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Comparing future projections of warm spells and their characteristics under climate change and stratospheric aerosol injection in CESM2 and UKESM1
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Extreme heat events have increased in frequency, intensity and duration over the last several decades as a result of anthropogenic climate change. Extreme heat events impact human and natural systems including human mortality and morbidity, agricultural and livestock yields, ecosystem vulnerability and water resource management. Increasing risks from climate change has prompted an increase in research into the potential impacts—both good and bad—of climate intervention. Stratospheric aerosol injection (SAI) is one of the most studied methods of climate intervention and could quickly cool or stabilize global temperatures by injecting reflective aerosols into the stratosphere. We investigate future projections of a type of extreme heat event, called a warm spell, in the context of a policy relevant and moderate emissions scenario (SSP2–4.5) and SAI deployment simulated in two Earth-system models: CESM2 and UKESM1. Warm spells are prolonged periods of anomalously high temperature that can occur at any time of the year. Under SSP2–4.5 warm spells are projected to become increasingly frequent, intense and longer in both models. SAI deployment is able to effectively mitigate many of these changes; however, differences in future projections of warm spells between CESM2 and UKESM1, regardless of whether or not SAI is deployed, highlight the importance of inter-model comparisons in assessments of future climates.
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1 Introduction

The year 2024 was the warmest in the instrumental record, with the global annual mean surface temperature likely exceeding 1.5°C above the 1850–1900 mean for the first time (Tollefson, 2025; WMO, 2025). Under current emissions rates, it is probable that the twenty-year mean temperature will exceed 1.5°C within the next decade (IPCC, 2022; Jones et al., 2023; Matthews and Wynes, 2022). This is the threshold identified in the Paris Agreement that should not be surpassed in order to avoid some of the most devastating impacts of anthropogenic climate change (Schleussner et al., 2016; UNFCCC, 2015). As global temperatures have risen over the last several decades, extreme heat events have increased in frequency, intensity and duration across the globe (Seneviratne et al., 2021). Future projections indicate that these increases will continue if global temperatures continue to increase (e.g., Cooper et al., 2002; Fischer and Schär, 2010; Huntingford et al., 2024; Meehl et al., 2000; Perkins et al., 2012; Perkins-Kirkpatrick and Gibson, 2017; Schär et al., 2004; Seneviratne et al., 2021). Earth system model (ESM) simulations have also indicated that increased temperature variability likely contributes to increased extreme heat events (Fischer and Schär, 2009; Schär et al., 2004; Simolo and Corti, 2022). Regional temperature extremes are further influenced by physical processes such as large-scale circulation patterns (Domeisen et al., 2023; Kautz et al., 2022; Sousa et al., 2018), soil moisture fluctuations (Benson and Dirmeyer, 2021; Lorenz et al., 2016; Seneviratne et al., 2010), and changes to land cover properties (Mueller et al., 2016; Skinner et al., 2018; Teuling et al., 2010). The detrimental effects that extreme heat events occurring in the warm season (heatwaves) have on human mortality and morbidity (Anderson and Bell, 2009; Ebi et al., 2021; Guirguis et al., 2014; Matthews et al., 2025), crop and livestock yields (Bezner Kerr and Gawa, 2023; Brás et al., 2021) and energy demand (Auffhammer et al., 2017), among other things, have made these events the focus of considerable research.

Compared to heatwaves, only a limited amount of work has examined how the characteristics of warm spells, periods of anomalously high temperature that can occur at any time of the year (Perkins et al., 2012; Sillmann et al., 2013), may be impacted by anthropogenic climate change. Warm spell research has tended to focus on a specific region or season (Hansen et al., 2014; Scaff et al., 2024) and has primarily examined future changes in occurrence (Tye et al., 2022), but not other characteristics such as amplitude and duration. Other studies have utilized observational datasets that lack global coverage (Perkins et al., 2012). Including periods of anomalously high temperature outside of the warm season allows for impacts to be considered that are specific to events occurring during other times of the year. For instance, cold season warm spells were found to increase snow ablation (snowpack mass loss) in the mountainous western U.S. leading to earlier streamflow, which could impact local water resource management and ecosystems (Scaff et al., 2024). Cold season events have also resulted in melting permafrost and rain on snow events that impact wildlife mortality in the High Arctic (Hansen et al., 2014).

We assess future projections of warm spells not only as a function of increasing greenhouse gas concentrations, but also under a scenario of stratospheric aerosol injection (SAI). SAI is a method of climate intervention that could slow the increase of, stabilize or even reduce global temperatures by injecting reflective particles, or the gasses that precede their formation, into the stratosphere to reflect a small amount of incoming solar radiation away from Earth (Crutzen, 2006). While progress has been made to reduce emissions, society's dependence on fossil fuels and the long residence time of carbon dioxide (CO2) in the atmosphere makes it unlikely that global temperature rise will be limited to 1.5°C or even 2°C through climate mitigation alone (IPCC, 2021; UNEP, 2023). Because SAI could have a relatively rapid impact on temperature, it is proposed to be used in parallel with climate mitigation methods such as emissions reductions and CO2 removal to prevent global temperature rise from surpassing dangerous thresholds (Hurrell et al., 2024; Tilmes et al., 2020; Zhang et al., 2024).

SAI is one of the most studied methods of climate intervention to date due to its potentially low implementation costs (Smith, 2020), its ability to be simulated in ESMs (e.g., Henry et al., 2023; Kravitz et al., 2011; Richter et al., 2022; Tilmes et al., 2018) and because it has a natural analog: volcanic eruptions (Crutzen, 2006). Research into the potential impacts and risks of methods of climate intervention has been increasing over the last several years (e.g., Bednarz et al., 2022; Glade et al., 2023; Goddard et al., 2023; Haywood et al., 2025; Hueholt et al., 2024; Keys et al., 2022; Lee et al., 2023; Morrison et al., 2024; Touma et al., 2023; Wells et al., 2024; Zarnetske et al., 2021), including if SAI deployment could mitigate projected future increases in the frequency of extreme heat events (e.g., Obahoundje et al., 2023). However, most studies of extreme heat events, similar to those investigating the impacts of climate change alone, have been regionally focused or have considered SAI deployment in the context of high-end emissions scenarios (Jiang et al., 2024; Tye et al., 2022). Here, we examine future projections of warm spells and their characteristics globally as simulated in two ESMs under the moderate and policy relevant Shared Socioeconomic Pathway 2–4.5 (SSP2–4.5) scenario, and we compare those projections to another assuming SAI deployment in the near future.



2 Data and methods


2.1 Model information

We assess future projections of warm spells in the context of climate change with and without simulated SAI deployment by the Community Earth System Model, version 2 (CESM2; Danabasoglu et al., 2020) and the United Kingdom Earth System Model, version 1 (UKESM1; Sellar et al., 2019). The Whole Atmosphere Community Climate Model, version 6 (WACCM6), is the atmospheric component used in CESM2 (Gettelman et al., 2019). It has 0.95° × 1.25° horizontal resolution and 70 vertical levels from the surface to ~140 km. SSP2–4.5 is used to consider future projections of climate change. This is a middle-of-the-road emissions scenario that projects 2.7°C of warming by the end of the century (IPCC, 2021; O'Neill et al., 2017; Riahi et al., 2017). We utilize a 10-member ensemble run under SSP2–4.5. The first five-members extend from 2015 to 2100 and were conducted as a part of the Coupled Model Intercomparison Project, version 6 (CMIP6; Eyring et al., 2016). The second five-members extend from 2015 to 2069 and were completed as a part of the Assessing Responses and Impacts of Solar climate intervention on the Earth-system with stratospheric aerosol injection (ARISE-SAI Richter et al., 2022) project. ARISE-SAI also includes a 10-member ensemble using CESM2(WACCM6) to simulate SAI deployment from 2035 to 2069. The primary climate goals of SAI deployment in this case were to stabilize global mean temperature at ~1.5°C above pre-industrial levels. Additionally, SAI aimed to maintain the equator-to-pole and interhemispheric temperature gradients at values corresponding to the global mean temperature target. These goals were benchmarked against the 2020–2039 period in the CESM2 SSP2–4.5 simulations, which is when the long-term global mean temperature reaches ~1.5°C above pre-industrial levels. To achieve these objectives, sulfur dioxide (SO2) was continuously injected into the stratosphere (around 21.6 km altitude) at 15°N/S and 30°N/S, all at 180°W. The amount of SO2 injected at each location was adjusted annually using a controller algorithm to ensure the specified targets were met (Kravitz et al., 2017; MacMartin et al., 2014; Richter et al., 2022).

UKESM1 utilizes the Met Office Unified Model (UM) as its atmospheric component, which has 1.875° × 1.25° horizontal resolution and 85 vertical levels from the surface to ~85 km (Archibald et al., 2020). The UKESM1 simulations include two 5-member ensembles: one that extends from 2015 to 2100 considering climate change under SSP2–4.5, run as a part of CMIP6, and another extending from 2035 to 2069 that considers SAI deployment (Henry et al., 2023). The UKESM1 SAI simulations use the same deployment strategy as in CESM2(WACCM6) to reach the same global temperature targets (Henry et al., 2023). Note that the time period corresponding to ~1.5°C of warming in UKESM1 is 2014–2033, earlier than that in CESM2, since UKESM1 has a higher equilibirum climate sensitivity (ECS; Zelinka et al., 2020). As a result, global mean 2m temperature in UKESM1 rises 1.797°C by the 2060s, while it rises 1.011°C in CESM2. This discrepancy may be due to structural differences between CESM2 and UKESM1, providing one reason why multi-model comparisons are useful (e.g., Deser et al., 2020; Meehl et al., 1997). There are also significant differences between CESM2 and UKESM1 for the amount of SO2 injection required to stabilize global mean temperature at ~1.5°C when SAI is deployed. In UKESM1, injection rates are high initially in order to cool global temperatures to this target. Additionally, sulfate lifetime and SO4 burden are ~50% higher in CESM2 than UKESM1 which also leads to higher injection rates overall in UKESM1 (Henry et al., 2023).



2.2 Defining warm spells

We define warm spells as anytime the 90% threshold of daily maximum temperature is exceeded for at least six consecutive days. The 90% threshold of daily maximum temperature is calculated for every calendar day using a 5-day centered moving window over the time period in each model that corresponds to when global mean temperature exceeds 1.5°C above the 1850-1900 mean (2020–2039 in CESM2; 2014–2033 in UKESM1). This definition is similar to that defined by the Expert Team on Climate Change Detection and Indices, but with the use of a different reference period climatology (Zhang et al., 2011). Warm spell occurrence is calculated from 2015 to 2069 in the SSP2–4.5 simulations and from 2035 to 2069 in the SAI simulations using daily maximum 2 m temperature. Individual years are considered exclusive from each other, such that a warm spell is only counted if it reaches the minimum length requirement in the year that it started in. In CESM2, only the second five-member ensemble of the SSP2–4.5 simulations is used, due to erroneous data in the first five-member ensemble that was run as a part of CMIP6 (Richter et al., 2022). We take data from the 2020–2039 period of all five usable ensemble members and compute the 90% thresholds of daily maximum temperature for each calendar day relative to all 100 years. These thresholds are then applied to each ensemble member of the SSP2–4.5 and SAI simulations, respectively, to calculate warm spell occurrence over the simulation periods. This same methodology is extended to the UKESM1 simulations.

In addition to warm spell event occurrence, warm spell days, duration and amplitude are also computed for each ensemble member based on the heat wave characteristics described in Fischer and Schär (2010). These metrics have been used extensively to examine the characteristics of extreme heat events in current and future climates (e.g., Fischer and Schär, 2010; Perkins et al., 2012; Perkins-Kirkpatrick and Gibson, 2017). Warm spell days describe the total number of days that occurred during a warm spell in a year. Warm spell duration is the length (in days) of the longest warm spell that occurs in a year. Warm spell amplitude is the maximum deviation (in °C) from the 2020–2039 (2014–2033) mean calendar day maximum 2 m temperature in CESM2 (UKESM1) that occurs during a warm spell in a year. For warm spell duration and warm spell amplitude, years when no warm spell occurred are excluded from analysis as in Fischer and Schär (2010).



2.3 Model validation

To evaluate whether CESM2 and UKESM1 are able to reasonably represent warm spells and their characteristics, historical simulations from each model are qualitatively compared to the ECMWF reanalysis, version 5 (ERA5; Hersbach et al., 2020). ERA5 has 0.25° horizontal resolution, and data availability from 1940 onward. We use the CESM2 Large Ensemble (CESM2-LE), a 100-member ensemble that follows historical forcing from 1850 to 2014 (Rodgers et al., 2021), for this comparison. The CESM2-LE utilizes the low-top atmospheric component of CESM2, the Community Atmosphere Model, version 6 (CAM6) rather than WACCM6. Since CAM6 and WACCM6 have the same vertical structure from the surface to 87 hPa (Danabasoglu et al., 2020), there should not be an appreciable impact on the variables we consider, which are all near-surface based. The CESM2-LE is used for validation because output from CESM2(WACCM6) historical simulations do not include daily maximum 2 m temperature.

The first 50-members of the CESM2-LE were run with a slightly different forcing protocol than the second 50-members. This was because the CMIP6 historical forcing protocol prescribes biomass burning emissions from 1997 to 2014 using remote sensing data that contain more interannual variability compared to the rest of the period (van Marle et al., 2017). This enhanced interannual variability was found to impact Northern Hemisphere temperature and sea ice extent (DeRepentigny et al., 2022; Fasullo et al., 2022). Because of this, the second 50 ensemble members were run with a new protocol that smoothed the biomass burning emissions forcing data from 1997 to 2014 (Rodgers et al., 2021). We evaluate warm spells over the historical period by considering the first and second 50-members of the CESM2-LE separately and find that the difference in forcing protocol does not appreciably change the spatial distribution or frequency of warm spell event occurrence (Supplementary Figure S1). Thus, we include all 100 members of the CESM2-LE for this analysis. The historical UKESM1 simulations we utilize are a 17-member ensemble that extends from 1850 to 2014 following historical forcing as prescribed by CMIP6 (Sellar et al., 2019).

In the CESM2-LE, UKESM1 and ERA5, we calculate warm spell occurrence from 1980 to 2014. The 90% threshold of daily maximum 2 m temperature in each dataset is computed relative to the 1950–1979 period. Figure 1 shows how annual mean warm spell occurrence in the CESM2-LE and UKESM1 compares to ERA5. To first order, the CESM2-LE and UKESM1 are able to capture the spatial distribution of annual mean warm spell occurrence over 1980–2014, where warm spells occur three times or more a year over regions such as the western United States (U.S.), the Sahara and the Arabian Peninsula, and less than once a year over regions such as southern South America, southern Australia and eastern Europe (Figures 1a–c). There are a few regions in both models that deviate from ERA5. For instance, in the CESM2-LE, warm spells occur infrequently over the Maritime continent, whereas more frequent warm spell occurrence is evident in ERA5. In UKESM1, annual mean warm spell occurrence is relatively high over the Amazon and central Africa, while ERA5 shows few warm spells impacting these regions. Both models underestimate annual mean warm spell event occurrence over Antarctica compared to ERA5. The spatial pattern of warm spells in ERA5 shows less coherent structure than the CESM2-LE and UKESM1, likely because ERA5 has higher resolution and it is being compared to ensembles of historical simulations.


[image: Three global maps (a, b, c) display the frequency of warm spells per year using CESM2-LE, UKESM1, and ERA5 datasets, respectively, with a color bar from light yellow to dark brown. A line graph (d) below shows the trend of warm spells per year from 1980–2014, comparing CESM2-LE, UKESM1, and ERA5, with lines indicating increasing trends over time.]
FIGURE 1
 Annual mean warm spell occurrence for 1980–2014 in CESM2, UKESM1 and ERA5, respectively, are shown in (a–c). The time series of annual mean warm spell occurrence area-averaged across all global land grid points is shown in (d). The green line shows the time series for the CESM2-LE, the brown line shows the time series for UKESM1 and the purple line shows the time series for ERA5. The green (brown) shading shows the range of ensemble members in the CESM2-LE (UKESM1).


From a land-only area-averaged perspective, annual mean warm spell event occurrence in ERA5 fits within the range of CESM2-LE and UKESM1 ensemble members, indicating that both models are able to reasonably represent the observed trend in warm spell event frequency from 1980 to 2014 (Figure 1d). The interannual variability of ERA5 is likely larger compared to the CESM2-LE or UKESM1, since both model results are averages across many realizations. Results from similar analyses of warm spell days, duration and amplitude largely agree with the results shown for warm spell occurrence (Supplementary Figures S2–S4). One discrepancy is that, in the CESM2-LE, area averaged ensemble mean warm spell amplitude is ~0.5°C less than that in ERA5 and the UKESM1 historical simulations (Supplementary Figures S4). However, the ERA5 values fit within the range of the CESM2-LE ensemble members.




3 Results


3.1 Characterizing warm spells in current and future climates

A challenge in comparing future projections of warm spells and their characteristics under SSP2–4.5 between CESM2 and UKESM1 is that the magnitude of global temperature change over the simulation period is larger in UKESM1 (as discussed above). In order to address this challenge, we normalize future changes in warm spells and their characteristics by the corresponding global mean temperature change in each model. Changes to warm spell characteristics are overall larger in magnitude in UKESM1 than in CESM2 under SSP2–4.5 (Supplementary Figures S5–S8) before normalization, whereas the magnitude of change is more comparable between models after normalization (Figures 2–5). While this method appears to reasonably account for the differences in future projections of warm spells and their characteristics between models, it assumes that these characteristics increase linearly with temperature. Given that shifts in the mean temperature have been shown to be the dominant contributor to changes in hot extremes (e.g., McKinnon et al., 2016; Seneviratne et al., 2021; Van Loon and Thompson, 2023), this is likely an appropriate assumption. Normalization was not applied to the SAI simulations since the deployment goals in both models are to stabilize global mean temperature (Henry et al., 2023; Richter et al., 2022).


[image: Global maps illustrate warm spell frequency changes under different scenarios (a, d) reference climates for CESM2 and UKESM1 models, (b, e) SSP2–4.5 minus reference normalized by temperature change, and (c, f) stratospheric aerosol injection minus reference. Color scales show changes in warm spells per year, with warm colors indicating increases and cool colors indicating decreases.]
FIGURE 2
 Annual mean warm spell event occurrence is shown for 2020–2039 in CESM2 (a) and 2014–2033 in UKESM1 (d). The change in annual mean warm spell event occurrence for 2060–2069 relative to each model's reference period under SSP2–4.5 normalized by the corresponding change in global mean temperature in CESM2 (1.011°C) and UKESM1 (1.797°C) is shown in (b) and (e), respectively. Annual mean warm spell event occurrence for 2060-2069 relative to each model's reference period under SAI is shown in (c, f). The black boxes in (b) and (e) indicate regions where future projections of warm spells between CESM2 and UKESM1 are distinct. Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


Over the reference period (2020–2039 in CESM2, 2014–2033 in UKESM1), warm spells occur, on average, up to approximately three times per year over many land regions in both models (Figures 2a, d). Warm spell occurrence, however, exhibits considerable spatial heterogeneity, with more frequent occurrence over regions such as the western United States (U.S.), the Sahara and the Indian subcontinent, and less frequent occurrence over regions such as the eastern U.S., southern Australia and central Asia. Under SSP2–4.5, warm spell occurrence is projected to increase globally by the end of the simulation period (i.e., the 2060s), except over Iceland in CESM2, with increases of up to 10 warm spells per year (Figures 2b, e). Increases in warm spell frequency are largest at lower latitudes over regions such as the Amazon, central Africa and southeast Asia, although increases are up to five warm spells per year over Northern Hemisphere high latitudes (Figures 2b, e). There are some regions where future projections of warm spells are noticeably different between the two models, such as over western North America (Figures 2b, e) and some tropical rainforests (boxed regions in Figures 2b, e). When SAI is deployed, future increases in warm spells are reduced globally (Figures 2c, f). In CESM2, there is little change in warm spell event occurrence between the 2060s under SAI and the reference period, with the largest change being a slight increase (no more than four warm spells per year) over west-central South America (Figure 2c). In contrast, in UKESM1, there is a slight decrease in warm spell occurrence relative to the reference period over most land regions (Figure 2f). To evaluate if changes in warm spell characteristics are significant, we use a two-sample student's t-test at the α = 0.05 level, with the p-value adjusted at each grid point to account for multiple-testing and spatial correlation issues (Wilks, 2016). Each individual ensemble member is considered to be an independent sample. Stippled regions in Figure 2 and all following figures indicate areas where the 2060–2069 period was not found to be statistically significantly different from the reference period of each respective model.

The regions where warm spells occur most frequently (Figures 2a, d) are also the regions where the number of warm spell days is greatest during the reference period (Figures 3a, d). Up to 33 warm spell days occur across all warm spell events per year during this period. Similar to with warm spell occurrence, warm spell days are projected to increase by several times relative to the reference period under SSP2–4.5, with increases of up to 175 warm spell days per year over low latitude regions (Figures 3b, e). There are also similar differences between CESM2 and UKESM1 as with warm spell frequency: for example, there are relatively small increases in warm spell days over tropical rainforests in CESM2 but relatively large increases in UKESM1 (Figures 3b, e). SAI deployment reduces future increases in warm spell days in CESM2 and UKESM1 across the globe such that increases are less than 50 warm spell days per year (Figures 3c, d).


[image: Global maps illustrating warm spell days per year using CESM2 and UKESM1 models. Panels (a) and (d) show reference data, highlighting high levels in orange and brown. Panels (b) and (e) depict changes under the SSP2–4.5 scenario, with significant increases in warm spell days shown in dark red. Panels (c) and (f) display SAI effects relative to the reference, where blue regions indicate reduced warm spell days. Color scales below each map provide numerical references for warm spell day variations per year.]
FIGURE 3
 Annual mean warm spell days for 2020–2039 in CESM2 is shown in (a) and 2014–2033 in UKESM1 is shown in (d). The change in annual mean warm spell days for 2060–2069 relative to each model's reference period under SSP2–4.5 normalized by the corresponding change in global mean temperature in CESM2 (1.011°C) and UKESM1 (1.797°C) is shown in (b) and (e), respectively. Annual mean warm spell days for 2060–2069 relative to each model's reference period under SAI is shown in (c, f). Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


The longest warm spells are generally <10 days in length during the reference period (Figures 4a, d). In UKESM1, warm spell duration reaches up to 108 days over the northern half of South America, which is long compared to the rest of the globe and to CESM2 (Figure 4d). Under SSP2–4.5, warm spell duration is projected to increase as for warm spell occurrence and warm spell days (Figures 4b, e). These increases are reduced under SAI (Figures 4c, f). Differences between CESM2 and UKESM1 for future warm spell duration changes under SSP2–4.5 and SAI are similar to those described for warm spell occurrence and warm spell days. Over west-central South America, there is a larger magnitude reduction in warm spell duration under SAI in UKESM1 compared with changes in warm spell occurrence and warm spell days (Figure 4f). This same region has higher warm spell duration in the reference period compared to other global land areas (Figure 4d).


[image: Global maps showing the warm spell duration in days, for two models, CESM2 and UKESM1. (a) and (d) depict reference scenarios. (b) and (e) show changes in warm spell duration under SSP2–4.5 normalized by temperature change, highlighting increases in Africa and South America. (c) and (f) display differences under SAI, showing slight reductions over regions such as South America.]
FIGURE 4
 Annual mean warm spell duration (in days) is shown for 2020–2039 in CESM2 (a) and 2014–2033 in UKESM1 (d). The change in annual mean warm spell duration for 2060–2069 relative to each model's reference period under SSP2–4.5 normalized by the corresponding change in global mean temperature in CESM2 (1.011°C) and UKESM1 (1.797°C) is shown in (b) and (e), respectively. Annual mean warm spell duration for 2060–2069 relative to each model's reference period under SAI is shown in (c, f). Note that years without a warm spell were excluded from this portion of analysis. Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


Warm spell amplitude shows a considerably different spatial pattern in each model's reference period compared to other warm spell characteristics (Figures 5a, d). Warm spell amplitude is largest at high latitudes and smallest at low latitudes, likely because high latitude regions have more temperature variability than lower latitudes (Supplementary Figure S9). Under SSP2–4.5, warm spell amplitude is projected to increase over nearly all global land areas, with increases of up to 8°C (Figures 5b, e). The relative magnitude of increase in amplitude is more spatially homogeneous in both models compared with other warm spell characteristics (Figures 5b, e). When SAI is deployed, the large-scale increase in warm spell amplitude is mostly avoided (Figures 5c, f). However, spatially heterogeneous changes in warm spell amplitude still exist. Some of these regions show contrasting responses between models when SAI is deployed. For instance, CESM2 projects a decrease in warm spell amplitude over Greenland while UKESM1 projects an increase in warm spell amplitude (Figures 5c, f).


[image: Three global maps displaying warm spell amplitude in degrees Celsius are compared for two models, CESM2 and UKESM1. Maps (a) and (d) serve as references, showing baseline amplitudes. Maps (b) and (e) depict changes from SSP2–4.5 minus Reference normalized by the corresponding change in global mean 2 m temperature, highlighting increased warm spell amplitude, especially in the northern hemisphere. Maps (c) and (f) illustrate differences between SAI and Reference, showing varying regional temperature changes with blues in some areas indicating reductions in warm spell amplitude and reds indicating increases in warm spell amplitude. Color bars denote temperature range from zero to 22.4 degrees Celsius for the reference and from –5.7 to 5.7 degrees Celsius for the changes.]
FIGURE 5
 Annual mean warm spell amplitude (in °C) is shown for 2020–2039 in CESM2 (a) and 2014–2033 in UKESM1 (d). The change in annual mean warm spell amplitude for 2060–2069 relative to each model's reference period under SSP2–4.5 normalized by the corresponding change in global mean temperature in CESM2 (1.011°C) and UKESM1 (1.797°C) is shown in (b) and (e), respectively. Annual mean warm spell amplitude for 2060–2069 relative to each model's reference period under SAI is shown in (c, f). Note that years without a warm spell were excluded from this portion of the analysis. Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


The presented results focus on changes in warm spell characteristics calculated annually, but seasonal analyses were also completed for warm spell occurrence (Figure 6) and other characteristics (not shown). Seasonal warm spell occurrence was calculated assuming seasons are exclusive of one another, meaning that a warm spell is only counted if it reaches the minimum length requirement in the season in which it started. In order to only consider seasons with consecutive months, the first winter season of each analysis period excludes December, and we also omit the last December of each simulation period. Over each model's reference period, the spatial pattern of seasonal warm spell occurrence is relatively similar to annual warm spell occurrence (Figures 2a, d), where warm spells occur more frequently (in excess of 0.4 warm spells per season) over regions such as the western U.S., the Sahara and the Indian subcontinent, and less frequently (fewer than 0.2 warm spells per season) over regions such as the eastern U.S. and southern Australia (Figure 6). There are some regions where there is notable seasonal variability including over the Amazon and west-central Africa (Figure 6). Over the Amazon, seasonal variability is most apparent in CESM2, where warm spells occur more frequently in the northern portion during December, January and February (DJF), and more frequently over the southern portion during June, July, and August (JJA) (Figure 6). Over west-central Africa, broadly speaking, warm spells occur rarely or not at all throughout the year (Figure 6). This region of low occurrence expands northward during JJA and September, October, and November (SON). Seasonal variability is more evident over west-central Africa in UKESM1 than that over the Amazon. However, there is generally less seasonal variability and more frequent warm spells over this region in UKESM1 than in CESM2 (Figure 6). Although not as stark, regions such as the southeastern U.S., western Europe and northeast Russia all exhibit seasonal variability as well (Figure 6). While not shown, future projections of warm spell occurrence calculated from a seasonal perspective have similar spatial patterns to those of the reference period. Further, warm spell days and duration calculated seasonally are consistent with those for warm spell occurrence. This follows for seasonal warm spell amplitude, although warm spell amplitude tends to be larger in the summer hemisphere.


[image: Maps illustrate global warm spell occurrences per season using CESM2 and UKESM1 models for DJF, MAM, JJA, and SON. Intensity varies from light yellow to dark brown, indicating frequency.]
FIGURE 6
 Seasonal warm spell event occurrence is shown for 2020–2039 in CESM2 for December, January and February (DJF) (a), March, April and May (MAM) (b), June, July and August (JJA) (c) and September, October and November (SON) (d). Seasonal warm spell event occurrence is shown for 2014–2033 in UKESM1 for DJF (e), MAM (f), JJA (g), and SON (h).




3.2 Physical factors that drive the differences between CESM2 and UKESM1

The dominant factor contributing to future projections of warm spells and their characteristics is changes to global mean temperature: warm spell characteristics increase globally in CESM2 and UKESM1 under SSP2–4.5, but change little in the simulations when SAI was deployed (Figures 2–5). This relationship has been shown in the observational record (McKinnon et al., 2016), reanalysis (Van Loon and Thompson, 2023), and model projections (Sillmann et al., 2013). A second factor contributing to differences between CESM2 and UKESM1 is the spatial pattern of warming. In UKESM1, there is projected to be a slight decrease in warm spell occurrence, days and duration across most global land areas (Figures 2f, 3f, 4f) in the simulations with SAI. This is likely due to the spatial pattern of temperature change, where temperature increases in the Arctic, and most other regions cool slightly in order to reach the global mean temperature target of SAI deployment (Figure 7f). The region of cooling that is projected over the North Atlantic in CESM2 is another example of how the spatial pattern of warming contributes to future projections of warm spells (Figures 7b, c). Small regions over northeastern Canada, southern Greenland and northwestern Europe that are adjacent to this cooling region are projected to have nearly no change or slight decreases in warm spell characteristics (Figures 2b, c, 3b, c, 4b, c, 5b, c). The differences in the response of the Arctic and the North Atlantic to rising greenhouse gas concentrations between CESM2 and UKESM1 may be due to how Arctic sea ice and resulting land-atmosphere interactions and the Atlantic meridional overturning circulation, respectively, are represented in each model. Confirming these relationships is beyond the scope of this work.


[image: Six global maps compare temperature changes. (a) and (d) show current reference temperatures for CESM2 and UKESM1 models, using a color gradient from purple to yellow. Maps (b) and (e) depict projected temperature increases from 2060–2069 under SSP2–4.5, predominantly light to dark red. Maps (c) and (f) show projected changes from 2060–2069 under SAI, with cooler tones indicating potential temperature decreases, especially near the poles. Temperature scales range from negative twenty to thirty degrees Celsius for the reference period and negative 5.7 to 5.7 degrees Celsius for the difference plots.]
FIGURE 7
 Annual mean 2 m temperature (in °C) is shown for 2020–2039 in CESM2 (a) and 2014–2033 in UKESM1 (d). The change in annual mean 2 m temperature for 2060–2069 relative to each model's reference period under SSP2–4.5 is shown in (b) and (e), respectively. Annual mean 2 m temperature for 2060–2069 relative to each model's reference period under SAI is shown in (c, f). Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


There are additional differences in future projections of warm spell characteristics between the two models that are not explained by the magnitude of mean warming or the spatial pattern of temperature change. CESM2 projects larger increases in warm spell occurrence, days and duration over western North America under SSP2–4.5 than in UKESM1 (Figures 2–4). There are also prominent differences between models over tropical rainforests (boxed regions in Figures 2b, e, 3b, e, 4b, e), where smaller magnitude increases in warm spell characteristics are projected in CESM2 than UKESM1. These respective differences may be due to differences in other factors important for warm spell characteristics, such as inter-model differences in future projections of large-scale atmospheric circulation patterns, soil-moisture fluctuations and land cover properties (e.g., Benson and Dirmeyer, 2021; Domeisen et al., 2023; Kautz et al., 2022; Seneviratne et al., 2010; Skinner et al., 2018). Next, we examine the physical mechanisms that may be responsible for the differences in future projections of warm spell characteristics over tropical rainforests (land regions in black boxes in Figure 2b), since these are the largest differences that occur between the two models under SSP2–4.5.


3.2.1 Tropical rainforests

We use leaf area index (LAI) to evaluate how changes to plant physiology may influence future projections of warm spells over tropical rainforests, given that plant physiological changes have been shown to affect both regional temperature projections (Zarakas et al., 2020) and the incidence of extremes (Skinner et al., 2018). LAI is the ratio of one-sided green leaf area per unit horizontal ground surface area (Fang et al., 2019) and may increase due to higher productivity under elevated CO2 concentrations. LAI is output by the land component of CESM2, the Community Land Model, version 5 (CLM5; Lawrence et al., 2019), and the land component of UKESM1, the Joint U.K. Land Environment Simulator (JULES; Clark et al., 2011), respectively. In the reference period, regions with high LAI are similar between models, though the extent of these regions is larger in UKESM1 (Figures 8a, d). LAI is projected to increase under SSP2–4.5 over tropical rainforests in CESM2 by up to 1.75 m2 m−2 (blacked boxed regions in Figure 8b). In contrast, LAI is projected to change very little (increase by no more than 0.37 m2 m−2) over these same regions in UKESM1 (black boxed regions in Figure 8e). When SAI is deployed, LAI changes are similar to those under SSP2–4.5, although increases are larger over tropical rainforests under SAI in UKESM1 than under SSP2–4.5 (Figures 8c, f).


[image: World maps display the leaf area index for different scenarios. (a) and (d) show reference conditions for CESM2 and UKESTM1 models, respectively, with varying shades of green. (b), (c), (e), and (f) illustrate projected changes from 2060–2069 under SSP2–4.5 and SAI scenarios, with color scales indicating differences. Hatched areas represent uncertain changes.]
FIGURE 8
 Annual mean leaf area index is shown for 2020–2039 in CESM2 (a) and 2014–2033 in UKESM1 (d). The change in annual mean leaf area index for 2060–2069 relative to each model's reference period under SSP2–4.5 is shown in (b) and (e), respectively. Annual mean leaf area index for 2060–2069 relative to each model's reference period under SAI is shown in (c, f). Stippled regions indicate those where the 2060–2069 period is not statistically significantly different from the respective model's reference period according to a two-sample student's t-test with α = 0.05. Each ensemble member is considered to be an independent sample. Multiple testing issues and spatial correlation are accounted for by adjusting the p-value according to the methods described in Wilks (2016).


The discrepancies in future projections of LAI between models may be due to differing responses of plant physiology to climate change under SSP2–4.5 as simulated by CLM5 and JULES. CO2 fertilization, where photosynthesis increases in response to rising atmospheric CO2 concentrations (Donohue et al., 2013; Kirschbaum, 2004), as well as stomatal closure, where the pores which regulate the exchange of water and CO2 into and out of the leaf, close as atmospheric CO2 concentration rise (Ainsworth and Rogers, 2007; Field et al., 1995), are processes contributing to the plant physiological response to climate change. As a result of CO2 fertilization, productivity (biomass production) typically increases which leads to increased canopy transpiration. Stomatal closure generally leads to declines in leaf level transpiration. The rate of photosynthesis is also sensitive to temperature, increasing until optimal temperature levels are reached (Kirschbaum, 2004; Kirschbaum and McMillan, 2018), although acclimation is possible (Yamori et al., 2014). One difference between CLM5 and JULES is that CLM5 includes a parameterization that allows for photosynthetic acclimation (Lombardozzi et al., 2015), while the version of JULES used does not (Clark et al., 2011; Harper et al., 2016, 2018). The inclusion of acclimation in CLM5 may thus be a cause for the disagreement between models for future projections of LAI since acclimation can increase the productivity of plants at higher temperatures. Increased LAI is connected with increased transpiration and evaporative cooling, which could explain why there are small changes in warm spell occurrence, days and duration in CESM2 compared to UKESM1, where LAI doesn't appreciably change under SSP2–4.5 over tropical rainforests (Figures 2b, e, 3b, e, 4b, e). Time series analysis of evaporative fraction over tropical rainforest regions supports these arguments (see Supplementary material and Supplementary Figure S10).





4 Conclusion

We have assessed warm spell characteristics in the context of climate change under SSP2–4.5 with and without the deployment of SAI in CESM2 and UKESM1. In the current climate, warm spells occur up to three times per year and exhibit a heterogeneous spatial pattern (Figures 2–5). When evaluating warm spells seasonally, the spatial pattern is generally similar to annual warm spell occurrence, although some regions exhibit distinct seasonality, such as over the Amazon and west-central Africa (Figure 6). Warm spells and associated characteristics are projected to increase globally in both models under SSP2–4.5. These increases are reduced when SAI is deployed. While the representation of warm spells is similar, overall, between CESM2 and UKESM1 in current and future climates, distinct differences exist. One principal difference is that the relative magnitude of increase in warm spell occurrence, days, duration and amplitude is larger in UKESM1 than in CESM2 (Supplementary Figures S5–S8), likely because UKESM1 has a higher ECS than CESM2 (Zelinka et al., 2020). Additionally, in UKESM1, warm spell occurrence, days and duration are projected to decrease slightly under SAI. This is likely due to the spatial pattern of temperature change in UKESM1, where temperature increases in the Arctic, and most other regions cool slightly in order to reach the temperature targets of SAI deployment (Figure 7). These results indicate that changes in mean temperature as well as the spatial pattern of change are the dominant contributors to future changes in warm spell event occurrence, days, duration and amplitude regardless of if SAI is deployed or not, which agrees with previous work (e.g., McKinnon et al., 2016; Seneviratne et al., 2021; Van Loon and Thompson, 2023).

There also exists notable differences in future projections of warm spells over tropical rainforests between the two models. Over these regions, CESM2 projects a relatively small increase in warm spell occurrence, days and duration under CESM2, whereas UKESM1 projects a relatively large magnitude increase (Figures 2b, e, 3b, e, 4b, e). Contrasting plant physiological responses to increasing CO2 and temperature over these regions is likely to contribute to these differences; namely, LAI is projected to increase under SSP2–4.5 much more in CESM2 than in UKESM1 (Figure 8). It is important to note that both models contain biases in their representation of LAI. Song et al. (2021) compared the representation of LAI in CMIP6 models to several observational datasets and indicated that the recent historical (1982–2014) average LAI more closely resembled observations in CESM2 than in UKESM1. Specifically, UKESM1 overestimates the magnitude and extent of regions of high LAI in tropical rainforests, especially over the Amazon. However, the trend in LAI over the historical period was overestimated in CESM2 and underestimated in UKESM1 over these regions, with the trend in UKESM1 being closer to observations (Song et al., 2021).

We have highlighted potential sources of inter-model uncertainty and model bias that can impact the magnitude and spatial distribution of future projections of warm spells, an important aspect of uncertainty for climate prediction (Hawkins and Sutton, 2009). We found that the spatial pattern and magnitude of warming, which differ between CESM2 and UKESM1, is a dominant factor contributing to future projections of warm spells and associated characteristics. We also found that contrasting future projections of warm spells over tropical rainforests between the two models may be due, in part, to differences in how plant physiology responds to increasing atmospheric CO2 and temperature. In particular, differences in how these responses are parameterized in CLM5 and JULES are likely critical: CLM5 includes consideration of the acclimation of photosynthesis, while JULES, to our knowledge, does not. We highlighted several sources of uncertainty that exist between CESM2 and UKESM1 and emphasize the importance of inter-model comparisons in climate change research. Future analyses could be extended to include additional ESMs in order to more fully capture the range of inter-model uncertainty.

Other avenues for future exploration are the potential impact of internal climate variability and the sensitivity to the chosen future scenario on warm spell characteristics. Both have been shown to have a meaningful effect on future climate projections (Deser et al., 2020; Hawkins and Sutton, 2009; Schwarzwald and Lenssen, 2022) and future projections of extreme heat events (Perkins and Alexander, 2013; Perkins-Kirkpatrick and Gibson, 2017; Sillmann et al., 2013). Future work could also explore the impact of other physical processes known to impact extremes, such as those related to large-scale circulation patterns, soil-moisture fluctuations, cloud cover and land cover properties (Benson and Dirmeyer, 2021; Domeisen et al., 2023; Kautz et al., 2022; Seneviratne et al., 2010; Sousa et al., 2018). These processes can be particularly impactful at the regional scale, and likely contribute to the spatial heterogeneity of warm spell occurrence in future projections, as well as to differences between models. Finally, the results of analyses such as ours are also dependent on the specific warm spell definition and the choice of base period.

While the extent to which SAI may be able to mitigate future increases in indices of extremes has been assessed previously (Tye et al., 2022), to our knowledge, this is the first study to assess globally future projections of warm spells and their characteristics under both climate change and SAI using two different ESMs. Compared to heatwaves, which occur only in the warm season, warm spells, which occur throughout the year, have received considerably less attention. We found that over most land regions, warm spells are not concentrated in only the warm season (Figure 6). The impact that warm spells in other seasons could have on ecosystem vulnerability and water resource management (Hansen et al., 2014; Scaff et al., 2024), for instance, underscores the importance of extending analyses beyond just warm season events. We found that under SSP2–4.5, warm spell occurrence, days, duration and amplitude are expected to increase by up to several times their reference period values (Figures 2–5), suggesting that impacts will also increase, such as those on human mortality and morbidity (Anderson and Bell, 2009; Dagon and Schrag, 2017; Guirguis et al., 2014; Matthews et al., 2025), agricultural yields (Bezner Kerr and Gawa, 2023; Brás et al., 2021) and energy demand (Auffhammer et al., 2017). The deployment of SAI could reduce many of these impacts.
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