
mean sea level rise until the year 3000 using a semi-empiri-
cal model assigning three millennial temperature pathways. 
In addition, we estimated the potential coastal exposure 
using the estimated sea level.

There was a large gap between the scenarios exceeding 
the threshold (T25 and T20) and those not exceeding the 
threshold (T15) in the global total. It should be noted that 
the results are greatly affected by the assumption that the 
threshold temperature of the Greenland ice sheet is 1.6 °C. 
Therefore, the parameters used to describe ice sheets and sea 
level distribution should be explored further to yield more 
plausible sea level and exposure estimations on a millennial 
timescale.

Overall, although our study has presented a framework 
for probabilistic assessment and added estimates of probabil-
ities of exceeding thresholds while also outlining the poten-
tial consequences of exceeding thresholds, enhancing the 
scientific basis for various TEs and their thresholds through 
additional research is necessary, because understanding on 
these parameters is still limited.

To this end, several studies on TEs and their thresholds 
(e.g., Abe-Ouchi et al. 2013; Yamamoto et al. 2014, 2015; 
Obase et al. 2017) were successfully conducted for the ICA-
RUS. The growth and reduction of Northern Hemisphere 
ice sheets over a million-year timescale (Abe-Ouchi et al. 
2013), and basal melting of the Antarctic ice shelves (Obase 
et al. 2017) and ocean oxygen depletion due to the decom-
position of submarine methane hydrates over timescales of 
1,000 years or more (Yamamoto et al. 2014, 2015) could 
be considered as additional TEs for the next research step. 
Future policy-related research projects similar to ICA-RUS 
should continue to promote additional basic studies on TEs 
and their thresholds.
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Fig. 7  Estimated global total exposure from 2005 to 3000 in terms of 
a inundated area, b population, and c assets relative to 2005. The red, 
green and blue line indicates T25, T20, and T15. Each shaded area 

indicates the estimated minimum and maximum ranges. Greenland 
threshold of 1.6 °C, the equilibrium climate sensitivity of 3.0 °C, no 
changes in population and GDP, and no adaptation were assumed
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Appendix 1

The probabilities of exceeding threshold temperatures are 
shown as a function of temperature increase (Fig. 8a for Arc-
tic summer sea ice and Fig. 8b for the Greenland ice sheet). 
The probability functions were computed by integrating 
the domain of the joint probability density (see Fig. 4a, b, 
and Fig. 5a and b) across the temperature increases in 2100. 
Higher target temperatures were associated with a higher 
probability of global mean temperature increase, and as a 
result, the probability of exceeding the thresholds by the 
end of this century increased because the probability that 
the threshold temperature would be lower than the tempera-
ture increase became higher. Furthermore, T15 had a low 
probability of achieving high temperature increases (e.g., 
> 5 °C); therefore, the probability function of T15 reached 
equilibrium at lower temperature increases. Conversely, the 
probability function under business as usual (BaU) kept 
increasing, even at high temperatures, because BaU had a 
greater probability of high temperature increases.

Appendix 2

Four global datasets were used to estimate the sea level rise 
and coastal exposure: global mean temperature, elevation, 
population, and gross domestic product (GDP) per capita 
(for details, see Table 2). Our estimation used three emis-
sion pathways associated with SSP2 and three global mean 
emissions pathways by 2100 (T15, T20, and T25) (Su et al. 
2017). Actual climate sensitivity was fixed at 3.00 °C. From 
2100 to 2300, anthropogenic emissions were maintained 
roughly at 2100 levels. In T15, T20, and T25, temperature 
after 2100 was limited to below 1.5, 2.0, and 2.5 °C, respec-
tively (Su et al. 2017). To achieve the 1.5 °C target, a marked 
reduction in  CO2 is required, and as a result, T15 reaches 
negative emissions by 2100. To focus on the millennial-scale 
effects of exceeding the threshold, this estimation extended 
the period to the year 3000 with temperature fixed at the 
level of 2300 (see Fig. 2). This extension was considered to 
be reasonable because the temperature pathways were simi-
lar to the results of the Earth System Models of Intermediate 

Fig. 8  Probabilities on exceeding threshold temperatures as the func-
tion of temperature increases in 2100. a Arctic summer sea ice and 
b Greenland ice sheet. The cumulative probabilities are computed by 

integrating the domain of joint density (see Figs. 4a, b, 5a, b) across 
the temperature increases axis

Table 2  Datasets for estimation 
of coastal exposure

Dataset Spatial resolution Period

1. Elevation GLOBE DEM (Hastings et al. 1999) 30″ × 30″ –
2. Population Landscan (ORNL 2016) 30″  × 30″ 2000
3. GDP World Bank Data (World Bank 2016) Each country 2000
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Complexity, with emissions following the representative 
concentration pathways (Zickfeld et al. 2009).

The global asset distribution was calculated using the 
GDP per capita fixed at the year 2000 for each country 
(World Bank 2016). The asset distribution was calculated 
by multiplying the population count in grids with the per 
capita GDP of the country in the same manner as Sato 
et al. (2014). A fixed population and GDP corresponding 
to that of 2000 were used for the entire period to highlight 
the changes between the scenarios that did not, and did, 
exceed the threshold temperature due to climate change. 
As such, vertical movements of land, population growth, 
migration, and socioeconomic development of countries 
were not considered in this study due to the uncertainty of 
such projections and calculation costs.

The future global mean sea level rise was estimated 
using a semi-empirical model (Eq. 1) created by Grinsted 
et al. (2010) and Mengel et al. (2016) for each sea level 
contributor. This study divided the contribution to SLR into 
four contributors: thermal expansion, glaciers and ice caps, 
Greenland ice sheet, and Antarctic ice sheet. Whereas we 
considered the threshold for the Greenland ice sheet, the 
threshold for the Antarctic ice sheet was not considered for 
the following reasons: Fig. 2d in Leverman et al. (2013) 
indicates a linear increase in sea level rise with regard to 
the contribution of the Antarctic ice sheet against tempera-
ture increases. In addition, a literature review did not reveal 
any reliable range of threshold temperature due to the large 
uncertainties in the predictions of the tipping behavior of 
the Antarctic ice sheet (i.e., the West Antarctic and East 
Antarctic ice sheets). This motivated us to use a combination 
of linear functions, rather than setting a particular threshold 
for the Antarctic ice sheet.

We defined S(t) as the time-dependent SLR contribution 
for each SLR contributor and Seq(T(t)) as the long-term 
sensitivity for the sea level component as a function of 
the global mean temperature T, and τ was the response 
timescale. The short-term rate of SLR can be modeled as 
a function of global mean temperature as follows:

For the equilibrium sea level of thermal expansion, gla-
ciers and ice caps, and the Antarctic ice sheet, the histori-
cal relationship between sea level and temperature derived 
from 10,000-year runs of six general circulation models, 19 
results from runs of two glacier models, and the simulated 
sensitivity for 5 million years with an ice sheet model (Lev-
ermann et al. 2013) were used, respectively (Fig. 9a–c). The 
given values for the glaciers and Antarctica were the rela-
tionships developed at four levels (1, 2, 3, and 4 °C). Fitting, 
linear interpolation, and extrapolation were used to obtain 

(1)dS

dt
=

Seq(T(t)) − S(t)

�

values other than these points, whereas the values for ther-
mal expansion were the slope values. For the response time 
for thermal expansion, mountain glaciers and the Antarctic 
ice sheet to achieve the equilibrium state, the ranges between 
the upper and lower bounds of the calibrated parameters 
between the model and observed sea level (Mengel et al. 
2016) were applied (Table 3).

Although Mengel et al. (2016) used tuple relationships 
between response time and sea level rise, we assumed that 
response time and equilibrium sea level rise were inde-
pendent, so that we could consider the riskiest case of the 
highest equilibrium state with the shortest response time. 
Because of this assumption, our estimation provides a more 
severe case of sea level rise than the estimation in Mengel 
et al. (2016). However, our worst case scenario of thermal 
expansion (i.e., combination of the shortest response time 
with the highest sea level rise of Table S1 in Mengel et al. 
2016) would not be completely unrealistic. For example, 
from Fig. 13.13 and Table 13.8 in AR5 (IPCC 2013), the 
“high” scenario (> 700 ppm  CO2) in 2300 could be 1.81 m 
of sea level rise due to thermal expansion. Figure 12.42 in 
AR 5 (2013) also indicates that the temperature increase 
from present-day would be around 3.0 °C in RCP6.0, under 
which  CO2 is about 750 ppm after 2100. Considering these 
figures, and assuming linear relations among temperature 
increase, response time, and sea level rise, a temperature 
increase of 1 °C in 100 years would be associated with about 
0.6 m of sea level rise. This gives 0.6 and 100 as the tuples 
of the commitment parameter and calibrated parameter, 
respectively, which are not significantly different from the 
worst-case tuples of 0.626 and 81.7. Therefore, so that our 
simulation included the riskiest situation, we applied the 
shortest response time with the largest sea level rise given 
in Table S1 of Mengel et al. (2016).

In addition, the parameters of the Greenland ice sheet 
were assumed to have a threshold based on the most recently 
published papers that considered the elevation–temperature 
feedback associated with surface melting (Robinson et al. 
2012; Levermann and Winkelmann 2016). If the global 
mean temperature were to exceed the threshold of 1.6 °C 
above the preindustrial level, the Greenland ice sheet would 
presumably lose its volume irreversibly until an ice-free 
state equivalent to a 7.36-m SLR was achieved (Fig. 9d). 
The required time for complete volume loss was defined 
based on how long, and by how much, the temperature 
would exceed the threshold. Since the response time of the 
Greenland ice sheet is a monotonically decreasing function 
of both the atmospheric lapse rate and the melting sensi-
tivity (Levermann and Winkelmann 2016), the upper and 
lower limits of the estimates can be computed directly from 
the observed uncertainty interval of these quantities (see 
Table 1 of Levermann and Winkelmann 2016). The median 
estimate for the melting of the Greenland ice sheet varied 
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from more than 2,000 years for a warming of + 1 °C to less 
than 500 years for a warming of + 5 °C. Here, the time-step 
was set to 5 years for the global mean emissions pathways.

We estimated the potentially inundated area, popula-
tion, and assets using the following algorithm. First, the 
potentially inundated area was estimated for every 1-m 
increase in sea level, because we used elevation data from 
the Global Land 1-km Base Elevation (GLOBE) digital 
elevation model, which has a 1-m vertical resolution and 
a 30-arc second horizontal resolution. The computation of 

the potentially inundated area excluded land-locked inland 
areas that were below sea level. Coastal exposure with each 
1-m rise in sea level was obtained from a distribution map of 
the inundated area, population, and assets. The coastal expo-
sure from 2005 to 3000 was obtained by interpolating each 
1-m exposure by the estimated sea level rise. We assumed 
no adaptation, and thus, the area of potentially inundated 
land calculated in this study does not fully account for dikes 
or defenses along coastlines, due to limitations in available 
data.
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