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Abstract. Without stringent reductions in emission of greenhouse gases in the

coming years, an exceedance of the 1.5C temperature limit would become increasingly

likely. This has given rise to so-called temperature overshoot scenarios, in which the

global mean surface air temperature increase above pre-industrial levels exceeds a

certain limit, i.e. 1.5C, before bringing temperatures back below that level. Despite

their prominence in the climate mitigation literature, the implications of an overshoot

for local climate impacts is still understudied. Here we present a comprehensive

analysis of implications of an overshoot for regional temperature and precipitation

changes as well as climate extremes indices. Based on a multi-model comparison

from the Coupled Model Intercomparison Project (CMIP6) we find that temperature

changes are largely reversible in many regions, but also report significant land-ocean

and latitudinal differences after an overshoot. For precipitation, the emerging picture

is less clear. In many regions the drying or wetting trend is continued throughout the

overshoot irrespective of a change in the global mean temperature trend with resulting

consequences for extreme precipitation. Taken together, our results indicate that even

under a reversal of global mean temperature increase, regional climate changes may

only be partially reversed in the decades after peak warming. We thus provide further

evidence that overshooting of a warming level implies considerable risks on the regional

level.

1. Introduction

The global mean surface air temperature increase above pre-industrial levels is about

1.3◦C to date [1]. Without stringent emission reductions in the near-term, an exceedance

of 1.5◦C of global warming thus becomes increasingly likely [2]. As a consequence, so-

called overshoot scenarios that temporarily exceed 1.5◦C before bringing temperatures

back down below that level by means of net negative CO2 emissions have risen to

prominence in the mitigation literature[2, 3]. For time-lagged climate impacts such
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as cryospheric changes or sea-level rise, temperature overshoot will lead to irreversible

impacts [4, 5]. However, the question of reversibility is less established for changes in

atmospheric variables such as temperature and precipitation.

In observations, the climate is warming globally with diverse physical impacts

regionally [6] and most climate simulations are run for emission scenarios where this

warming is continued. Although one would expect that regional changes reverse when

climate is cooling in an overshoot scenario, there are different effects that would lead

to non-linearities in the evolution of regional climate signals. While changes in some

indicators such as global mean surface temperature (GMST) [7] or Arctic sea-ice can be

reversed [8], a hysteresis is expected for parts of the carbon cycle, ocean heat content,

or the inter-tropical convergence zone [8, 9, 10].

One factor leading to this hysteresis is the lagged response of the ocean to increased

greenhouse gas concentrations in the atmosphere. While the atmosphere responds fast

to changes in greenhouse gas concentrations, the ocean has a larger inertia, leading to

a slower response and considerable lagged effects that will still change the climate for

decades and centuries [11, 12, 13, 14]. This already implies that the transient state

of a 1.5C climate is different from a climate state that is stabilized at 1.5C [15, 16].

The period after peak warming in an overshoot scenario is an extreme case where the

instantaneous effect of CO2 reduction is superimposed by the lagged effect of CO2

increases from decades before peak warming.

Besides the overlay of a fast response to decreasing CO2 concentrations and a slow

response to the warming of the decades before peak warming, local feedback mechanisms

as well as changes in aerosol concentrations can contribute to differences in climate

impacts between the period when the climate is still warming and the period after peak

warming.

Here we present an overview of regional climate signals in two overshoot scenarios

(SSP5-34-OS and SSP1-19) with a focus on regional climate signals that change their

dependence on GMST throughout the overshoot. We analyze how regional climate

signals evolve in the period before and after peak warming. By comparing the strength

of the dependence of these changes on GMST before and after peak warming, we assess

to what extent changes during the warming period of the overshoot are reversed during

the cooling period after peak warming. This analysis gives a first overview of the physical

climate impacts of overshooting a global warming goal and helps to identify hot-spot

regions where considerable additional climate impacts have to be expected.

Note that, due to limited data availability, we only analyze the projections until

2100. We therefore cannot test the long-term reversibility of regional climate signals.

When using the term ”reversible”, we mean that changes that occurred in the decades

before peak warming are reversed in the decades after peak warming (30-50 years). Also,

we highlight that the scenario design available to us does not allow us to establish a

causal link between the overshoot and the differences in signals before and after the

overshoot. Our assessment of (ir)reversibility is thereby descriptive in nature, and we

investigate a range of factors that could affect different trajectories of regional climate
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change before and after overshoot.

2. Data & Methods

2.1. Climate projections of overshoot scenarios

We analyze Earth System Model (ESM) simulations from the sixth phase of the Coupled

Model Intercomparison Project (CMIP6 [17]) for the emission scenarios SSP5-34-OS and

SSP1-19 from the Scenario Model Intercomparison Project (ScenarioMIP [18]). The

SSP5-34-OS scenario is an idealized and rather unrealistic scenario where greenhouse

gases are emitted at a high rate until 2040 with strong mitigation thereafter until net-

zero CO2 emissions are reached in 2065 and CO2 concentrations in the atmosphere

are further reduced from there on (see fig. 1a). The SSP1-19 is a strong mitigation

scenario with only a moderate overshoot. In addition to these two overshoot scenarios,

we use pre-industrial control simulations (piControl) to compare regional trends in the

overshoot scenarios to trends originating from internal climate variability.

We aggregate the gridded climate projections into 46 land regions and 12 oceanic

regions (see fig. 9) following the regional aggregation of the sixth assessment report of

the Intergovernmental Panel on Climate Change [6]. For land regions, we only consider

grid-cells that are considered as land-cells in the ESM and vice versa for ocean regions.

When averaging over grid-cells of one region, grid-cells are weighted by their area within

the region.

Figure 1. a: CO2 emissions (left y-axis) and methane emissions (right y-axis) since

2020 in the SSP5-34-OS scenario. c: Global mean surface temperature (GMST)

projections from CMIP6 for the SSP5-34-OS scenario. e: timing of peak warming

in the CMIP6 projections of the SSP5-34-OS scenario. b: as (a) but for the SSP1-19

scenario. d: as (c) but for the SSP1-19 scenario. f: as (e) but for the SSP1-19 scenario.
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Table 1. Number of simulation runs used for the main analysis based on annual

temperatures and precipitation grouped by CMIP6 model and scenario. The number

of available runs for other varaibles is listed in table 3.

SSP1-19 SSP5-34-OS

ACCESS-ESM1-5 1

CESM2-WACCM 2

CanESM5 48 5

EC-Earth3 22

EC-Earth3-Veg-LR 3

FGOALS-g3 1 1

GFDL-ESM4 1

GISS-E2-1-G 6

IPSL-CM6A-LR 6 1

MIROC-ES2L 3 1

MIROC6 1 1

MPI-ESM1-2-LR 30

MRI-ESM2-0 1 1

UKESM1-0-LL 1

For our analysis, we only consider runs that have at least 20 years of data after peak

warming and cool down to 0.1K below peak warming until 2100 (for 31-year averaged

GMST). The ESMs as well as the number of runs for each of the scenarios are listed in

table 1.

Besides monthly surface air temperature (tas) and precipitation (pr), three climate

extreme indices are analyzed: the yearly maximum of daily maximum temperatures

(TXx), the yearly minimum of daily minimum temperatures (TNn), and the yearly

maximum daily precipitation (RX1day). These indices were calculated for runs for which

daily maximum air temperature, daily minimum air temperature, and daily precipitation

are available (see table 3).

Furthermore, we analyze sea surface tempratures (tos), sea ice area percentage

(siconc), snow area percentage (snc), and ambient aerosol optical thickness at 550nm

(od550aer) to examine potential mechanisms behind non-linearities in precipitation and

temperature-based signals. Note that these variables are not available for all runs for

which monthly surface air temperature and precipitation are available (see table 1).

Table 3 lists the number of available runs for each variable, scenario, and ESM.

2.2. Peak warming

GMST trajectories are smoothed with a 31-year running average. In each simulation,

the year with the highest smoothed GMST is identified as peak warming.

As shown in figure 1, global mean surface temperatures peak around the time when
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net-zero CO2 emissions are reached but considerable differences in the GMST response

exist between different ESMs. In the SSP5-34-OS scenario, most ESMs reach peak

warming between 2060 and 2070. In the SSP1-19 scenario, most ESMs reach their peak

GMST between 2040 and 2060.

2.3. Period before and after peak warming

In the following, changes in regional climate signals before and after peak warming are

analyzed. To allow comparability, the periods before and after peak warming have the

same length (30-50 years) depending on the timing of peak warming). This period

length is limited by the number of years between peak warming and the end of the

simulations. For each simulation run, this period length is assessed individually. We do

not consider simulations after 2100, as they are only available for a very small set of

ESMs. The analyzed periods are listed for each simulation run in table 4.

2.4. Dependence of regional climate variables on GMST

For each ESM, we compare the strength of the dependence of regional climate signals

on GMST before and after peak warming. We construct a simple model consisting of

two linear regressions, one for the period before peak warming, and one for the period

after peak warming with the condition that both regression lines have the same value in

the year of peak warming. As an estimate of the dependence on GMST, use the slope

β of a linear regression between the climate signal and GMST.

We test whether the trend versus GMST after peak warming βafter is significantly

different from before (βbefore) by comparing βafter to the distribution of 10,000 trends

obtained by bootstrapping the data of the period before peak warming. If βafter is

larger than the 95th or smaller than the 5th percentile of these bootstrapped trends, we

consider the dependence on GMST to be significantly different after peak warming (as

compared to before).

For ESMs that provide more than one run, we consider the dependence on GMST

after peak warming to be significantly different as compared to the dependence on GMST

before peak warming if the above-described test succeeds and the sign of the difference

in the dependence on GMST is the same for three quarters of the runs.

Note that this statistical significance test does not exclude the possibility that the

differences between before and after peak warming are a result of natural variability.
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Figure 2. a: Anomalies in annual mean surface air temperature over Western Africa

(gray line) projected by MPI-ESM1-2-LR (r3i1p1f1) plotted against an unconventional

x-axis: GMST anomalies with respect to peak warming GMST until peak warming

(vertical dashed line) and the same from there on but after peak warming. The thin

purple and cyan lines indicate the trends versus GMST before and after peak warming

for individual simulation runs. b: Histogram of bootstrapped trends for the period

before peak warming (grey). The trends for the period before and after peak warming

are indicated by cyan and purple vertical lines. c: as (a) but for all analyzed runs of

MPI-ESM1-2-LR. The median of all trend lines is indicated by a thick line. For the

period after peak warming, the median trend from before peak warming is shown as

a thick dashed purple line. d: Overview scatter plot showing change in surface air

temperature (tas) per degree of GMST warming before peak warming versus change

in tas per degree of GMST cooling after peak warming. The upper left and bottom

right quadrants are colored in dark red and dark blue to indicate locations where tas

changes are continued after peak warming irrespective of the change in GMST trend.

Markers with black outline (and asterixes in the legend) indicate that the difference

between the trend before and after peak warming has been identified as statistically

significant.
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2.5. Detection of forced changes

The main analysis is based on forced changes in local climate signals before and after

peak warming. Evaluating whether a simulated trend has been forced by changes in

GMST is challenging as the changes in GMST around peak warming are relatively slow

(particularly in SSP1-19) and the analyzed periods can be quite short. The simulated

trends in regional climate signals can be in the range of trends that could occur as

a result of internal climate variability. Therefore, for each period (before and after

peak warming), we test whether the trend is common in control simulations without

anthropogenic forcing (piControl). If the detected trend exceeds the 95th (or is below

the 5th) percentile of all trends found over periods of identical length in piControl

simulations, we reject the null-hypothesis that the detected trend is a result of internal

climate variability.

The above-described method is applied to ESMs for which less than four simulations

are available. If four or more simulations are available, we consider changes as forced if

75% of the simulations agree on the sign of change.
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2.6. Classification of behavior around peak warming

The behavior of local climate signals around peak warming is complex and requires

some tedious and in-depth analysis. Here we start by classifying the behavior around

peak warming in the following flavors: “reversed”, “continued”, “partially reversed”,

“overcompensated”, and “unclear”.

Table 2. Classification of evolution of local climate signals around peak warming into

representative types. Combining the dependence of the local climate signal on GMST

before βbefore and after βafter peak warming (from sec. 2.4) with the evaluation of

whether the projected trends could occur as a result of natural variability (from sec.

2.5) the evolution of the climate signal is classified in the following types: reversed,

continued, partially reversed, overcompensated and unclear.
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✓ x ✓ NA NA ✓ x reversed

✓ x ✓ NA NA x ✓

✓ ✓ ✓ ✓ x ✓ x partially reversed

✓ ✓ ✓ ✓ x x ✓

✓ ✓ ✓ x ✓ ✓ x overcompensated

✓ ✓ ✓ x ✓ x ✓

✓ ✓ x NA NA ✓ x continued

✓ ✓ x NA NA x ✓

x NA NA NA NA NA NA unclear

If no (statistically) significant change in the dependence on GMST is detected

around peak warming (see section 2.4), the regional climate signal linearly follows GMST

and we classify this behavior as reversed.

If the dependence on GMST is, however, significantly different after peak warming

as compared to before, we classify the following behaviors:

• continued : The dependence on GMST changes in sign and the regional climate

signal increases (or decreases) irrespective of the change in GMST trend.
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• partially reversed : The dependence on GMST is significantly lower after peak

warming and changes projected for the period where GMST is increasing are only

partially reversed in the period where GMST is decreasing.

• overcompensated : The dependence on GMST is significantly stronger after

peak warming and changes projected for the period before peak warming are

overcompensated afterwards.

In some cases, the projected changes in the regional climate signal are not

distinguishable from internal climate variability. If that is the case before as well as

after peak warming, we do not classify the behavior as explained above and acknowledge

that more simulations would be required by classifying the behavior as unclear.

Table 2 lists all the possible behaviors for temperature indicators. The color coding

on the right side indicates which behaviors would lead to higher or lower temperatures

at the same GMST level before and after peak warming. This color coding is used in the

following to specify the behavior in an ESM. Note that these behaviors only describe the

period until 2100. Changes that are not reversed until 2100 might very well be reversed

later on.
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3. Results

Climate projections after peak warming differ considerably from climate projections

before peak warming at the same GMST level. As shown in figure 3a, the ensemble

median shows regional differences in annual temperatures of up to 0.3K. Despite these

strong differences, the area where ESMs agree on the sign of change is limited. For

annual mean temperature, ESMs agree on warmer conditions in the eastern Southern

Ocean and along the Pacific coast of South America and the El-Nino region, while for

northern Africa, the Arabic peninsula and the western North Atlantic, cooler conditions

are projected. A comparison between projections of different ESMs reveals that the

lack of strong differences in other regions is the result of diverging behaviors in the

different ESMs rather than a lack of differences between the climate after and before

peak warming (see figure 3). Individual ESMs show differences of the order of 0.3K in

most regions, including ESMs for which a large ensemble has been analyzed.

a ensemble median b ACCESS-ESM1-5 c CESM2-WACCM d CanESM5

e EC-Earth3 f EC-Earth3-Veg-LR g FGOALS-g3 h GFDL-ESM4

i GISS-E2-1-G j IPSL-CM6A-LR k MIROC-ES2L l MIROC6

m MPI-ESM1-2-LR n MRI-ESM2-0 o UKESM1-0-LL

Figure 3. Difference maps comparing 30-year averaged surface air temperature (tas)

after peak warming to before peak warming. Both periods have on average 0.1K cooler

GMST as compared to peak warming. a: ensemble median of 14 ESMs listed in table

1 where each ESM contributes the median of it’s simulation runs. Areas where at least

three quarters of the ESMs agree on the sign of difference are highlighted by black

hatching. b-o: as (a) but for the ensemble median of the runs of individual ESMs.

The number of used runs for each ESM is indicated in the bottom right of each panel

(and listed in table 1

In addition to the comparison of climate states after and before peak warming at the

same GMST level, we compare how regional climate signals respond to rising GMST

before and decreasing GMST after peak warming. This analysis reveals, on the one

hand, that regions that are warmer after peak warming experienced a strong increase in
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local temperatures during rising GMST, while in the period after peak warming these

changes, are only partially reversed (see figure 4). On the other hand, regions that are

cooler after peak warming experience a moderate warming in the period before peak

warming that is overcompensated by a stronger cooling after peak warming.

Figure 4. Evolution of regional annual mean surface air temperature around peak

warming. Each regional pie-plot follows the logic of table 2. Red (blue) colors indicate

that the overshoot leads to warmer (cooler) local conditions. Each ESM is represented

by a circle segment. Large circle segments indicate that at least four runs could be

analyzed for this ESM. Circle segments are ordered according to their colors such

that ESMs with changes that cannot be differentiated from internal climate variability

(gray) are grouped around 12 o clock. Following in clockwise direction come ESMs

for which a continued cooling (dark blue), an overcompensated warming (light blue

- white), a partially reversed cooling (white - light blue), reversed changes (green),

partially reversed warming (light red - white), overcompensated cooling (white - light

red) and continued warming (dark red). See figure 9 for region names. See figure 14

to see which circle segment represents which ESM.

Precipitation does not follow GMST as closely as surface air temperatures because

precipitation changes are dominated by circulation changes. Therefore, the evolution of

precipitation throughout the overshoot is more complex, and there are a wider variety of

possible combinations of trends before and after the overshoot. In many regions, ESMs

project a significant change in the dependence of precipitation on GMST, meaning that

the trend in precipitation is continuing irrespective of the decrease in GMST after peak

warming. In East Asia (EAS), eleven out of 14 ESMs project an increase in precipitation

before peak warming that is continued after peak warming, where GMST is cooling. In

Central Africa (CAF), Western Africa (WAF), and the Sahara (SAH) a strong drying is

projected for the period after peak warming, overcompensating a weak increase in the

period before peak warming or continuing the drying trend.

Overall, there are only a few regions where changes in the warming period of the

overshoot are robustly reversed afterwards (see fig. 5). In many regions, the periods

after and before peak warming are too short to identify robust changes, and more

simulations would be required to analyze the evolution of precipitation changes around

the overshoot. In figure 5, this is reflected by the many gray circle segments in regional
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pie charts.

Figure 5. As figure 4 but for annual precipitation. Blueish colors indicate more

precipitation after peak warming (brown colors less precipitation).

3.1. Climate extremes indices

As for surface air temperature, changes in temperatures of the hottest days (TXx) and

the coldest nights (TNn) are projected to be reversed in many regions (see fig. 6a and

6b). For regions in the mid-latitudes of the northern hemisphere, half of the ESMs

project that the increase in TXx and TNn is only partially reversed in the period after

peak warming. In North America (WNA, CNA, ENA), some models even project an

increase in TXx for the period where GMST is decreasing. In most tropical regions, the

increase in TXx and TNn is overcompensated in the period after peak warming, leading

to less intense hot extremes after the overshoot.

Intense precipitation increases around the globe as the climate warms (figure 6c).

Climate model projections suggest that only in a few regions these changes are reversed

after peak warming. In northern hemispheric high-latitude regions, the intensification in

RX1day in the period before peak warming is only partially reversed after peak warming

and in some regions the intensification trend continues while GMST is decreasing (NWN,

RFE). The same behavior is found in Southeast Asia (SEA) and, to some extent, in

South Asia (SAS). In most mid-latitudinal regions of the northern hemisphere, the

intensification of RX1day before peak warming is overcompensated after peak warming.

The opposite behavior is projected for Australia.

3.2. Potential mechanisms

One major cause for the differences in temperature and precipitation patterns between

before and after peak warming are changes in sea surface temperature (SST) patterns.

As shown in figure 7, surface air temperature patterns coincide with SST patterns over

water and in coastal areas. Due to the considerably greater inertia of the ocean, it

appears plausible that the differences in surface air temperature patterns are mainly
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a

b

c

Figure 6. As figure 4 but for extreme weather indicators. a: the hottest day in a year

(TXx). b: coolest night in a year (TNn). c: maximum daily precipitation in a year

(RX1day).

caused by the SST patterns. Furthermore, changes in SST patterns such as the

fingerprints of a weakened AMOC, more El-Nino like conditions, and a warmer Southern

Ocean after peak warming modulate temperature and precipitation patterns worldwide.

Over the Southern Ocean (SOO) and the Southern Atlantic Ocean (SAO), half of

the ESMs project a weaker cooling in the period after peak warming as compared to

the warming before peak warming or even a continued warming. This behavior can be

explained by fast and slow reactions to changes in greenhouse gas concentrations: in

the fast response to increases in CO2 concentrations, the warming over the Southern

Ocean surface is suppressed, while in the slow response it is not [14, 12]. Therefore, in

the period after peak warming for parts of the Southern Ocean, the fast response to the

decrease in greenhouse gas emissions is dominated by the slow response to the increase

in greenhouse gas emissions decades earlier.

Over the northern Atlantic, most ESMs project a stronger decrease in SSTs relative

to the decrease in GMST after peak warming as compared to before peak warming. As

greenhouse gas emissions rise, the Atlantic meridional overturning circulation (AMOC)

weakens, leading to a cooling in the northern Atlantic and northern Europe [19, 20].

In most ESMs the AMOC recovers when global mean temperatures decrease, however,
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Figure 7. Difference maps comparing 30-year averages after peak warming to before

peak warming. Both periods are 0.1K cooler than peak warming. First column:

sea surface temperature (tos). Second column: surface air temperature (tas). Third

column: precipitation (pr). All ESMs are shown in figure 19 in the Appendix.

with a considerable time lag [21]. Koven et al. (2022) show that in CESM2-WACCM

the AMOC continues to decrease until 2100 in the SSP5-34-OS scenario, which explains

the strong hysteresis in temperature patterns in this ESM. In CESM2-WACCM, MRI-

ESM2-0, GFDL-ESM4, GISS-E2-1-G, and MIROC-ES2L, the SST difference maps show

the pattern of an AMOC reduction, meaning that the AMOC is still in a weaker

state in the decades after peak warming with far-reaching implications for the northern

hemisphere (see figure 19).

For the Sahara (SAH), West Africa (WAF), and central Africa (CAF), drier

conditions are projected for the period after peak warming as compared to before peak

warming at the same GMST level. In the case of West Africa (WAF) a consistent and

strong decrease in precipitation is projected by most ESMs for the period when the

global climate is cooling. This drying either overcompensates the weaker wetting in

the period before peak warming or continues the drying trend. This drying of western

Africa is related to a southward shift of the intertropical convergence zone (ITZC).

A weakening of the AMOC shifts the temperature balance between the northern and

southern hemisphere leading to a southward shift of the ITZC [22]. This effect is

particularly prominent in CESM2-WACCM and MRI-ESM2-0 where a strong difference

in the strength of the AMOC between before and after peak warming leads to a clear

hemispheric dipole pattern and a consistent shift in precipitation in the tropics (see

figure 19). This finding is in line with Samset et al. [23] who show that an increase in

greenhouse gas concentrations first leads to more precipitation over western Africa but

to drying in the long-term and a similar effect has also been found in a longer overshoot
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experiment with the community earth system model (CESM) [10].

Finally, ESMs robustly project more El-Nino like conditions for the period after

peak warming as compared to before peak warming (see figure 19). For the region of

the equatorial Pacific Ocean (EPO), one third of the ESMs project that the warming in

the period before peak warming is only partially reversed after peak warming. CMIP6

models project a tendency towards more El-Nino like conditions as a response to

increased greenhouse gas concentrations (at least for the historical period [24]). It

appears as if, for a number of ESMs, this change is only partially reversed after peak

warming. In those ESMs in which this El-Nino like signal is stronger in the period

after peak warming as compared to before (CESM2-WACCM, EC-Earth3, GISS-E2-1-G,

MRI-ESM2-0, MPI-ESM1-2-LR, see figure 19), the well-known teleconnections influence

regional precipitation and temperatures around the globe [25]. Ongoing changes in El-

Nino after peak warming have also been found in CMIP5 models [26] and idealized multi-

century overshoot experiments with the CESM1.2 even imply a potential hysteresis

behavior of ENSO under overshoot [27].

In addition to differences in regional SST patterns in the period after peak

warming, aerosol concentrations are considerably lower after peak warming than before.

This reduction in aerosol concentrations is most prominent in southern and eastern

Asia. Over East Asia (EAS), ESMs also consistently project a continued increase

in precipitation, irrespective of the reduction in GMST. The consistent increase in

precipitation in the period approaching peak warming could be a result of the decrease

in aerosol concentrations over eastern Asia [28, 29, 30]. Figure 8 shows that the optical

thickness of aerosol at 550nm considerably decreases in East Asia (EAS), South Asia

(SAS), and Southeast Asia (SEA). However, the expected warming and wetting in that

region is only found in some ESMs (MPI-ESM1-2-LR, GFDL-ESM4, and GISS-E2-1-G).

In most other ESMs, there does not appear to be a clear link between regions with strong

reductions in aerosol concentrations (see figures 8 and 20) and the expected wetting

and warming suggest that in these ESMs, aerosols are not the dominant mechanism

explaining changes in regional precipitation and temperatures.

Local feedback mechanisms such as the sea ice and snow albedo effect could also

lead to a lag in regional climate recovery. After peak warming, less sea ice coverage

is projected for regions where SSTs are higher than before and a similar but less

pronounced relationship between snow cover and surface air temperatures is projected

(see figure 22). Differences in surface air temperature between after and before peak

warming are generally stronger over oceans and follow closely the differences in SSTs

there (see figure 19). Therefore, we assume that changes in sea ice and snow cover are

mostly driven by SSTs rather than driving SSTs.

In our main analysis, we combine results from the SSP-119 and the SSP534-over

scenarios. It is to expect that the response patterns also depend on the shape of

the scenario as well as the absolute GMST levels reached during overshoot, which

are substantially different between both scenarios. However, it appears that at least

the broad spatial patterns of regional differences before and after overshoot are quite
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Figure 8. Difference maps comparing 30-year averaged surface air temperatures

after peak warming to before peak warming. Both periods are 0.1K cooler than peak

warming. First column: ambient aerosol optical thickness at 550nm. Second column:

surface air temperature. Third column: precipitation. All ESMs are shown in figure

20.

consistent between both scenarios (see figure 21). This is even more remarkable as there

is also a time lag in when peaking is reached of around 20 years between both scenarios

(see Table 4). The most pronounced differences between the scenarios are observed in

the high latitudes for CanESM5 and FGOALS-g3.
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4. Discussion and conclusions

Climate projections of overshoot scenarios show that changes in regional climate signals

are not reversed in the decades after peak warming, when global mean surface air

temperature (GMST) decreases due to a reduction in CO2 concentration. The evolution

of regional climate signals throughout the overshoot is complex and, in some regions,

highly non-linear such that the dependence of regional temperature and precipitation

on GMST changes considerably around peak warming.

Our analysis of the SSP1-19 and the SSP5-34-OS scenario shows that different

regional temperature patterns would emerge for the period after peak warming. As a

result, at the same GMST level after peak warming, some regions are projected to be

considerably warmer or cooler when compared to a period with similar GMST levels

before peak warming.

The evolution of regional climate signals throughout the overshoot results from the

combination of different dynamic effects that potentially interact in complex ways. The

overlay of the instantaneous response to the reduction in greenhouse gas concentrations

after peak warming with the long-term and slow responses to emissions in the decades

before peak warming [13, 12] as well as the lagged recovery of the AMOC in the

period after peak warming lead to a shift in regional sea surface temperature patterns.

Additionally, changes in aerosol emissions affect regional climate signals. These changes

have far-reaching implications for atmospheric circulation, moisture transport, and

thereby regional climate signals [31, 32, 33].

On top of these changes, local feedback mechanisms and changes in ecosystems

during the overshoot might have long-term effects on local and regional climatic

conditions. The representation of local effects such as changes in vegetation [34] or

permafrost [35] are still a challenge for Earth System models. We therefore expect that

ESMs underestimate the impacts of an overshoot on regional climate.

Here we analyze to which extent changes in the period before peak warming are

reversed in the decades (40-50 years) after peak warming. Many of the effects discussed

in this study may be related to lagged effects in the climate system. Whether or not

these changes are projected to be reversed in the long term is beyond the scope of this

study and would require more simulations going beyond 2100. Nevertheless, the time

period over which these lagged effects influence regional climate signals is long enough

to cause considerable climate impacts that could be avoided without an overshoot.

Earth system model projections imply considerable differences in regional climate

patterns between before and after peak warming. However, the model spread is

substantial and projections differ even in the sign of change before and after overshoot

for many regions. The hysteresis in GMST itself, which considerably differs between the

ESMs (compare figure 1), adds further to the uncertainties in projections of overshoot

scenarios. Furthermore, simulations for both overshoot scenarios are only available

for half of the ESMs which makes a systematic quantification of the influence of the

intensity of the overshoot challenging. This highlights the need for additional and
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dedicated research efforts to improve our understanding and evaluate the additional

climate risks arising from an overshoot of the 1.5◦C global mean temperature goal. This

research should include detailed studies of the evolution of climate signals in individual

ESMs. Due to the heterogeneity in ESM reactions to an overshoot scenario, a more

comprehensive set of simulations of different overshoot scenarios would be required to

better understand what climate impacts would arise from an overshoot [36].

Climate model projections suggest that an overshoot would cause considerable

climate impacts on the regional level for several decades or potentially even longer

time frames. In many regions, changes in precipitation and extreme precipitation

events that are driven by the increase in global mean temperatures are expected to

be continued in the period after peak warming, when global mean temperatures are

already decreasing. In combination with global or regional tipping points [37, 38] and

the uncertainties related to the effectiveness of methods to reduce CO2 concentrations

in the atmosphere, our analysis provides further evidence that additional risks may be

inferred by overshoots.
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Figure 9. Regions as used in the 6th assessment report of the Intergovernemental

Panel on Climate Change.

a ensemble median b ACCESS-ESM1-5 c CESM2-WACCM d CanESM5

e EC-Earth3 f EC-Earth3-Veg-LR g FGOALS-g3 h GFDL-ESM4

i GISS-E2-1-G j IPSL-CM6A-LR k MIROC-ES2L l MIROC6

m MPI-ESM1-2-LR n MRI-ESM2-0 o UKESM1-0-LL

Figure 10. As figure 3 but for precipitation.
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Table 3. Number of analyzed simulation runs grouped by CMIP6 model and scenario.
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ACCESS-ESM1-5 1 1 1 1

CESM2-WACCM 2 2 2 2 2

CanESM5 48 5 48 5 48 48 48 5 5 5 48 5 7 5

EC-Earth3 22 22 22 22 22 22 0 0 0

EC-Earth3-Veg-LR 3 3 3 3 3 3 1

FGOALS-g3 1 1 1 1 1 1 1 1

GFDL-ESM4 1 1 1 1 1 1 1 1

GISS-E2-1-G 6 6 0 1 5

IPSL-CM6A-LR 6 1 6 1 6 6 6 6 1 6 1 6 1

MIROC-ES2L 3 1 3 1 3 1 3 1 3 1 1 3 1 1

MIROC6 1 1 1 1 1 1 1 1 1 1 1 1

MPI-ESM1-2-LR 30 30 30 30 30 30 30 30

MRI-ESM2-0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

UKESM1-0-LL 1 1 0 1 0 1 0 0
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a ensemble median d CanESM5 e EC-Earth3 f EC-Earth3-Veg-LR

g FGOALS-g3 h GFDL-ESM4 j IPSL-CM6A-LR k MIROC-ES2L

l MIROC6 m MPI-ESM1-2-LR n MRI-ESM2-0 o UKESM1-0-LL

Figure 11. As figure 3 but for the hottest day in a year (TXx). Note that for TXx

less runs were available than for surface air temperatures.

a ensemble median d CanESM5 e EC-Earth3 f EC-Earth3-Veg-LR

g FGOALS-g3 h GFDL-ESM4 j IPSL-CM6A-LR k MIROC-ES2L

l MIROC6 m MPI-ESM1-2-LR n MRI-ESM2-0 o UKESM1-0-LL

Figure 12. As figure 3 but for the coldest night in a year (TNn). Note that for TNn

less runs were available than for surface air temperatures.
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a ensemble median d CanESM5 e EC-Earth3 f EC-Earth3-Veg-LR

g FGOALS-g3 h GFDL-ESM4 j IPSL-CM6A-LR k MIROC-ES2L

l MIROC6 m MPI-ESM1-2-LR n MRI-ESM2-0 o UKESM1-0-LL

Figure 13. As figure 3 but for the yearly maximum daily precipitation (RX1day).

Note that for RX1day less runs were available than for surface air temperatures.
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a GIC-land b NWN-land c NEN-land d WNA-land e CNA-land f ENA-land g NCA-land h SCA-land

i CAR-land j NWS-land k NSA-land l NES-land m SAM-land n SWS-land o SES-land p SSA-land

q NEU-land r WCE-land s EEU-land t RAR-land u WSB-land v ESB-land w RFE-land x WCA-land

y ECA-land z TIB-land aa EAS-land ab SAS-land ac SEA-land ad MED-land ae SAH-land af WAF-land

ag CAF-land ah NEAF-land ai SEAF-land aj WSAF-land ak ESAF-land al MDG-land am ARP-land an NAU-land

ao CAU-land ap EAU-land aq SAU-land ar NZ-land as EAN-land at WAN-land au ARO-ocean av NPO-ocean

aw EPO-ocean ax SPO-ocean ay NAO-ocean az EAO-ocean ba SAO-ocean bb ARS-ocean bc BOB-ocean bd EIO-ocean

be SIO-ocean bf SOO-ocean

ACCESS-ESM1-5 (1)
CESM2-WACCM (2)
CanESM5 (53)
EC-Earth3 (22)
EC-Earth3-Veg-LR (3)
FGOALS-g3 (2)
GFDL-ESM4 (1)

GISS-E2-1-G (6)
IPSL-CM6A-LR (7)
MIROC-ES2L (4)
MIROC6 (2)
MPI-ESM1-2-LR (30)
MRI-ESM2-0 (2)
UKESM1-0-LL (1)

Figure 14. Evolution of surface air temperatures throughout the overshoot for all

regions of figure 9. Each ESM is represented by one piece of the pie following the logic

of table 2.
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bg GIC-land bh NWN-land bi NEN-land bj WNA-land bk CNA-land bl ENA-land bm NCA-land bn SCA-land

bo CAR-land bp NWS-land bq NSA-land br NES-land bs SAM-land bt SWS-land bu SES-land bv SSA-land

bw NEU-land bx WCE-land by EEU-land bz RAR-land ca WSB-land cb ESB-land cc RFE-land cd WCA-land

ce ECA-land cf TIB-land cg EAS-land ch SAS-land ci SEA-land cj MED-land ck SAH-land cl WAF-land

cm CAF-land cn NEAF-land co SEAF-land cp WSAF-land cq ESAF-land cr MDG-land cs ARP-land ct NAU-land

cu CAU-land cv EAU-land cw SAU-land cx NZ-land cy EAN-land cz WAN-land da ARO-ocean db NPO-ocean

dc EPO-ocean dd SPO-ocean de NAO-ocean df EAO-ocean dg SAO-ocean dh ARS-ocean di BOB-ocean dj EIO-ocean

dk SIO-ocean dl SOO-ocean

ACCESS-ESM1-5 (1)
CESM2-WACCM (2)
CanESM5 (53)
EC-Earth3 (22)
EC-Earth3-Veg-LR (3)
FGOALS-g3 (2)
GFDL-ESM4 (1)

GISS-E2-1-G (6)
IPSL-CM6A-LR (7)
MIROC-ES2L (4)
MIROC6 (2)
MPI-ESM1-2-LR (30)
MRI-ESM2-0 (2)
UKESM1-0-LL (1)

Figure 15. As figure 14 but for precipitation.



Limited reversal of regional climate signals in overshoot scenarios 31

dm GIC-land dn NWN-land do NEN-land dp WNA-land dq CNA-land dr ENA-land ds NCA-land dt SCA-land

du CAR-land dv NWS-land dw NSA-land dx NES-land dy SAM-land dz SWS-land ea SES-land eb SSA-land

ec NEU-land ed WCE-land ee EEU-land ef RAR-land eg WSB-land eh ESB-land ei RFE-land ej WCA-land

ek ECA-land el TIB-land em EAS-land en SAS-land eo SEA-land ep MED-land eq SAH-land er WAF-land

es CAF-land et NEAF-land eu SEAF-land ev WSAF-land ew ESAF-land ex MDG-land ey ARP-land ez NAU-land

fa CAU-land fb EAU-land fc SAU-land fd NZ-land fe EAN-land ff WAN-land fg ARO-ocean fh NPO-ocean

fi EPO-ocean fj SPO-ocean fk NAO-ocean fl EAO-ocean fm SAO-ocean fn ARS-ocean fo BOB-ocean fp EIO-ocean

fq SIO-ocean fr SOO-ocean

ACCESS-ESM1-5 (1)
CESM2-WACCM (2)
CanESM5 (53)
EC-Earth3 (22)
EC-Earth3-Veg-LR (3)
FGOALS-g3 (2)
GFDL-ESM4 (1)

GISS-E2-1-G (6)
IPSL-CM6A-LR (7)
MIROC-ES2L (4)
MIROC6 (2)
MPI-ESM1-2-LR (30)
MRI-ESM2-0 (2)
UKESM1-0-LL (1)

Figure 16. As figure 14 but for TXx.
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fs GIC-land ft NWN-land fu NEN-land fv WNA-land fw CNA-land fx ENA-land fy NCA-land fz SCA-land

ga CAR-land gb NWS-land gc NSA-land gd NES-land ge SAM-land gf SWS-land gg SES-land gh SSA-land

gi NEU-land gj WCE-land gk EEU-land gl RAR-land gm WSB-land gn ESB-land go RFE-land gp WCA-land

gq ECA-land gr TIB-land gs EAS-land gt SAS-land gu SEA-land gv MED-land gw SAH-land gx WAF-land

gy CAF-land gz NEAF-land ha SEAF-land hb WSAF-land hc ESAF-land hd MDG-land he ARP-land hf NAU-land

hg CAU-land hh EAU-land hi SAU-land hj NZ-land hk EAN-land hl WAN-land hm ARO-ocean hn NPO-ocean

ho EPO-ocean hp SPO-ocean hq NAO-ocean hr EAO-ocean hs SAO-ocean ht ARS-ocean hu BOB-ocean hv EIO-ocean

hw SIO-ocean hx SOO-ocean

ACCESS-ESM1-5 (1)
CESM2-WACCM (2)
CanESM5 (53)
EC-Earth3 (22)
EC-Earth3-Veg-LR (3)
FGOALS-g3 (2)
GFDL-ESM4 (1)

GISS-E2-1-G (6)
IPSL-CM6A-LR (7)
MIROC-ES2L (4)
MIROC6 (2)
MPI-ESM1-2-LR (30)
MRI-ESM2-0 (2)
UKESM1-0-LL (1)

Figure 17. As figure 14 but for TNn.
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hy GIC-land hz NWN-land ia NEN-land ib WNA-land ic CNA-land id ENA-land ie NCA-land if SCA-land

ig CAR-land ih NWS-land ii NSA-land ij NES-land ik SAM-land il SWS-land im SES-land in SSA-land

io NEU-land ip WCE-land iq EEU-land ir RAR-land is WSB-land it ESB-land iu RFE-land iv WCA-land

iw ECA-land ix TIB-land iy EAS-land iz SAS-land ja SEA-land jb MED-land jc SAH-land jd WAF-land

je CAF-land jf NEAF-land jg SEAF-land jh WSAF-land ji ESAF-land jj MDG-land jk ARP-land jl NAU-land

jm CAU-land jn EAU-land jo SAU-land jp NZ-land jq EAN-land jr WAN-land js ARO-ocean jt NPO-ocean

ju EPO-ocean jv SPO-ocean jw NAO-ocean jx EAO-ocean jy SAO-ocean jz ARS-ocean ka BOB-ocean kb EIO-ocean

kc SIO-ocean kd SOO-ocean

ACCESS-ESM1-5 (1)
CESM2-WACCM (2)
CanESM5 (53)
EC-Earth3 (22)
EC-Earth3-Veg-LR (3)
FGOALS-g3 (2)
GFDL-ESM4 (1)

GISS-E2-1-G (6)
IPSL-CM6A-LR (7)
MIROC-ES2L (4)
MIROC6 (2)
MPI-ESM1-2-LR (30)
MRI-ESM2-0 (2)
UKESM1-0-LL (1)

Figure 18. As figure 14 but for RX1day.
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Figure 19. Difference maps comparing 30-year averages after peak warming to before

peak warming. Both periods are 0.1K cooler than peak warming. First column:

sea surface temperature. Second column: surface air temperature. Third column:

precipitation.
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ambient aerosol optical
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Figure 20. Difference maps comparing 30-year averages after peak warming to before

peak warming. Both periods are 0.1K cooler than peak warming. First column:

ambient aerosol optical thickness at 550nm. Second column: surface air temperature.

Third column: precipitation.
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Figure 21. Difference maps comparing 30-year averaged surface air temperatures

after peak warming to before peak warming. Both periods are 0.1K cooler than peak

warming. Simulations for the SSP-119 scenario in on the left and SSP-534-over on the

right.
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sea surface temperature sea ice cover percentage snow cover percentage surface air temperature
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Figure 22. Difference maps comparing 30-year averages after peak warming to before

peak warming for the Arctic. Both periods are 0.1K cooler than peak warming. First

column: sea surface temperature. Second column: sea ice coverage in area percentage.

Third column: snow cover in area percentage. Fourth column: surface air temperature.
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Table 4: Timing of peak warming and analyzed period before and

after peak warming for all 136 analyzed simulation runs.

scenario ESM run peak year period before period after period length

ssp119 CanESM5 r10i1p1f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r10i1p2f1 2060 2020-2060 2060-2100 40

ssp119 CanESM5 r11i1p1f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r11i1p2f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r12i1p1f1 2048 1996-2048 2048-2100 52

ssp119 CanESM5 r12i1p2f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r13i1p1f1 2046 1992-2046 2046-2100 54

ssp119 CanESM5 r13i1p2f1 2049 1998-2049 2049-2100 51

ssp119 CanESM5 r14i1p1f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r14i1p2f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r15i1p1f1 2048 1996-2048 2048-2100 52

ssp119 CanESM5 r15i1p2f1 2057 2014-2057 2057-2100 43

ssp119 CanESM5 r16i1p1f1 2056 2012-2056 2056-2100 44

ssp119 CanESM5 r16i1p2f1 2050 2000-2050 2050-2100 50

ssp119 CanESM5 r17i1p1f1 2058 2016-2058 2058-2100 42

ssp119 CanESM5 r17i1p2f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r18i1p1f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r18i1p2f1 2050 2000-2050 2050-2100 50

ssp119 CanESM5 r19i1p1f1 2048 1996-2048 2048-2100 52

ssp119 CanESM5 r19i1p2f1 2048 1996-2048 2048-2100 52

ssp119 CanESM5 r1i1p1f1 2057 2014-2057 2057-2100 43

ssp119 CanESM5 r1i1p2f1 2050 2000-2050 2050-2100 50

ssp119 CanESM5 r20i1p1f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r20i1p2f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r21i1p1f1 2058 2016-2058 2058-2100 42

ssp119 CanESM5 r22i1p1f1 2056 2012-2056 2056-2100 44

ssp119 CanESM5 r22i1p2f1 2053 2006-2053 2053-2100 47

ssp119 CanESM5 r23i1p1f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r23i1p2f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r24i1p1f1 2048 1996-2048 2048-2100 52

ssp119 CanESM5 r24i1p2f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r25i1p1f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r2i1p1f1 2053 2006-2053 2053-2100 47

ssp119 CanESM5 r2i1p2f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r3i1p1f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r3i1p2f1 2053 2006-2053 2053-2100 47

ssp119 CanESM5 r4i1p1f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r4i1p2f1 2058 2016-2058 2058-2100 42

ssp119 CanESM5 r5i1p1f1 2055 2010-2055 2055-2100 45

ssp119 CanESM5 r5i1p2f1 2051 2002-2051 2051-2100 49

ssp119 CanESM5 r6i1p1f1 2053 2006-2053 2053-2100 47

ssp119 CanESM5 r6i1p2f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r7i1p1f1 2054 2008-2054 2054-2100 46

ssp119 CanESM5 r7i1p2f1 2056 2012-2056 2056-2100 44

ssp119 CanESM5 r8i1p1f1 2051 2002-2051 2051-2100 49

ssp119 CanESM5 r8i1p2f1 2052 2004-2052 2052-2100 48

ssp119 CanESM5 r9i1p1f1 2050 2000-2050 2050-2100 50
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ssp119 CanESM5 r9i1p2f1 2059 2018-2059 2059-2100 41

ssp119 EC-Earth3-Veg-LR r1i1p1f1 2044 1988-2044 2044-2100 56

ssp119 EC-Earth3-Veg-LR r2i1p1f1 2051 2002-2051 2051-2100 49

ssp119 EC-Earth3-Veg-LR r3i1p1f1 2065 2030-2065 2065-2100 35

ssp119 EC-Earth3 r102i1p1f1 2044 1988-2044 2044-2100 56

ssp119 EC-Earth3 r105i1p1f1 2048 1996-2048 2048-2100 52

ssp119 EC-Earth3 r106i1p1f1 2053 2006-2053 2053-2100 47

ssp119 EC-Earth3 r111i1p1f1 2052 2004-2052 2052-2100 48

ssp119 EC-Earth3 r112i1p1f1 2050 2000-2050 2050-2100 50

ssp119 EC-Earth3 r117i1p1f1 2050 2000-2050 2050-2100 50

ssp119 EC-Earth3 r118i1p1f1 2056 2012-2056 2056-2100 44

ssp119 EC-Earth3 r119i1p1f1 2041 1982-2041 2041-2100 59

ssp119 EC-Earth3 r124i1p1f1 2053 2006-2053 2053-2100 47

ssp119 EC-Earth3 r130i1p1f1 2052 2004-2052 2052-2100 48

ssp119 EC-Earth3 r132i1p1f1 2045 1990-2045 2045-2100 55

ssp119 EC-Earth3 r133i1p1f1 2062 2024-2062 2062-2100 38

ssp119 EC-Earth3 r135i1p1f1 2050 2000-2050 2050-2100 50

ssp119 EC-Earth3 r136i1p1f1 2058 2016-2058 2058-2100 42

ssp119 EC-Earth3 r141i1p1f1 2054 2008-2054 2054-2100 46

ssp119 EC-Earth3 r142i1p1f1 2052 2004-2052 2052-2100 48

ssp119 EC-Earth3 r143i1p1f1 2050 2000-2050 2050-2100 50

ssp119 EC-Earth3 r144i1p1f1 2052 2004-2052 2052-2100 48

ssp119 EC-Earth3 r146i1p1f1 2053 2006-2053 2053-2100 47

ssp119 EC-Earth3 r147i1p1f1 2055 2010-2055 2055-2100 45

ssp119 EC-Earth3 r148i1p1f1 2056 2012-2056 2056-2100 44

ssp119 EC-Earth3 r150i1p1f1 2050 2000-2050 2050-2100 50

ssp119 FGOALS-g3 r1i1p1f1 2036 1972-2036 2036-2100 64

ssp119 GFDL-ESM4 r1i1p1f1 2043 1986-2043 2043-2100 57

ssp119 IPSL-CM6A-LR r14i1p1f1 2052 2004-2052 2052-2100 48

ssp119 IPSL-CM6A-LR r1i1p1f1 2050 2000-2050 2050-2100 50

ssp119 IPSL-CM6A-LR r2i1p1f1 2052 2004-2052 2052-2100 48

ssp119 IPSL-CM6A-LR r3i1p1f1 2056 2012-2056 2056-2100 44

ssp119 IPSL-CM6A-LR r4i1p1f1 2052 2004-2052 2052-2100 48

ssp119 IPSL-CM6A-LR r6i1p1f1 2052 2004-2052 2052-2100 48

ssp119 MIROC-ES2L r1i1p1f2 2047 1994-2047 2047-2100 53

ssp119 MIROC-ES2L r2i1p1f2 2050 2000-2050 2050-2100 50

ssp119 MIROC-ES2L r3i1p1f2 2048 1996-2048 2048-2100 52

ssp119 MIROC6 r1i1p1f1 2059 2018-2059 2059-2100 41

ssp119 MPI-ESM1-2-LR r10i1p1f1 2049 1998-2049 2049-2100 51

ssp119 MPI-ESM1-2-LR r11i1p1f1 2044 1988-2044 2044-2100 56

ssp119 MPI-ESM1-2-LR r12i1p1f1 2052 2004-2052 2052-2100 48

ssp119 MPI-ESM1-2-LR r13i1p1f1 2046 1992-2046 2046-2100 54

ssp119 MPI-ESM1-2-LR r14i1p1f1 2047 1994-2047 2047-2100 53

ssp119 MPI-ESM1-2-LR r15i1p1f1 2050 2000-2050 2050-2100 50

ssp119 MPI-ESM1-2-LR r16i1p1f1 2054 2008-2054 2054-2100 46

ssp119 MPI-ESM1-2-LR r17i1p1f1 2050 2000-2050 2050-2100 50

ssp119 MPI-ESM1-2-LR r18i1p1f1 2051 2002-2051 2051-2100 49

ssp119 MPI-ESM1-2-LR r19i1p1f1 2051 2002-2051 2051-2100 49

ssp119 MPI-ESM1-2-LR r1i1p1f1 2047 1994-2047 2047-2100 53

ssp119 MPI-ESM1-2-LR r20i1p1f1 2053 2006-2053 2053-2100 47

ssp119 MPI-ESM1-2-LR r21i1p1f1 2044 1988-2044 2044-2100 56
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ssp119 MPI-ESM1-2-LR r22i1p1f1 2045 1990-2045 2045-2100 55

ssp119 MPI-ESM1-2-LR r23i1p1f1 2038 1976-2038 2038-2100 62

ssp119 MPI-ESM1-2-LR r24i1p1f1 2043 1986-2043 2043-2100 57

ssp119 MPI-ESM1-2-LR r25i1p1f1 2052 2004-2052 2052-2100 48

ssp119 MPI-ESM1-2-LR r26i1p1f1 2043 1986-2043 2043-2100 57

ssp119 MPI-ESM1-2-LR r27i1p1f1 2056 2012-2056 2056-2100 44

ssp119 MPI-ESM1-2-LR r28i1p1f1 2046 1992-2046 2046-2100 54

ssp119 MPI-ESM1-2-LR r29i1p1f1 2050 2000-2050 2050-2100 50

ssp119 MPI-ESM1-2-LR r2i1p1f1 2054 2008-2054 2054-2100 46

ssp119 MPI-ESM1-2-LR r30i1p1f1 2047 1994-2047 2047-2100 53

ssp119 MPI-ESM1-2-LR r3i1p1f1 2047 1994-2047 2047-2100 53

ssp119 MPI-ESM1-2-LR r4i1p1f1 2043 1986-2043 2043-2100 57

ssp119 MPI-ESM1-2-LR r5i1p1f1 2042 1984-2042 2042-2100 58

ssp119 MPI-ESM1-2-LR r6i1p1f1 2046 1992-2046 2046-2100 54

ssp119 MPI-ESM1-2-LR r7i1p1f1 2048 1996-2048 2048-2100 52

ssp119 MPI-ESM1-2-LR r8i1p1f1 2048 1996-2048 2048-2100 52

ssp119 MPI-ESM1-2-LR r9i1p1f1 2052 2004-2052 2052-2100 48

ssp119 MRI-ESM2-0 r1i1p1f1 2048 1996-2048 2048-2100 52

ssp534-over ACCESS-ESM1-5 r1i1p1f1 2066 2032-2066 2066-2100 34

ssp534-over CESM2-WACCM r1i1p1f1 2068 2036-2068 2068-2100 32

ssp534-over CESM2-WACCM r5i1p1f1 2068 2036-2068 2068-2100 32

ssp534-over CanESM5 r1i1p1f1 2072 2044-2072 2072-2100 28

ssp534-over CanESM5 r2i1p1f1 2066 2032-2066 2066-2100 34

ssp534-over CanESM5 r3i1p1f1 2068 2036-2068 2068-2100 32

ssp534-over CanESM5 r4i1p1f1 2069 2038-2069 2069-2100 31

ssp534-over CanESM5 r5i1p1f1 2068 2036-2068 2068-2100 32

ssp534-over FGOALS-g3 r1i1p1f1 2054 2008-2054 2054-2100 46

ssp534-over GISS-E2-1-G r1i1p1f2 2060 2020-2060 2060-2100 40

ssp534-over GISS-E2-1-G r1i1p3f1 2063 2026-2063 2063-2100 37

ssp534-over GISS-E2-1-G r1i1p5f1 2064 2028-2064 2064-2100 36

ssp534-over GISS-E2-1-G r2i1p3f1 2062 2024-2062 2062-2100 38

ssp534-over GISS-E2-1-G r3i1p3f1 2064 2028-2064 2064-2100 36

ssp534-over GISS-E2-1-G r4i1p3f1 2062 2024-2062 2062-2100 38

ssp534-over IPSL-CM6A-LR r1i1p1f1 2072 2044-2072 2072-2100 28

ssp534-over MIROC-ES2L r1i1p1f2 2068 2036-2068 2068-2100 32

ssp534-over MIROC6 r1i1p1f1 2063 2026-2063 2063-2100 37

ssp534-over MRI-ESM2-0 r1i1p1f1 2062 2024-2062 2062-2100 38

ssp534-over UKESM1-0-LL r4i1p1f2 2072 2044-2072 2072-2100 28
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