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Abstract
Temperature targets of the Paris Agreement limit global net cumulative emissions to very tight
carbon budgets. The possibility to overshoot the budget and offset near-term excess emissions by
net-negative emissions is considered economically attractive as it eases near-term mitigation
pressure. While potential side effects of carbon removal deployment are discussed extensively, the
additional climate risks and the impacts and damages have attracted less attention. We link six
models for an integrative analysis of the climatic, environmental and socio-economic consequences
of temporarily overshooting a carbon budget consistent with the 1.5 ◦C temperature target along
the cause-effect chain from emissions and carbon removals to climate risks and impact. Global
climatic indicators such as CO2-concentration and mean temperature closely follow the carbon
budget overshoot with mid-century peaks of 50 ppmv and 0.35 ◦C, respectively. Our findings
highlight that investigating overshoot scenarios requires temporally and spatially differentiated
analysis of climate, environmental and socioeconomic systems. We find persistent and spatially
heterogeneous differences in the distribution of carbon across various pools, ocean heat content,
sea-level rise as well as economic damages. Moreover, we find that key impacts, including
degradation of marine ecosystem, heat wave exposure and economic damages, are more severe in
equatorial areas than in higher latitudes, although absolute temperature changes being stronger in
higher latitudes. The detrimental effects of a 1.5 ◦C warming and the additional effects due to
overshoots are strongest in non-OECD countries (Organization for Economic Cooperation and
Development). Constraining the overshoot inflates CO2 prices, thus shifting carbon removal
towards early afforestation while reducing the total cumulative deployment only slightly, while
mitigation costs increase sharply in developing countries. Thus, scenarios with carbon budget
overshoots can reverse global mean temperature increase but imply more persistent and
geographically heterogeneous impacts. Overall, the decision about overshooting implies more
severe trade-offs between mitigation and impacts in developing countries.

1. Introduction

The temperature targets of the Paris Agreement can
be translated into carbon budgets (e.g. Meinshausen
et al 2009) as the global mean temperature (GMT)
shows a short-term albeit permanent response to

cumulative emissions (e.g.Matthews et al 2009). Only
for very large overshoot magnitudes and durations
the symmetric temperature response to net posit-
ive and net-negative emission fluxes vanishes (e.g.
Jones et al 2016, Zickfeld et al 2016). The focus on
GMT inhibits quantification of temporal and spatial
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responses of systems and processes along the cause-
effect chain from (i) emissions and removals through
(ii) the climate system to (iii) impacts and damages.
In this study we explore the differences between two
scenarios that differ only in the overshoot of the car-
bon budget.

Integrated assessment models (IAMs) derived
overshootmagnitudes of up to 1000 GtCO2 above the
carbon budget until 2100 (Bauer et al 2018, Riahi et al
2021). The main argument in support of overshoot-
ing is the lower near-termmitigation costs. The posit-
ive economic effect is stronger the smaller the carbon
budget (Kriegler et al 2014, Bauer et al 2018, Riahi
et al 2021). Riahi et al (2021) identified potential pos-
itive effects on annual GDP of limiting the overshoot
during the 2nd half of the 21st century. The overshoot
magnitude also depends on the development of the
climate policy ambition over time that can be meas-
ured by the carbon price path (Realmonte et al 2019,
Strefler et al 2021a). Stronger near-term policy ambi-
tion results in deeper near-term emission reductions
and larger deployment of carbon dioxide removal
technologies (Riahi et al 2021, Strefler et al 2021a).
This can aggravate environmental problems related to
carbon removals such as bioenergy with carbon cap-
ture and storage (BECCS; Smith et al 2015, Heck et al
2018). A broader portfolio of carbon removal options
tends to increase overshoots, but reduces overspecial-
ization on a single option with spatially concentrated
harmful effects (Strefler et al 2021b).

Climate models are used to assess resulting addi-
tional climate risks. The overshoots are simulated by
assuming: (i) single year removal pulses of 370 to
nearly 2000 GtCO2, (ii) emission-driven scenarios
lead to different cumulative CO2-emissions or (iii)
concentration driven runs differ by several thou-
sand GtCO2 of cumulative emissions. Asymmetric
and non-linear GMT changes to single year pulses
of CO2-emissions or removals have been demon-
strated if they are large or imposed on different
equilibrium states (Zickfeld et al 2021). Variations
of CO2-concentration overshoot scenarios identified
additional climate risks due to inertia and path-
dependency regarding carbon pools, ocean heat and
sea-level rise (SLR) (Boucher et al 2012, MacDougall
2013, Tokarska and Zickfeld 2015, Zickfeld et al 2016,
Palter et al 2017). These studies are difficult to inter-
pret because concentration driven scenarios feature
GMT differences up to 1.5 ◦C (Boucher et al 2012).
Later studies extended the analysis to oceanic biogeo-
chemistry (e.g. Mathesius et al 2015, Hofmann et al
2019).

The additional socioeconomic risks are under-
researched. A recent study by Drouet et al (2021)
investigated overshoot scenarios with maximum
GMT difference of 0.16 ◦C, based on the MAGICC
model. Differences of indicators representing heat
and drought were ‘statistically indistinguishable’ and

showed no regional patterns. Also additional SLR
would not exceed 2.3 cm by 2200. Different to that,
the overshoot causes no less than 4 trillion USD/yr
of GDP reduction by 2100 , if the damage function
relied on Burke et al (2015).

Based on the existing literature it is difficult to
assess overshoots because studies aremostly narrowly
focused, use incoherent scenario assumptions and
vary in their temporal and spatial focus. The present
study addresses these shortcomings. First, we use a
broad set of models to assess effects of carbon budget
overshoot along the whole cause–effect chain con-
sidering, climatic and environmental issues. Second,
we will not only consider emissions and removals,
but also land-use change information derived with
an IAM to drive Earth system models and models
mof relevant components. Third, we will investigate
the temporal and geographical impacts of mitigation
benefits and induced additional climate risks to better
understand reversibility and trade-off relationships.

2. Integrated framework of models

For the evaluation of the overshoot flexibility, we
integrate a series of models from different disciplines
into an analysis framework (figure 1). Themodels are
peer-reviewed and used by international assessment
bodies, such as the Intergovernmental Panel on Cli-
mate Change (IPCC).

The framework works through the cause-effect
chain, but information does not feedback between
models to fully close the loop. For example, climate
impacts and damages are based on socioeconomic
factors and policies, but these socioeconomic devel-
opments and policies that drive the emissions in
REMIND-MAgPIE. Similarly, the climatic effects on
terrestrial vegetation computed with LPJmL are not
fed back into the UVic model to update the carbon
cycle representation and, thus, improve information
about carbon fluxes. The socio-economic assump-
tions are harmonized to themiddle-of-the-road scen-
ario of the Shared Socioeconomic Pathways (SSPs,
Kriegler et al 2017).

The REMIND-MAgPIE model computes the
emission and land-use pathways with full and min-
imal overshoot flexibility. It derives scenarios for CO2

emissions and other climate forcers as well as land-
use patterns consistent with deployment patterns of
CDR technologies: BECCS, afforestation, direct air
capture and storage (DACS) and enhanced weather-
ing (Strefler et al 2021b). The 1.5 ◦C target at 66%
no-exceedance likelihood is implemented by a global
carbon budget with 600 GtCO2 for the time horizon
2010–2100 (Rogelj et al 2018, 2019). Emissions and
removals are controlled by a globally uniform carbon
price that starts in 2025 and grows at 5% per year.
All other GHG emissions are priced using CO2-eq
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Figure 1. Overview on information flow of the integrated model framework. REMIND-MAgPIE: Bauer et al (2020b), Strefler et al
(2021b); UVic 2.10—Mengis et al (2020); PISM—Winkelmann et al (2011), Bueler and Brown (2009); LPJmL—Schaphoff et al
(2018); Macroeconomic damages—Burke et al (2015), Schultes et al (2021); Life-time extreme event exposure—Thiery et al
(2021).

conversion factors based on Global Warming Poten-
tials (GWP100). Aerosol emissions such as sulfur
and black carbon are also represented depending on
human activities. In the scenarios of this study the res-
ulting overall radiative forcing of aerosols decreases
because the relevant activity levels decline and the
emission factor decrease due to assumed air pollution
policies (Rao et al 2017).

The carbon budget is small and cannot be
achieved in the model by completely avoiding a
budget overshoot. Hence, we limit the over-shoot and
name it minimal or low overshoot scenario. In this
scenario net-negative emissions are not remunerated.
In the full overshoot scenario all net-negative emis-
sions are remunerated at the level of the carbon price.
Thus, the duration andmagnitude of the overshoot is
derived endogenously given the socioeconomic con-
ditions and the strength of the climate target. We also
perform a sensitivity analysis that gradually reduces
the overshoot by varying the remuneration factor.

The emission and land-use scenarios are used
by the UVic model (Mengis et al 2020) to simu-
late climatic and biogeochemical changes. The model
provides insights into the dynamic changes of natural
carbon pools (including the permafrost soils), atmo-
spheric temperatures, precipitation, sea-ice, oceanic
heat content and thermosteric expansion, ocean
circulation as well as marine and terrestrial biogeo-
chemistry. The model adequately simulates changes
in historical temperature and carbon fluxes for the
historical period 1850–2015 (Mengis et al 2020). The

model is also used to investigate parametric uncer-
tainties (see SI).

The UVic model serves as the basis to evaluate a
broad spectrum of changes in the climate system at
the global level and is spatially resolved. For a more
comprehensive assessment and integrated perspect-
ive we use the results of UVic and REMIND-MAgPIE
to force a broader portfolio of models allowing us to
evaluate impacts onmore climate, environmental and
socioeconomic systems (figure 1).

The temperature and precipitation changes of
UVic are used by the Parallel Ice Sheet Model (PISM,
Bueler and Brown 2009, Winkelmann et al 2011,
Garbe et al 2020) to evaluate the impacts on the ice
sheets of Greenland andAntarctica and resulting con-
tributions to SLR that is added to the ocean thermal
expansion and glacier melting. PISM simulates mass
changes due to snowing, melting and ice discharge
(Calov and Greve 2005, Reese et al 2018, Zeitz et al
2021). Additionally, the temperature changes as well
as the ice sheet geometry changes caused by the melt-
ing lead to an increase in dynamic ice losses, fur-
ther contributing to SLR. The contribution of glaciers
to SLR is evaluated using a parsimonious emulator
approach by Mengel et al (2016) that parameterizes
the results of 18 different climate models and separ-
ates the effect of anthropogenic warming from nat-
ural factors. The resulting sensitivity curves for SLR
driven by glacier melting show the largest long-term
equilibrium SLR for long-term global warming of up
to 2 ◦C. The SLR contribution from thermosteric
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expansion due to ocean heating is taken from the
UVic runs.

The global terrestrial vegetation model LPJmL
uses the global CO2-concentration, temperature, pre-
cipitation, radiation and land-use patterns from
REMIND-MAgPIE and UVic (figure 1). All climate
variables are used from the years 1901–1930 and ran-
domly shuffled. It allows to evaluate the impacts on
the vegetation and changes in the spatial distribution
of biomes and potential degradation. Compared to
UVic’s terrestrial carbon cycle model LPJmL uses a
finer spatial and temporal resolution, comprisesmore
detailed processes, a broader set of vegetation types
and an advanced representation of fire dynamics. We
use LPJmL to detect hotspots of changes in terrestrial
carbon pools and relate it to climatic or land-use
changes.

Changes in economic activity are related to GMT
changes (Burke et al 2015). The relation is hump-
shaped with a maximum at∼13 ◦C. A change in one-
year GMT shock implies change in the level of GDP
with uncertain degree of permanence (Newell et al
2020, Piontek et al 2018). Thus, we formulate a decay
function and vary the half-time in years after which
half of the original annual GDP effect is still present
(Schultes et al 2021). In this studywe assume perman-
ence of five and 15 years along with the extreme val-
ues of zero and infinity for single year damage and
fully permanentGDP reduction. The damages are cal-
culated at country-level, using population-weighted
mean country temperature anomalies based on the
UVic simulations and GDP per capita (Dellink et al
2017, KC and Lutz 2017).

Finally, we quantify the impacts on the expos-
ure to extreme weather events over the lifetime of
different age cohorts born between 1960 and 2020
(Thiery et al 2021). The gridded population scenarios
are mapped to the spatially explicit simulations of
six extreme event categories (Lange et al 2020): heat-
waves, tropical cyclones, river floods, crop failures,
wildfires and droughts. The results are summarized
aggregating the frequency of extreme events over the
remaining life-times per cohort. The cumulation over
life-time provides a first indicator on potentially neg-
ative socioeconomic impacts, incl. more permanent
consequences such as lower human capital formation
due to reduced schooling.

3. Results

3.1. Overshoot, emissions, land-use change, carbon
removals and costs
Net emissions would need to decrease immediately
and quickly tominimize the carbon budget overshoot
(figure 2(a)). In the overshoot scenario global CO2

emissions remain constant until 2030, which exceeds
the range of 1.5 ◦C-compatible scenarios considered
by the sixth Assessment Report of the IPCC (AR6).
The overshoot reaches 700GtCO2 (see figure 2(b)),

while cumulative carbon removal are 900GtCO2 with
large contributions of BECCS and DACS. The full
overshoot leads net-zero CO2 emissions in 2065 and
27 GtCO2/yr net negative emissions by 2100, which is
5 times the mass flow of today’s oil extraction. In case
with onlyminimumovershoot in 2030 net CO2 emis-
sions are reduced by 70% compared with 2020, which
is comparable to the fastest reduction scenarios con-
sidered in AR6.

Limiting the overshoot (moving left-to-right
along the x-axis in figure 2(b)) lowers carbon
removals only slightly as removals are increasingly
used to offset intratemporally rather than intertem-
porally (see also Johansson et al 2020, Strefler et al
2021a). Further, afforestation on pasture and range
lands becomes more important (see figure 2(c)) par-
ticularly in non-Organization for Economic Cooper-
ation and Development (OECD) regions (figure
S1(e)) offering the near-term potential to achieve
net zero carbon emissions as soon as 2040 (see
figure 2(a)).

Carbon prices vary substantially (in 2030
50–500US$/tCO2) depending on the overshoot
(figure 2(e)). The reduction in GDP is substantially
higher in non-OECD countries and also varies more
strongly than in OECD countries (figure 2(d)). The
time profile indicates that limiting the overshoot
leads to larger macroeconomic impact in non-OECD
countries. During the second half of the 21st century
the annual GDP reductions are lower without over-
shoot, but this difference is relatively small (see figure
S2). This asymmetric and regressive impact is due to
differences in socioeconomic development and fossil
fuel dependency (Bauer et al 2020a).

3.2. Climate system and carbon cycle
The global CO2 concentration in 2100 is slightly lower
in the overshoot scenario (figure 3(a)), whereas the
GMT is narrowed to only 20% of the peak difference
(figure 4(a)). Thus, for these scenarios key global cli-
mate variables show temporary rather than persistent
effects.

In the full overshoot scenario terrestrial car-
bon reservoirs respond within a decade turning
from sink to source after atmospheric CO2 peaked
(figure 3(b)). Additional permafrost carbon losses
(20GtCO2) due to temperature feedbacks are irre-
versible (figure 3(d)), but they are offset by a greening
vegetation. However, the carbon loss from perma-
frost soils may be more responsive to the over-
shoot due thermokarst dynamics from rapid warm-
ing (McGuire et al 2018, Pihl et al 2021). Overall,
responses of the terrestrial carbon stocks are highly
uncertain (Friedlingstein et al 2014, Hewitt et al 2016,
Melnikova et al 2021, Pihl et al 2021). Specifically,
in the overshoot the CO2 fertilization effect weakens,
while heterotroph respiration of previously accumu-
lated carbon becomes dominant turning the veget-
ation system into a net-CO2 source. The relative
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Figure 2. Overshoot flexibility and implications derived with REMIND-MAgPIE. Panel (A) shows global total net CO2 emissions
along with three illustrative scenarios of the IPCC SR15 (grey lines); the green dashed line shows the total CO2 emissions and the
uncertainty range according to the Global Carbon Project (Friedlingstein et al 2022) the dotted line shows historical emissions
according to CEDS; see supplement for details. Note that the minimum overshoot scenario requires cumulative net negative
emissions of 50 GtCO2 to comply with the 600 GtCO2 carbon budget. Panel (B) depicts the cumulative global carbon removals
until 2100 against the global carbon budget overshoot on the x-axis. Panel (C) shows changes in land-cover until 2100 that are
used in the UVic model. Panel (D) shows the cumulative global GDP reduction and in OECD and non-OECD countries. The
numbers represent relative differences of net present values for the time horizon 2020–2100 assuming a discount rate of 5% per
year. Panel (E) shows the carbon price in 2030 against the carbon budget overshoot and added the cross-model ranges of
cumulative amounts of net-negative carbon emissions for three SSPs in case of the 1.9 W m−2 target.

magnitude of both effects is uncertain. The ocean
also takes up more carbon in the overshoot scenario
(figure S3(a)) and turns from sink to source only in
2080 (figure 3(c)). On balance the high CO2 concen-
tration leads to more carbon uptake by the vegetation

and the oceans than the temperature feedback releases
carbon from permafrost soils. The results are robust
against variations of uncertain model parameters.

Climate systems show more persistent effects
between both scenarios although GMT nearly fully
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Figure 3. Comparison of UVic simulated global annual mean changes in (a) atmospheric CO2, (b) terrestrial carbon fluxes
(positive into the land), (c) the air-sea carbon flux (positive into the ocean), and (d) permafrost carbon. The black lines in (a) are
the results from the MAGICC model. The dotted and dash-dotted lines are from perturbed parameter simulations that were
chosen to investigate potential upper (dotted; PP1) and lower (dash-dotted; PP2) temperature responses to the forcing in these
scenarios. Note: atmospheric CO2 in both UVic scenarios (figure 3(a)) is slightly higher than in MAGICC, a behavioral bias that
often occurs when ESMs are forced with emissions (Hoffman et al 2014). However, the biases are nearly equal in both scenarios
(i.e. differences of the UVic and the MAGICC results are of a similar magnitude for both scenarios).

converges by 2100 (figure 4). The peak temperat-
ure difference between the scenarios occurs around
2065 reaching 0.35◦ C, upper end of the scenarios
recently considered in AR6. This difference vanishes
by 80% until 2100. The remaining 20% are related to
higher emissions of non-CO2 forcing agents in the
overshoot scenario (see figure S8). Although GMT
is nearly fully reversible by 2100 various climate
systems, particularly oceans, show more persistent
effects (figures 4(b)–(f)).

The ocean heat content differs between scenarios
(figure 4(b)). While global annual mean sea surface
temperature anomalies mostly follow atmospheric
temperature change trends, deep ocean warming
occurs more slowly and is driven by both mixing and
diffusion as well as large-scale circulation (Gleckler
et al 2006, Gregory et al 2013, figure S6). Most of
the additional ocean heat storage in the overshoot
scenario until 2100 occurs in the upper ocean (above
2000 m). However, warmer waters can be seen mov-
ing on circulatory pathways into the ocean interior,
i.e. on the North Atlantic Deep Water, Antarctic
Intermediate Water, and Antarctic Bottom Water
pathways (figure S6(c)). Consequently, deeper ocean

layers (below the mixed layer depth, but mostly still
in the upper 2000 m) show persistent temperature
differences.

Warming in both scenarios is largest at high latit-
udes due to polar amplification (up to 3.8 and 4.5◦ C
above pre-industrial conditions at peak warming in
the minimum overshoot and overshoot scenarios,
respectively; not shown). The largest temperature dif-
ferences reach 0.8 ◦C for near surface air temperat-
ure and ocean temperatures (figures S4 and S5(a)).
Moreover, the differences vanish less than the GMT
towards the poles (>0.1 ◦C remain by 2100, figure
S5(b)). The latitudinal bias of the temperature signal
and the persistence of the heat retention have various
knock-on effects.

The increasing temperatures lead to ocean sea-ice
melting, weakening of meridional overturning, and
more precipitation (figures 4(c)–(e)). The additional
peak loss is about half a million additional square
kilometers. Sea-ice begins to recover from the over-
shoot, but at a slower rate than near-surface air tem-
perature and 40% of the peak difference remains in
2100. Furthermore, additional precipitation doubles
and is persistent throughout the century; the global
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Figure 4. Comparison of UVic simulated global annual mean changes or anomalies in (a) near surface air temperature, (b) ocean
heat content from 0 to 2000 m, (c) Northern hemisphere sea ice area, (d) precipitation, and (e) meridional overturning
circulation. The black lines in (a) are the results from the MAGICC model. The dotted and dash-dotted lines are from perturbed
parameter simulations that were chosen to investigate potential upper (dotted; PP1) and lower (dash-dotted; PP2) temperature
responses to the forcing in these scenarios.

anomaly is maximum 2% and mostly related to
oceans. Also, the weakening of the meridional over-
turning is twice as strong in case with the overshoot,
but this effect is more persistent and shows hardly
any recovery until 2100 (figure 4(e)). Finally, warmer
oceans contribute to stronger SLR, which is treated
next.

3.3. Ice sheets and sea-level rise
The scenario with minimal overshoot leads to long-
lasting SLR driven by ice dynamics for both the Ant-
arctica and Greenland ice-sheets as well as mountain
glaciers and thermosteric expansion from warming
oceans (figure 5). In the minimal-overshoot scenario
the SLRs continuously by 39.7 cm until 2100, which
is comparable with the best-estimate 41 cm assessed

in AR6 WG1 for the 1.5 ◦C scenario. The temperat-
ure overshoot leads to an additional SLR of 3.6 cm or
nearly 10% until 2100 that continues growing there-
after (figures 5(b), (d), (f), (h)). The additional SLR
exceeds the estimates of 0.4–2.3 cm until 2200 by
Drouet et al (2021) substantially.

The major SLR driver until 2100 is thermos-
teric expansion with 19.4 cm in the low-overshoot
scenario adding another 2.8 cm at time of the
peak difference in 2080. In both scenarios the
ocean heat content increases until and beyond
2100 (figure 4(b)) and, consequently drives the
SLR, although the differences become smaller after
2080. Glaciers are expected to add 9.3 cm, but the
additional SLR from the overshoot only amounts
to 0.75 cm.

7
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Figure 5. Impact of the overshoot on global sea-level rise. Contribution to sea-level rise by ice-sheet mass loss in Antarctica until
2100 (inlay: until year 3000) (A) as well as effect of full overshoot from pairwise differences compared with minimal overshoot
case (B). Absolute and additional contributions to SLR from Greenland ice sheet melting (c) and (d). Absolute and additional
contributions to SLR due to thermosteric expansion (e) and (f), and panels (g) and (h) by the SLR emulator of Mengel et al
(2016). Results for panels (a)–(d) derived with PISM, panels (e) and (f) by UVic, panels (g) and (h) with a semi-empirical model.
The shading denotes the uncertainty based on the Greenland melt sensitivity (as explained in detail in the appendix) and the
temperature sensitivity of UViC for the case of the Antarctic ice sheet. The shading in (g) and (h) denote the 5th and 95th
percentile of the ensemble reflecting the parameter uncertainty in the semi-empirical glacier model. The insets of panels
(a)–(d) are derived with the assumption that the geographical distributions of temperature and precipitation anomalies are kept
constant at 2100 values.

TheGreenland andAntarctic ice-sheets are expec-
ted to contribute less to SLR until 2100. Surface melt-
ing of the Greenland ice-sheet is driven by air tem-
peratures, which immediately reacts to differences in
GMT. The Antarctic ice-sheet is more inert as the

melting at the ocean-ice interface depends on increas-
ing water temperatures, which respond with delay to
air temperature changes. Antarctica could dominate
the contributions to SLR, if the local temperature
anomalies in Southern oceans turn out persistent
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Figure 6. Impact on marine ecosystems measured by the coral calcification rate in % compared to pre-industrial levels. The top
row shows results for 2065, whereas the bottom row shows results for 2100.

and therefore increase the melting-rate in Antarctica
(figure 5(b) inlay) as small differences can drive long-
term changes in ice mass (see Garbe et al 2020). Over-
all the ice-sheets feature more mass loss frommelting
than mass gains from increasing snow accumulation
(Medley and Thomas 2019).

The dynamics of ice-sheets are highly uncertain.
In recent analysis the near-term uncertainties regard-
ing the Greenland ice-sheet have been highlighted
suggesting a potential underestimation of future ice-
sheet looses (Aschwanden et al 2021). Also, impacts
of SLR are difficult to assess. A recent study attrib-
uted nearly 15%of the total economic damage of hur-
ricane Sandy in 2012 on the greater New York area to
9 cm of regional SLR (Strauss et al 2021). This high-
lights that small SLR changes can make a substantial
difference. There are no studies that assess the differ-
ential impacts of small sea level differences like the
one provided here that are in addition to larger future
SLR.

3.4. Impact onmarine and terrestrial ecosystems
Figure 6 shows the changes of coral calcification rates
relative to pre-industrial levels derived with the UVic
model. The calcification rates are lowered if water
temperatures exceed the optimal level and pH value
increases that indicates ocean acidification due to

CO2, which slows the growth and regeneration of
coral reefs. The minimal overshoot scenario on the
right-hand side shows calcification rates to drop by
40% in 2065 in the area North of Australia. In the
full overshoot scenario the calcification rate decreases
more severely by 50%. The differences between both
scenarios vanish by 2100 as the differences of surface
pH values and sea surface temperatures in the relev-
ant areas fade out and thus establish similar envir-
onmental conditions allowing calcification rates also
to converge (e.g. Albright et al 2016). Nonetheless, in
both scenarios calcification rates remain substantially
below pre-industrial levels (20%–40%).

The calcification rate is calculated using simu-
lated temperature and carbonate chemistry based on
the Silverman equation, thereby serving as a proxy
for the skeletal growth potential of hard corals. It
does not represent the coral stock affected by mar-
ine heat waves that become more frequent and other
stressors (Frölicher et al 2018, Hughes et al 2018).
Moreover, thermal adaptation is an important, yet
uncertain factor for coral reefs’ ability to recover
(Frieler et al 2013, Sully et al 2019). Projecting coral
stock changes required more specific analysis with
ESM (for an earlier analysis, see Frieler et al 2013).
Finally, coral reef degradation risks irreversible spe-
cies losses (Trisos et al 2020).
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Figure 7. Difference between overshoot and minimal overshoot scenario averaged from 2091–2100 for (a) land-use fraction and
(b) total amount of carbon (biomass, litter and soil) in the biosphere (gC m2). Increasing land-use diminishes carbon stored in
biomass in, e.g. central Africa.

Terrestrial vegetation carbon stocks currently
absorb 29% of anthropogenic CO2 emissions
(Friedlingstein et al 2022). The analysis of the ter-
restrial ecosystems using LPJmL does not indicate
large-scale and abrupt degradation of vegetation
carbon pools due to changes in climate condi-
tions of temperature, CO2-concentration and pre-
cipitation derived from UVic. Vegetation carbon
pools (figures 7(b) and (d)) are primarily driven
by differences in land-use patterns of the two scen-
arios derived with the REMIND-MAgPIE model
(figures 7(a) and (c)). To validate this conclusion,
LPJmL has been run with differences in climate vari-
ables but frozen land-use patterns 2005–2100, which
does not show spatially concentrated differences.
The results indicate that the main differences are
explained by ubiquitous CO2 fertilization. In both
scenarios carbon losses are projected by 2100 in some
regions, incl. North-America, Eurasia, andNorthwest
of Latin-America (figure S9).

Large-scale and abrupt changes in terrestrial
vegetation have been detected in a model ensemble
only if global warming exceeds 2.5 ◦C compared to

pre-industrial levels (Drijfhout et al 2015). The res-
ults suggest that a carbon budget overshoot does not
imply additional risks to the integrity of vegetation
carbon pools, whereas additional wide-area CO2 fer-
tilization increases vegetation carbon pools. Differ-
ences in land-use change related to afforestation and
bioenergy production cause differences in vegetation
carbon pools. The role of additional carbon injec-
ted into the carbon cycle in the overshoot scenario
increases the resilience of terrestrial vegetation sys-
tems, while it tends to harm maritime systems due to
acidification along with warming oceans.

3.5. Economic impacts and extreme event exposure
The impact of global warming on GDP as well as
the differential effect caused by the additional over-
shoot strongly depends on the permanence para-
meter. OECD countries, as an aggregate, are expec-
ted to slightly benefit due to increasing GDP in both
scenarios, whereas non-OECD countries are expected
to experience substantial negative consequences for
their economies that are even more sever in the scen-
ario with full overshoot. The positive impact on the
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Figure 8.Macroeconomic damages as a percentage of GDP for the world and the aggregate of non-OECD countries differentiated
by the overshoot flexibility and the assumption about persistence of damages. ‘Infinite’ and ‘none’ represent the extreme values,
whereas 5 and 15 year persistence are in the range of modeled and estimated values.

OECD is due to the hump-shaped quadratic function,
where many regions in OECD countries at higher lat-
itudes benefit from moderate temperature increases.
Non-OECD countries already experience temperat-
ures exceeding the optimal level and, therefore, addi-
tional warming as well as a temperature overshoot
aggravate the negative effect on GDP (figure 8(b)).

Under the minimal overshoot scenario the relat-
ive reduction of globalGDP stabilizes (5 year perman-
ence) or keeps on growing slightly (15 year perman-
ence), whereas the difference peaks in the overshoot
scenario in the second half of the 21st century and
by 2100 a substantial gap still remains that depends
on the assumed permanence. In case of 5 year per-
manence the global GDP reduction in the scenario
without overshoot is expected to grow to 2% in 2060
stabilizing afterwards, while it peaks at 3.2% in case
with full overshoot and converges slowly towards the
no-overshoot case. For a 15 year persistence without

overshoot the overall GDP effect more than doubles
and the gap continues to grow until 2100 despite tem-
perature differences converging. Again, the effects in
non-OECD countries are substantially stronger than
the global average. Overall, the permanence para-
meter is crucial because it suggests to limit global
warming to low levels and to avoid the temperature
to overshoot.

Assumptions about halftime parameter are highly
uncertain. Burke et al (2015) implicitly assumed
infinite persistence. Econometric estimations found
that tropical cyclone events have on average a neg-
ative impact on GDP exceeding 15 years (Hsiang
and Jina 2014, Krichene et al 2021). So far, eco-
nometric research has not uncovered the mechan-
isms that cause the permanent GDP reduction in
the years following temperature anomalies. Theor-
etical and quantitative model research has shown
that the alternative approaches ofmodeling economic
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Figure 9. Lifetime exposure to extreme heatwaves under minimal and full overshoot. (a) Total land area annually exposed to
extreme heat waves. (b) Lifetime heat wave exposure for different birth cohorts; and associated exposure multiplication factors
relative to the 1960 birth cohort. (c) Exposure multiplication factors relative to the 1960 birth cohort for all generations born
between 1960 and 2020. (d)–(g) Same as (c) but for different regions depending on per-capita income; note the different scaling
on the vertical axes.

damages matters because different macroeconomic
transmission channels lead to broadly different trans-
mission channels. An equivalent GDP reduction fol-
lowing a shock results in halftimes between 3 and
40 years (Piontek et al 2018). Improved economic
estimations are required to better understand the
immediate economic impact as well as the longer-
lasting macroeconomic adjustment processes. Also,
the damage functions do not cover all feedbacks of
socioeconomic system with natural systems, such as
SLR and extreme events (Rising et al 2022) that are
treated separately in this study.

Lifetime extreme event exposure is also sensitive
to the carbon budget overshoot. Figure 9(a) depicts a
substantial increase of total global land area affected
by heat waves in the non-overshoot scenario and at
maximum it is two thirds higher in the full overshoot
scenario. Figure 9(b) shows the cumulative effect on
people being born or having reached the age of 60
in 2020, while figure 9(c) depicts the results for all
cohorts in between. Under the no-overshoot scen-
ario newborns in 2020 will be exposed five times
more to heat waves during their lifetime than people
aged 60 years in 2020. This value increase by 25%
for newborns as a result of the carbon budget over-
shoot. The comparison of countries differentiated
by income groups in figures 9(d)–(g) shows that
the additional heatwave exposure is already higher
and increases more strongly in lower-middle income
countries than in high-income countries. This pat-
tern is pronounced for newborns and young people.
In low-income countries the life expectancy is sub-
stantially lower and, therefore, the curve flattens out

for people being relatively old today. As highlighted
in Thiery et al (2021) climate change is the dom-
inant driver, while increasing life-expectancy is only
a minor factor. Although temperature increases in
tropical regions are smaller due to the polar amplific-
ation the increase of heat-wave frequency results from
the already high exposure in these regions.

We find similar changes, albeit with less severe dif-
ferences, for crops failures, droughts, river floods and
tropical cyclones. The crops failure indicator shows
reduced exposure in the full overshoot case, particu-
larly in high income countries, due to the CO2 fertil-
ization effect. For wildfire exposure the uncertainty
dominates. Higher income countries show a slight
increase because they host a high share of boreal
forests that are more sensitive than rain forests in
tropical countries that typically enjoy lower incomes.
Note: the modeling only includes wildfires caused
by natural events, e.g. lightning, but not fires caused
human activities.

Cumulative extreme event exposure over the
lifespan of people provides a perspective on differ-
ences in their expected biographies. These differences
can have potential knock-on effects on health, prop-
erty and human capital formation (including school-
ing). Empirical research identified persistent effects
of extreme events on socioeconomic variables in low-
income countries (e.g. Groppo and Kraehnert 2017).

4. Discussion and conclusion

The quest for a temporary overshoot of a long-term
climate target in the context of the 1.5 ◦C target
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needs to consider intertemporal trade-offs and dif-
ferentiate them regionally. The assessment requires a
broad multidisciplinary and comprehensive analysis
that maps out various risks and benefits for a set of
scenarios. So far, most studies focused on specific
issues in separate, disciplinary analysis using scen-
arios that are not compatible with each other. Such
a specialized, yet fragmented approach bears limit-
ations. First, the scenarios are not harmonized and
therefore magnitudes of effects are difficult to com-
pare; this includes huge differences (i) the choice
of overshooting temperature, CO2 concentration or
cumulative emissions, (ii) the duration and mag-
nitude of the overshoot and (iii) treatment of other
climate forcers than only CO2 as well as land-use
change. Second, the systems under investigation and
the geographical and temporal boundaries and resol-
ution differ.

In this study we have harmonized the scenarios
and included emissions of CO2, other GHG, other
short-lived climate forcers and land-use changes. The
resulting overshoot of 700 GtCO2 or 0.35 ◦C is at the
upper end of the scenarios assessed by the WG3 of
the IPCC, but still smaller than many studies used
for assessing additional climate risks. Our analysis is
summarized in table 1, with four major findings.

First, global climate variables show no or only
small differences at the end of the 21st century; For
instance, by 2100, 80% of the peak GMT difference is
closed. However, differentiation of the climate system
identifies path-dependencies, e.g. the polar amplific-
ation remains more persistent than GMT anomalies.
Also, CO2-concentrations in both scenarios are sim-
ilar in 2100, but additional loss of soil carbon from
permafrost thawing is off-set by stronger CO2 fertil-
ization of the vegetation carbon stock andmore ocean
carbon up-take. The global temperature overshoot
triggers a variety ofmostly regional effects, such as sea
ice losses, slowing of the meridional overturning and
lower coral calcification rates. Global SLR is a notable
special case. Antarctic ice sheet melting can overtake
thermosteric expansion as themajor driver after 2100.
This is subject to uncertainties about the strength and
persistence of polar amplification of global warming
and the response of the southern oceans. Thus, a car-
bon budget overshoot scenario of the magnitude and
duration we explored in this study will lead to only
small residual relative differences of global climate
variables in 2100, like GMT, but there can be more
notable and persistent differences in key climatic and
environmental sub-systems that vary regionally.

Second, many impacts strongly depend on
the global temperature trajectory causing path-
dependent processes in socioeconomic systems,
particularly in tropical regions with high base year
temperatures. Regarding extreme weather event
the overshoot can increase life time exposure
for young generations substantially with various

knock-on effects such as potential reductions of
human capital formation. Furthermore, negative
impacts on GDP can cumulate and lead to persist-
ent differences. Also here, countries with the dis-
advantage of high base year temperature are more
affected, despite the comparatively smaller temperat-
ure increase. Spatial heterogeneity is crucial because
countries in the most sensitive regions are develop-
ing and emerging economies, typically non-OECD
countries, with comparatively lower per-capita
incomes.

Third, on the mitigation side non-OECD coun-
tries also respond more sensitively to variations of
the overshoot. Until 2100 both scenarios lead to sim-
ilar amounts of cumulative carbon removals but to
remarkable differences in land-use, with more affor-
estation in case with no-overshoot but less removals
relying on BECCS. Furthermore, limiting the over-
shoot requires stronger near-term emission reduc-
tions and removals, which causes substantially higher
near-term GDP losses with much larger differences
in non-OECD countries. The differences turn into
a slight benefit of limiting the overshoot after 2050.
Thus, the trade-offs between short term mitiga-
tion costs and longer-term impacts and damages are
stronger in developing and emerging economies than
in OECD countries.

Fourth, additional CO2 emissions in the over-
shoot scenario act very differently in terrestrial and
marine systems.While the terrestrial vegetation is fer-
tilized, marine ecosystems like coral reefs are sub-
ject to diminishing natural resilience due to ocean
acidification that adds to the additional pressure
of increasing sea surface temperatures. When the
impacts of the overshoot propagate into the deeper
ocean, they will persist for centuries to millenia
(Mathesius et al 2015), even after the scenarios con-
verge for GMT and CO2. For the scenarios studied
here the major differences in terrestrial vegetation are
triggered by human activities like afforestation and
reduced deforestation, while marine environments
can be strongly affected by the changes in temperat-
ures and CO2-concentrations.

Future overshoot assessments can benefit from
deepening model integration in four areas. First, the
mitigation and removal scenarios require improved
framing to fully represent the diversity andheterogen-
eity of socioeconomic systems. The requirement for
equitable mitigation burden sharing can lead to very
different global scale and regional allocation of CDR
(Bauer et al 2020a). Second, inclusion of additional
direct human forcers with spatial resolution help to
assess systems under multiple pressures, including
nitrogen use, overfishing, water and air pollution,
and dam building. Potentially large-scale changes in
land use deserve additional analysis, including local
climate feedbacks, e.g. UVic results indicate that land-
use patterns cause differences in precipitation due to
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evapotranspiration differences. Furthermore, EMICs
can provide useful insights on process interactions
in the global terrestrial and marine carbon cycle that
allow to study net effects of overshoot scenarios on
biogeochemical cycles interacting with climate (e.g.
Drüke et al 2021). Third, overshoot magnitude and
duration need to be consistent between IAM scen-
arios and subsequent ESM evaluation. Fourth, the
large and near-term land-use related CDR deploy-
ment, particularly in the low-overshoot scenario,
requires more in-depth investigation, including biod-
iversity and socioeconomic consequences.

Models can derive an increasing amount of
information. Integrative analysis frameworks are
needed to enhance the quantification of trade-offs
and uncertainties. Our analysis shows that it is not
only important to consider global systems’ dynam-
ics and lock-ins, but also to represent regional and
spatial dimensions to improve the understanding of
the various distributional issues and trade-offs. Our
analysis suggests that the quest of overshooting the
carbon budget implies strong trade-offs betweenmit-
igation costs and impacts for developing and emer-
ging economies. Assessments with a broad coverage
of various systems need to link an increasing num-
ber of complex models, which raises methodological
challenges on interfaces and uncertainties as well as
the interpretation of results. Quantifying uncertain-
ties within models as well as improved methods for
the propagation of uncertainties through a chain of
interacting models would help to enhance the integ-
rated trade-off assessment of overshoots. To honor
the complexity, diversity and uncertainty of the trade-
off relationship future analysis needs to be embedded
into a broader assessment framework that includes
aggregate welfare metrics as well as multi-indicator
frameworks, e.g. the sustainable development indic-
ators as a basis.
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Code and data availability
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MAgPIE 4.1 model at https://github.com/magpie
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The PISM code used for the Antarctic Ice Sheet
simulations presented in this study is openly available
and can be obtained from Zenodo under https://doi.
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