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Abstract. Reaching net-zero CO2 emissions is essential to halt continuing global warming and attempt to stabilise global

temperatures. However, large uncertainties remain on the sign and the magnitude of the long-term responses of the climate

system following anthropogenic emissions cessation. This study contributes to improving our understanding of the climate

system post CO2 emissions cessation, by exploring the global and regional temperature evolution in UKESM1.2 following

the TIPMIP protocol. Zero CO2 emission simulations, starting from global warming levels of +1.5°C to +5°C above pre-5

industrial are analysed to understand the impact of historical cumulative emissions and associated global warming level on

post zero-emissions trends. We find that the global average surface air temperature (GSAT) keeps increasing in all zero CO2

emission UKESM1.2 projections. The increase is more pronounced at higher warming levels, approaching 0.25°C per century

in the +3.0°C to +5.0°C scenarios. Most of the warming occurs in the Southern Hemisphere, particularly in the Southern

Ocean, while the Northern Hemisphere land experiences a slight cooling trend. These regional cooling trends are more marked10

for the annual temperature maxima, with several regions across 45-65°N experiencing cooling of >1°C per century. We find

the strongest regional cooling trend following emissions cessation in the higher warming scenarios. Here, we investigate the

drivers behind the cooling trend in northeastern North America, where the cooling magnitude exceeds 1.5°C per century.

We find that the cooling trend is almost completely explained by thermodynamic drivers. We reconcile this finding with the

UKESM1.2 dynamic vegetation changes, as the evergreen vegetation cover increases across all regions experiencing substantial15

cooling in the hot extremes. This finding highlights the significant regional contribution that vegetation changes can have for

the attenuation of annual temperature maxima, supporting the case for their careful consideration in future mitigation and

adaptation strategies. However, these results also show the limitations of highly idealised scenario protocols like TIPMIP,

which set crop and pasture distributions, as well as other anthropogenic forcings, to pre-industrial values, allowing vegetation

to expand freely. This highlights the importance of developing new zero emissions protocols considering other forcing agents20

beyond CO2.

1 Introduction

With 2024 marking the first year with global average surface air temperature (GSAT) rising 1.5°C above pre-industrial con-

ditions, mitigation efforts need to rapidly accelerate in order to limit global warming to the Paris Agreement targets (WMO,

2025). Reaching global net-zero CO2 emissions is fundamental to achieve long-term stabilisation of global average temper-25

atures and limit the negative impacts of global warming (Hoegh-Guldberg et al., 2018). Thus, increasing attention has been

given to understanding the implications of a stabilising state of the climate system, as most of our current knowledge is based

on the study of transient conditions. Researching the post net-zero changes to the climate system serves the double purpose of

further informing policymakers of the benefits deriving from CO2 emission cessation while preparing them to the global and

regional adaptation challenges we will still have to face (Winkelmann et al., 2025; Jones et al., 2019).30

The stabilising effect of CO2 emission cessation on global average temperatures is long established, and mainly results from

the balance of declining atmospheric concentration due to natural carbon sinks and the reduced ocean heat uptake efficiency

(Lee et al., 2021). Yet, significant uncertainties remain on the sign and the magnitude of the long-term GSAT trend, as different
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components of the climate system will adjust on different timescales to the forcing cessation (Corner et al., 2023; MacDougall

et al., 2020). At the regional level, this uncertainty translates to sharp geographical differences in precipitation and temperature35

trends following climate stabilisation (King et al., 2024a; Dittus et al., 2024). At the same time, a GSAT uncertainty of even a

fraction of a degree has an amplified effect on climate extremes, with discernible differences in their intensity and frequency

emerging at every 0.1°C increment (Lee et al., 2021). The present study aims to help constrain these sources of uncertainty by

providing further evidence on the response of mean and extreme temperature indicators following CO2 emissions cessation

at different stabilised warming levels (swl). In this perspective, the analysis complements and expands the results of the few40

other works that have so far investigated changes in temperature extremes following zero emission conditions (Cassidy et al.,

2024; Alastrué de Asenjo et al., 2025; Perkins-Kirkpatrick et al., 2025). After an initial exploratory analysis of the mean global

temperature response to emissions cessation, we investigate changes in the annual temperature hot extremes and attempt to

identify the physical drivers behind their regional changes.

2 Methods45

2.1 Model protocol and projections

The analysis is based on the climate projections produced by the UK Earth System Model version 1.2 (UKESM1.2) following

the Tipping Points Model Intercomparison Project (TIPMIP) protocol (Winkelmann et al., 2025; Jones et al., 2025). UKESM1.2

is equivalent to UKESM1.1 (Mulcahy et al., 2023), with the addition of interactive Greenland and Antarctic ice sheets (Smith

et al., 2021; Siahaan et al., 2022). Three sets of climate projections are developed as part of TIPMIP and were used in this study:50

1) transient climate projections, referred to as "ramp-up" in the text, where CO2 emissions are kept at a fixed rate of 80 Gt CO2

per century to produce an historical-like warming rate of 2°C per century; 2) zero emissions projections, where CO2 emissions

are set to 0 and the atmospheric concentration changes based on natural feedback mechanisms; 3) net-negative projections,

where CO2 atmospheric concentration decreases at a rate of 40 Gt CO2 per century simulating active anthropogenic removal.

The zero emissions runs branch off directly from the transient run once the specified global warming levels are achieved. The55

global warming levels are defined as the GSAT anomaly above the value at the beginning of the ramp-up. This is calculated

by comparing a 31-year average of GSAT at any point in the ramp-up run to the equivalent centred around the branching point

of the ramp-up run from the pi-Control run. Similarly, net-negative runs branch off directly from the zero emissions runs after

a stabilisation period following the emissions cessation date. All the simulations are run with CO2-only forcing, with other

gases and aerosols fixed at the pre-industrial level (Winkelmann et al., 2025). The projections have a dynamic land surface and60

vegetation module based on the Joint UK Land Environment Simulator (JULES) (Clark et al., 2011; Harper et al., 2016, 2018),

with cropland and pasture kept constant at the pre-industrial level (Jones et al., 2025). Here we analyse the stabilised warming

level runs branching from the ramp-up at 1.5, 2, 3, 4 and 5°C, as these offered the greatest data availability at the time of the

analysis. Three ensemble members were available for the transient and zero emissions projections and one for the net-negative

runs. In each set of runs, the analysis is conducted considering a period of 250 years from the starting date.65
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2.2 Annual temperature extremes: TXx and TX5x

Annual temperature extremes are calculated from the daily maximum temperature data. TXx is defined as the daily maximum

temperature during the hottest day of the year, while TX5x represents the hottest 5-day period calculated as the annual highest

5-day average daily maximum temperature. The trends in these metrics are calculated using a linear polynomial fit.

2.3 Surface heat fluxes70

Daily data on sensible and latent heat fluxes are used to evaluate changes in turbulent fluxes between the Earth’s surface and

the lower troposphere associated with changes in surface temperature. An extensive body of literature has shown how the

partitioning of surface heat fluxes regulates the intensity of hot temperature extremes (Seneviratne et al., 2010; Miralles et al.,

2019), exacerbating them when exceptionally dry conditions occur (Fischer et al., 2007; Perkins et al., 2015). Here, we use

the evaporative fraction (EF) to monitor how the latent heat component is changing compared to the total surface flux (Donat75

et al., 2017), as shown in equation 1:

EF =
LH

LH +SH
(1)

where LH and SH are the latent and sensible heat fluxes (W m−2 ), respectively. This metric has found wide application

in the literature as an indicator of the partitioning of available energy, with higher values indicating wetter conditions and

vice-versa (Ukkola et al., 2018; Costa et al., 2022).80

2.4 Atmospheric circulation analogues

To further analyse the changes in the drivers of annual temperature extremes and understand which factors primarily contribute

to their regional evolution under zero CO2 emissions conditions, we use an approach based on circulation analogues similar to

Deser and Phillips (2016) and Horowitz et al. (2022). This method aims to understand the extent that atmospheric circulation

conditions leading to extreme temperatures at the beginning of the stabilised period could reproduce the same effects later85

in the run. Here, a set of 20 randomly sampled TX5x events (see below) occurring in the years 50-150 (early) and 150-250

(late) of the zero emissions projections is selected as target events. For the construction of the circulation analogues, the

temperature, sea level pressure (slp) and 500 hPa geopotential height (zg500) data are linearly detrended and their seasonal

cycle removed prior to the analysis (Deser and Phillips, 2016). TX5x events are calculated from the spatially averaged daily

maximum temperature field over the selected region to avoid the risk of selecting different events across the studied region. The90

five dates of each event are then used to extract the corresponding daily slp and zg500 fields. For each of those slp and zg500

target patterns, circulation analogues are identified in the UKESM1.2 piControl run. Each analogue is drawn from a different

year, with the selected pattern having the smallest Euclidean distance to the target slp fields. The analysis was also repeated

drawing analogues from the zg500 fields, as both approaches were used in previous studies (Merrifield et al., 2017; Horowitz
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et al., 2022). The Euclidean distance is calculated for a subsection of the slp fields spanning 54° west, 18° east, 15° north, and95

15° south of the centre of the studied region in order to capture typical wave patterns associated with heat extremes in North

America (Horowitz et al., 2022). To allow for seasonal consistency in the pressure-temperature relationship, the analogues were

only selected from a time window of 14 days centred around the initial day of the target TX5x event. To increase the robustness

of the results, we draw analogues for a randomly selected subsample of 20 of the 100 target events in each half of the stabilised

warming projection and repeat this procedure 30 times. As shown by Deser and Phillips (2016) and Horowitz et al. (2022), this100

number of iterations (30) combined with the total length of the period from which analogues are drawn (500 years), is sufficient

to make the root mean square error of temperature and pressure analogues converge. Each of the analogue slp patterns (Pa) is

then linearly regressed on the corresponding target slp patterns (Pt) to get a dynamical regression coefficient (β) linking the

target slp fields to each of their analogues as in equation 2:

Pt = Paβ+ e (2)105

where e is the residual.

Thus, β is used to estimate the dynamically induced component (Tdc) of the target temperature anomaly from the analogues

temperature fields (Ta; equation 3 ):

Tdc = Taβ (3)

Only the analogues with a resulting Tdc above the 85th percentile of all identified analogues were considered. As explained110

in Horowitz et al. (2022), this avoids selecting pressure anomalies that do not produce significant temperature anomalies in

the piControl. Finally, Tdc is averaged to get a mean dynamically induced temperature value for the target TX5x events in the

early (years 50-150) and late (years 150-250) parts of the stabilised emission run. Thus, the difference between the target events

temperature and the dynamically induced component represents the residual contribution to temperature due to thermodynamic

drivers.115

3 Results

3.1 Mean Temperature trends

The GSAT shows a warming trend (0.01°C - 0.24°C century−1) in the ensemble mean after reaching net-zero emissions in

all swl scenarios analysed (Figure 1). The same applies to all individual ensemble members except for swl-2.0, where a slight

cooling trend is projected in two ensemble members. The warming trend is stronger in swl-3.0, swl-4.0 and swl-5.0 (0.23120

- 0.24 °C century−1) compared to the lower warming levels (0.01 - 0.05 °C century−1). This warming-level dependency
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of the post-zero emission global temperature trends seen in UKESM1.2, also known as the Zero Emission Commitment, is

documented and analysed in detail in a preprint by Gibbs et al. (2026). Continued warming after emissions cessation was also

reported by King et al. (2024a) analysing similar stabilised warming projections from ACCESS-ESM-1.5. However, they found

a significantly weaker warming trend (0.03-0.05°C per century) and did not report the same warming-level dependency on the125

trend magnitude. A multi-model assessment of the Zero-Emission Commitment Model Intercomparison Project (ZECMIP) by

MacDougall et al. (2020) pointed out how a previous version of UKESM (UKESM1.0-LL) showed an even higher warming

trend post zero emissions to what is observed here (+0.75°C after 90 years following 2000 PgC cumulative CO2 emissions).

The same study highlighted how there is significant model-dependent uncertainty in the GSAT evolution after emissions stop,

with models also showing diverging responses depending on the amount of antecedent cumulative CO2 emissions. Indeed, this130

uncertainty derives from the multitude of climate system feedbacks, involving the ocean, the biosphere and the atmosphere,

contributing to the planetary re-equilibration post emission cessation (Corner et al., 2023).

Figure 1. Time series of the global average surface air temperature anomaly (GSAT) in the ramp-up and swl-1.5, 2.0, 3.0, 4.0 and 5.0 runs in
UKESM1.2 under the TIPMIP protocol. The solid line shows the ensemble mean, with the faded lines representing the individual ensemble
members. The coloured bars visually represent the GSAT anomaly change throughout the entire run, with the centennial trend labelled next
to them.

Analysing the temperature trends spatially, we find that the mean temperature evolution after emissions stop is not globally

homogeneous, but sharp regional contrasts apply (Figure 2). Consistent with previous modelling studies (King et al., 2024a;
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Gillett et al., 2011; Frölicher et al., 2014), the strongest warming trend in UKESM1.2 is found in the Southern Ocean (SO) at all135

stabilised warming levels. Again, a sharp contrast appears between the two coldest runs (swl-1.5 and swl-2.0) and the others. In

the former, the warming pattern is almost exclusively confined to the SO and slight cooling occurs over global land masses. In

contrast, warmer runs show amplified warming in the SO and widespread temperature increases over land masses, especially

in the Southern Hemisphere (SH). Notably, a cooling trend of approximately 0.5°C century−1 is observed at the regional scale

across the Northern Hemisphere (NH) in the swl-4.0 and swl-5.0 runs, particularly over northeastern North America, southern140

Siberia and northeastern China.
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Figure 2. Left: average annual surface air temperature (Tas) trend (°C century−1) in the ensemble mean of all stabilised warming level runs
analysed (swl-1.5 to swl-5.0). Trends are calculated considering the first 250 years after CO2 emissions cessation in each swl run. Right:
same as left, but for TX5x.
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3.2 Extreme temperature trends

The global pattern of the annual hot extremes resembles the features shown in the mean temperature analysis, but some

substantial differences can be identified at the regional scale (Figure 2). First, in swl-1.5 and swl-2.0 TX5x shows a more

widespread cooling trend over land compared to Tas, encompassing most of NH and stretching into South America. TX5x also145

exhibits a stronger cooling trend over land in the warmer runs, where it has an approximately zonal pattern at 45-65°N (Figure

2). Similar to the mean temperature, the largest cooling for TX5x also occurs regionally in North America, southern Siberia

and northeastern China in swl-4.0 and 5.0. Yet, the cooling magnitude in these regions is greater for the warm tail of the annual

temperature distribution (-1 to -1.5°C century-1) than for the mean (Figure 2). In contrast to the trend in the mean, cooling of

TX5x also appears locally in the SH, particularly in New Zealand and southern Chile (Figure 2). While not as pronounced as150

in the NH, cooling at these locations is particularly striking as it deviates from the widespread warming occurring elsewhere

across the SH, and particularly the SO. Very similar trends are projected for TXx, matching almost perfectly TX5x (Figure 2)

both spatially and in terms of magnitude (not shown).

Figure 3 provides a more detailed regional analysis of the evolution of the spatially averaged TX5x across the regions ex-

hibiting a stronger cooling trend. The examined regions are northeastern North America [44 - 49°N; 75 – 64 °W], northeastern155

Asia [43 - 52°N ; 130 - 134°E], southern Chile [38 - 40°S ; 72°W] and southern New Zealand [44 - 45°S ; 168 - 170°E]. In

all regions, all ensemble members agree on the strongest TX5x reduction occurring in the swl-4.0 and 5.0 scenarios. North

America experiences the greatest cooling, with TX5x decreasing by more than 3°C throughout swl-5.0 and reaching lower

values than at the beginning of the swl-3.0 run (Figure 3). Both NH regions experience cooling in the swl-1.5 and swl-2.0

scenarios, in line with the observed cooling of mean temperature (Figure 2), albeit smaller than what seen in the two warmest160

runs. Chile also experiences some cooling in swl-2.0, but this is three times smaller than in swl-4.0 and swl-5.0. The same

regional analysis conducted for TXx produced very similar results (not shown).
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Figure 3. Time series TX5x averaged over the studied regions of northeastern North America, northeastern Asia, New Zealand and Chile
for the ramp-up and all the stabilised warming level projections. The time series are smoother with an 11-year filter to improve readability.
The labelled bars on the right-hand side indicate the centennial TX5x trend in the ensemble mean of each swl, wit the grey horizontal lines
representing the average value for the first 30 years.

3.3 Drivers of hot extremes decline

Given the intensity and the spatial extent of the cooling trend affecting it, northeastern North America is used as a case study

to investigate the causes behind the reduction in annual temperature extremes. The analysis is only conducted for TX5x since,165

as previously discussed, it shows almost identical trends and patterns to TXx (Figures 2,3). Moreover, TX5x represents a more

robust metric than TXx to understand changes in hot temperature extremes of societal relevance, as its length approximates

better the characteristic duration of heatwave events (Russo et al., 2019).
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Changes in heatwave intensity result from a combination of dynamic and thermodynamic factors (Quesada et al., 2012;

Perkins et al., 2015), with their relative importance varying regionally (Donat et al., 2017). While the former control the poten-170

tial onset and duration of a heatwave event, the latter substantially affect the magnitude of warming (Seneviratne et al., 2010;

Barriopedro et al., 2023). To identify the contribution from these components we use an approach based on atmospheric circu-

lation analogues as explained in the Methods section (Deser and Phillips, 2016). Figure 4 shows the average daily maximum

temperature anomaly associated with randomly sampled TX5x events (top row) in the early (years 50-150) and late (years

151-250) periods of swl-5.0 and their respective breakdown into the dynamical (middle row) and residual components (bottom175

row). The last column shows the difference in temperature anomaly between the two periods for the total and the individual

components of the temperature anomaly. As shown before, TX5x events show a total cooling of approximately 1.5°C per

century over the studied region (green box). Most of this cooling is associated with a weaker thermodynamical (i.e., residual)

contribution, accounting for almost the entirety of the total difference over the studied region. Conversely, the dynamically

induced contribution to the temperature anomaly is almost identical in the TX5x events in the two halves of swl-5.0 (Figure180

4). As explained in the Methods, the analysis was repeated drawing circulation analogues based on the slp and zg500 fields

yielding almost identical results (not shown).
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Figure 4. Analysis of the drivers of TX5x events identified in the studied North American region (green box) in the early (years 50-150) and
late (years 150-250) halves of swl-5.0 using circulation analogues drawn from UKESM1.2 piControl run (see Methods). The top row shows
the average daily maximum temperature seasonal anomaly pattern for the selected target events in swl-5.0 and their difference. The middle
row shows the dynamical component of the temperature forcing. The bottom row shows the difference between the former two as the residual.
The last column shows the average difference between events sampled in the late and early parts of the run for each of the temperature
anomaly components.

Thus, we analysed the surface heat fluxes to seek further evidence of the contribution from land-atmosphere interactions

to the cooling trend. In particular, we focused on the simultaneous evolution of TX5x and EF (see Methods) to understand

whether the projected changes in temperature are accompanied by changes in latent and sensible heat fluxes. Figure 5 shows185

the relationship between TX5x and EF in the swl-2.0, swl-4.0 and swl-5.0, as well as the ramp-up run, combining data from

all ensemble members. The figure shows how the decreasing trend in TX5x (highlighted by the solid lines) is associated with

a concomitant increase in EF (0.04 per century) in swl-4.0 and swl-5.0. This suggests that, in these projections, a higher

fraction of radiative forcing is dispersed upward through evaporation rather than directly warming the surface. This finding is

consistent with the observed cooling trend and helps explain the non-dynamical component of this signal over North America.190
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This relationship, albeit reversed, also holds for the ramp-up run, where the rapid increase in TX5x goes together with a

considerable reduction in EF. Notably, a much weaker association between TX5x and EF is found in the swl-2.0 projection,

suggesting that surface heat fluxes might have a smaller influence on annual temperature extremes in this scenario.

Figure 5. Timeseries of annual TX5x values and mean summer (JJA) evaporative fraction (EF) values in all the ensemble members combined
for the ramp-up (RUP, black squares), swl-2.0 (green triangles), 4.0 (red circles) and 5.0 (purple diamonds) scenarios. The colours shading
indicates changes in EF, with higher values denoted by a darker shade. The solid lines indicate the mean TX5x linear trend across all
ensemble members of a given scenario, with the corresponding numeric value noted on the top-left corner.

3.4 The role of vegetation

The increase in the average summer latent heat fraction shown by the EF trend (Figure 5) suggests an upward trend of water195

availability in the region. The model output for precipitation and surface soil moisture do not show a direct spatial association

with the temperature trends seen in the studied regions. On a broader scale, most of North America, eastern Asia, southern

South America and New Zealand experience annual and summer wetting trends in precipitation (0-20 % century−1, Figure

A2) and surface (top 10 cm) soil moisture (0-1 kg m−2 century−1, not shown). Next, we tested for a signal in the vegetation

cover, as the dynamical vegetation model in UKESM1.2 allows for different plant functional types (PFTs) to compete for land200
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under changing climate conditions. As the various PFTs have different evapotranspiration rates, changes in vegetation cover

can lead to significant differences in local water availability. As a result, we found a striking spatial symmetry between areas

experiencing changes in the distribution of plant functional types (Figure 6) and cooling of TX5x (Figure 2 ). In particular, the

four regions experiencing a strong cooling trend in swl-4.0 and swl-5.0 (Figure 3) all show an increase in the relative abundance

of broadleaf evergreen (BdlEvg) vegetation over the same period. Throughout swl-4.0 and swl-5.0, BdlEvg vegetation expands205

poleward beyond the tropical and subtropical areas where it naturally occurs under historical conditions. Interestingly, the

same trend does not apply to swl-3.0, in which very limited expansion of broadleaf and needleleaf evergreen vegetation occurs

in the studied regions (Figure 7). Given that no substantial precipitation changes are registered in the studied regions across

different stabilised scenarios (not shown), this suggests that the biome shifts produced by the model are mainly temperature

dependent. In particular, it appears that some processes triggering the vegetation expansion occur at the boundary between210

a +3°C and +4°C global warming level (GWL, Figure 7a). Changes in mean temperatures, especially in the winter, are often

responsible for biome shifts since they are a crucial factor in the establishment and survival of different tree species at mid-high

latitudes (Xu et al., 2013; Kreyling, 2010). The role of mean temperature changes is further exemplified by the results from

the negative emissions projection (swl-5.0-dn1.0, Figure 7b). Consistent with the stabilised runs, BdlEvg vegetation expansion

in swl-5.0-dn1.0 stops when the GWL falls below +4°C with regression starting around +3.5°C GWL. An almost identical215

trend is observed in the other regions, with an initial expansion of broadleaf evergreen vegetation followed by a declining trend

starting between +3.5°C and +4°C GWL (not shown). Figure 7c provides further evidence for the tight relationship between

vegetation expansion and the evolution of regional TX5x. As previously shown (Figure 3), in swl-5.0 (purple) TX5x declines

despite the increasing GWL. Similarly, the decrease in TX5x in swl-5.0-dn1.0 (blue) follows a different trajectory compared to

the warming trend seen in the ramp-up. A comparison of the middle and right panels of Figure 7 suggests that this hysteresis220

is likely caused by the different vegetation cover found in the ramp-up and the negative emissions scenario. The initial BdlEvg

vegetation expansion occurring in the negative emissions scenario accelerates the TX5x cooling relative to the GWL decline.

As the BdlEvg vegetation cover shrinks over time, the cooling trend decelerates and TX5x eventually approaches the same

values per GWL found in the ramp-up.
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Figure 6. Ensemble mean trend (% century−1) in broadleaf evergreen (top) and needleleaf evergreen (bottom) vegetation land fraction in
the first 250 years of swl-5.0.
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Figure 7. (a) Evolution of broadleaf evergreen vegetation land area (1000 km2) averaged across the studied North American region in the
ramp-up (black), swl-3.0 (pink), swl-4.0 (red) and swl-5.0 (purple) runs against average global warming levels (GWL). GWLs are defined
as the annual mean surface air temperature anomaly above the 31-year average around the ramp-up branching point from the piControl.
Each dot represents the average one-year value, with all ensemble members of each run combined. The colour shading indicates the number
of years after the branching point of each run. (b) Same as (a), but comparing swl-5.0 with swl-5.0-dn1.0 (blue). (c) Evolution of TX5x (°C)
in the ramp-up, swl-5.0 and swl-5.0-dn1.0 against GWL. The solid lines represent the second-order polynomial fit of TX5x against GWL in
each run.

Although some association with changes in mean temperature seems apparent, other factors must be playing a role in driving225

the biome shifts, as the affected regions are characterized by substantially different temperature regimes. This non-linearity is

consistent with the design of the dynamic vegetation component of UKESM1.2 (Clark et al., 2011). While competition be-

tween plant functional types (PFTs) is ultimately influenced by temperature, several non-linear relationships control growth

and expansion dynamics within and across PFTs based on changes in climate conditions, hence hindering the derivation of an

absolute temperature threshold for change (Cox, 2001; Harper et al., 2016).230
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While the climatic drivers leading to the projected biome shifts are hard to disentangle, a variety of modelling and obser-

vational evidence supports their cooling effect on hot temperature extremes. A multi-model study by Alkama et al. (2022)

shows that CMIP6 Earth System Models agree on the cooling effect produced by vegetation expansion on summer mean tem-

peratures at mid-high latitudes in high-emission scenarios. The magnitude of the vegetation-induced cooling effect they find235

in the temperate and boreal regions (-0.2 to -0.4°C century−1) is very similar to our results for a comparable level of global

warming (Figure 2 swl-4.0 and swl-5.0), demonstrating that UKESM is not an outlier in the CMIP6 ensemble. Moreover,

other studies confirmed that local changes in vegetation structure and abundance lead to regional and hemispheric impacts on

climate conditions in Earth System Models due to the cascading effects of altered surface energy balance on atmospheric cir-

culation (Swann et al., 2018; Devaraju et al., 2018; Lian et al., 2022). While seasonal and regional differences apply (Forzieri240

et al., 2017), the modelled cooling effect on summer temperatures is also supported by observational evidence from satellites

showing how recent deforestation trends have produced a positive radiative forcing in the affected regions and vice-versa for

afforestation (Duveiller et al., 2018; Li et al., 2023). Observational evidence also supports the cooling effects of broadleaf veg-

etation expansion seen in this study. Broadleaf plants have higher stomatal conductance than needleleaf (Baldocchi and Vogel,

1996), leading to higher transpiration and likely explaining the local increase in latent heat flux shown here (Figure 5). In the245

dynamic vegetation model this difference is mainly represented through the higher maximum rate of carboxylation and the

higher critical humidity threshold parameters assigned to evergreen vegetation compared to deciduous (Harper et al., 2016). A

further contribution to the cooling trend could originate from the higher albedo of broadleaf species (Houldcroft et al., 2009;

Chen et al., 2018), which is captured by the model through a corresponding decrease in absorbed shortwave radiation at the

regional scale (Figure A1).250

The geography and the spatial extent of the projected biome shift might seem implausible under current climate conditions,

but this transition is physically plausible in a +4°C and +5°C warmer world. Indeed, evergreen broadleaf vegetation has already

been observed expanding in temperate climates under the influence of climate change (Walther et al., 2001). A study by Shin

et al. (2022) found that the northern limit of broadleaf evergreen species distribution in South Korea has moved north by more255

than 1° latitude over the last decade, with species distribution modelling predicting an exponential expansion by the end of the

century under high-emission conditions. Paleoclimatic evidence also shows how the latitudinal range of these plants can change

dramatically with global warming, as it already occurred during the last deglaciation when they re-expanded into subtropical

China (Zheng et al., 2023). Looking further back in time, fossil records from the Miocene (15 Ma), when global average tem-

peratures were 3-4°C warmer than present, show how broadleaf evergreen vegetation extended well beyond 60°N and was the260

most abundant vegetation type across the mid-latitudes (Utescher et al., 2007; You et al., 2009). Alongside the expansion of

broadleaf vegetation, a widespread increase in needleleaf evergreen vegetation occurs in subpolar North America, as well as

eastern and central Siberia (Figure 6). These regions also see a noticeable cooling of TX5x in swl-5.0 despite warming in the

mean (Figure 2), which is likely driven by the mitigation of the diurnal sensible heat flux in the summer months caused by the

replacement of grasslands with high-canopy vegetation (Duveiller et al., 2018).265
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The body of evidence presented above suggests that the model representation of vegetation dynamics and the climate system

response to changes in vegetation cover are plausible and self-consistent. Overall, the present results highlight the role of land

cover changes as an important factor regulating the climate system response following CO2 emissions cessation, as their relative

impact increases once the anthropogenic forcing stops. Our findings suggest that including a far-sighted land use planning270

strategy in the current global warming mitigation and adaptation efforts could reap further benefits once climate stabilisation

is achieved. Its potential in less idealised scenarios remains to be investigated but is supported from the literature (Searchinger

et al., 2018; Fankhauser et al., 2022; King et al., 2024b). As further evidence, we find that the expansion of vegetation does

not only affect the annual temperature extremes, but causes a more general reduction in the intraseasonal variance of summer

(JJA) daily maximum temperatures (Figure 8). In the case of North American and Asian regions, the strongest decrease in275

the daily maximum temperature variance occurs for the swl-4.0 and swl-5.0 simulations (i.e., those with marked vegetation

changes). Indeed, while emission cessation seems sufficient to halt the increase in variance found in the ramp-up run in all

simulations, a marked reversal in trend magnitude only appears in swl-4.0 and swl-5.0. This difference appears even more

clearly comparing the evolution of the summer temperature distribution between swl-3.0 and swl-5.0 in North America (Figure

8, right). Indeed, the negative shift in the mean and the shrinking of the hot temperature tail seen in swl-5.0 can be reconciled280

with the concomitant vegetation expansion, which is largely absent in swl-3.0 (Figure 7). To further support this relationship,

Figure 8 shows how the same changes in JJA temperature variance seen in northeastern North America and Asia in swl-4.0

and swl-5.0 do not apply to central Europe [44-49°N ; 10-21°E], likely because Europe is not affected by any substantial

vegetation shifts (Figure 6). Indeed, the expansion of BdlEvg vegetation cover is not sufficient to bring the daily maximum

temperature mean and variance back to the piControl values, with swl-5.0 showing a greater difference from the unforced285

scenario compared to swl-3.0 even 200-250 years after emissions cessation. Yet, looking at swl-5.0, it is clear how the benefits

of achieving zero emissions conditions for extreme temperature mitigation can be strongly affected by the changes in land

cover. Thus, while our results indicate the possibility for large-scale afforestation to cause a reduction in the hot temperature

extremes, opposite trends in land use changes could thwart the mean cooling effect brought by emissions cessation through a

regional thermodynamic warming effect (Zhang et al., 2005; Butt et al., 2023).290
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Figure 8. Left: Intraseasonal variance trends for summer (JJA) daily maximum temperature (tasmax) in the studied regions in northeastern
North America, northeastern Asia and Europe in the ramp-up and swl runs. For each scenario, the dots represent the individual ensemble
members, while the cross identifies the ensemble mean. Right: Distribution of spatially averaged JJA daily maximum temperature in years
0-50 (coloured) and 200-250 (dotted) in the swl-3.0 (top) and swl-5.0 (bottom) runs in the studied northeastern North America region. The
same distribution is shown in green for the last 50 years of the piControl run. The horizontal bars are a graphical representation of the
interquartile range of each distribution.

However, it is worth noting that the extent of the vegetation transitions observed in these projections would likely be strongly

limited by a more realistic definition of land allocation dynamics. In these runs, vegetation is free to expand over most of the

globe since cropland and urban areas are kept fixed at their pre-industrial level (Jones et al., 2025). Thus, while potentially

achievable from a climatic perspective, the projected biome shifts would likely be confined to smaller pockets of land under

future scenarios consistent with current and future land use and socio-economic trends. Consequently, the prominent cooling295

trends in annual hot temperature extremes at higher warming levels identified here may be a result of the highly idealised

TIPMIP protocol. The extent to which they would occur in less idealised scenarios is unclear, but would likely be more limited.

Evidence for this claim is found within these same projections and most likely explains why Europe, the only continent with

considerable cropland area in the pre-industrial configuration that is used here, does not show a vegetation-induced TX5x

cooling signal despite occupying the same latitudes as the other affected regions (Figures 2, 6, 8). Therefore, our results also300

serve as a reminder of the limits of highly idealised climate scenarios. While their fundamental value for exploring the response

of the macro-processes governing the climate system under different forcing conditions is not questioned (Jones et al., 2025),

there needs to be careful consideration of the implications of the approximations and assumptions embedded in them, especially
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when finer-scale processes and feedbacks are considered. As the exploration of future climate conditions based on stabilised

and net-negative emission scenarios is rapidly expanding, often based on novel and highly-idealised protocols (Jones et al.,305

2025, 2019; Keller et al., 2018; Sanderson et al., 2024), we need to ensure their unique experimental design is used to broaden

our understanding of the climate system and that artificial results inapplicable to real-world conditions are identified where

they occur (Baumberger et al., 2017). As shown here, this risk can be exacerbated by the plausibility and self-consistency of

the results within the model and artifacts might be particularly hard to identify in the absence of a direct benchmark (such

as land allocation in our case). Further results from other Earth System Models with dynamic vegetation schemes and using310

the same protocol will ultimately be needed to confirm whether our findings are model dependent or generally apply to the

TIPMIP configuration. More broadly, a multi-model comparison will help contextualise our results and allow to constrain the

large uncertainty still associated with the post zero emissions climate evolution (Randall et al., 2007).

4 Conclusions

The present study investigated temperature trends in the UKESM1.2 stabilised warming runs following the TIPMIP protocol315

(Jones et al., 2025). We find that global average air surface temperature keeps increasing after emissions stop in this model.

Warming post emission cessation is significantly higher in +3°C to +5°C scenarios (0.23-0.24°C per century) compared to

+1.5°C and +2°C (0.01-0.05°C per century). Strong regional gradients are found in mean temperature trends following emis-

sions cessation, with most of the warming occurring in the SH as a result of the long-term heat release from the SO (Corner

et al., 2023). The NH experiences a slight cooling of mean annual temperatures, which is more evident at the lower warming320

levels. This cooling pattern is regionally amplified for the annual temperature extremes (TXx and TX5x) in mid-latitude loca-

tions across the NH, and locally in the SH, in the swl-4.0 and swl-5.0 runs. Northeast North America experiences the greatest

amount of cooling for TX5x, exceeding -1.5°C per century in swl-5.0.

The regional analysis of the dynamic and thermodynamic drivers of heat extremes revealed that the cooling pattern is pri-325

marily explained by an increased partitioning of the total surface net radiation into latent rather than sensible heat flux. This

change in the partitioning of the surface heat fluxes is associated with the poleward expansion of broadleaf and needleleaf ever-

green vegetation at the expenses of deciduous trees and grasslands. The expansion of tree vegetation reduces the summer daily

maximum temperature variance in the studied regions, shrinking the warm tail of the temperature distribution. As shown in

previous modelling and observational studies, large-scale biome shifts can be responsible for regional cooling of heat extremes330

due to the increased transpiration rates and summer surface albedo.

While plausible and self-consistent within the model, these results are greatly influenced by the experimental protocol, in

which anthropogenic land use is kept fixed at the pre-industrial level. Thus, the extent and the magnitude of the projected

biome shifts, and the associated cooling effect, would likely be substantially limited in real-world conditions, even under335

minimal land-disturbance scenarios. This highlights the potential limitations of highly-idealised scenarios, showing how such
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assumptions can generate possibly unrealistic responses in climate models.

Nevertheless, our results show the important role that land use changes can play in mitigating heat-related hazards, with

its relative impact increasing after emission cessation. Without this contribution, mean and extreme temperatures would not340

decline as significantly under zero emissions conditions, especially in the SH. Thus, our study aligns with a growing body of

evidence suggesting that the effects of global warming stabilisation on climate extremes can have sharp regional variations

(Dittus et al., 2024; Cassidy et al., 2024; Alastrué de Asenjo et al., 2025) and identifies land-atmosphere feedbacks as one of

the mechanisms explaining them.
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Code and data availability. Selected CMORised output from the UKESM TIPMIP ensemble can be publicly accessed at345

https://gws-access.jasmin.ac.uk/public/ukesm/TerraFIRMA. The full simulation output are archived at the UK Met Office and are available

for research purposes through the JASMIN platform (www.jasmin.ac.uk) maintained by the Centre for Environmental Data Analysis (CEDA);

for details please contact UM_collaboration@metoffice.gov.uk, referencing this paper. The code used for the analysis will be made publicly

available upon acceptance of the manuscript.
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Appendix A350

Figure A1. Ensemble mean trend in annual mean precipitation intensity (%/century) in the first 250 years of swl-5.0.
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Figure A2. Ensemble mean trend in annual mean clear-sky net downward summer shortwave radiation flux (W m−2 century −1) in the first
250 years of swl-5.0. The net flux is calculated subtracting the upward shortwave radiation flux from the total downward shortwave radiation
flux.
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