
1/33 
 

European seasonal temperature change since the Last 1 

Glacial Maximum from climate models 2 

Gabriel Fénisse1*, Aurélien Quiquet 2,3, Masa Kageyama2,3, Pierre-Henri Blard 1,4,  3 
David Vincent Bekaert1 4 

1. Centre de Recherches Pétrographiques et Géochimiques UMR 7358, 15 Rue Notre Dame des Pauvres, 5 
54 500 Vandoeuvre-lès Nancy, France 6 

2. Laboratoire des Sciences du Climat et de l’Environnement (LSCE), CEA, CNRS, UVSQ, Université Paris-7 
Saclay, Gif-sur-Yvette, France 8 

3. Institut Pierre-Simon Laplace (IPSL), Université Versailles Saint-Quentin, Guyancourt, France 9 
4. Laboratoire de Glaciologie, Département de Géosciences, Environnement et Société, ULB, Brussels, 10 

Belgium 11 
------------------------------- 12 

 13 
 14 
*Corresponding author. 15 
E-mail address: gabriel.fenisse@univ-lorraine.fr (Gabriel Fénisse). 16 
 17 

      18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 
 35 

https://doi.org/10.5194/egusphere-2026-3988
Preprint. Discussion started: 15 July 2026
c© Author(s) 2026. CC BY 4.0 License.



2/33 
 

Abstract 36 

The Last Glacial Maximum (LGM, ~21 ka BP) is a key period for evaluating General 37 
Circulation Models (GCMs) used for future climate projections. Determining whether regional 38 
cooling reflects a uniform decrease in monthly temperatures throughout the year (i.e., no 39 
change in temperature seasonality) or a change in temperature seasonality, would have 40 
significant implications for many paleotemperature reconstructions, including those based on 41 
paleo-glacier equilibrium lines. In this study, we provide an assessment of GCMs as well as 42 
iLOVECLIM Earth system model of intermediate complexity downscaled over Europe in terms 43 
of temperature seasonality and of its changes at the LGM, compared to the pre-industrial era. 44 
Although models show a large dispersion, some common features emerge. The average 45 
temperature seasonality decreases from PI to LGM over southern Europe, while it increases 46 
further north. Models simulate a slight and consistent increase in seasonality changes along 47 
the Atlantic coast, but a larger and more variable increase over eastern Europe. We identify 48 
variations in LGM MTCO (mean temperature of the coldest month) as the primary drivers of 49 
both temperature seasonality changes and inter-model dispersion in across the GCM and 50 
iLOVECLIM outputs, with the largest disagreements occurring in northeastern Europe, over 51 
and near the Fennoscandian ice sheet. Motivated by the fact that the iLOVECLIM model 52 
produces some features largely different from the GCMs, we perform a series of sensitivity 53 
experiments with iLOVECLIM, to understand its different sensitivity to LGM boundary 54 
conditions and forcings. These experiments study the sensitivity of the simulated temperature 55 
seasonality amplitude to changes in greenhouse gas concentration, thermohaline circulation, 56 
albedo and topography of the Fennoscandian ice sheet and vegetation cover. We show that 57 
none of these processes, including glacial forcings (inter-model ice sheet extents), explain the 58 
observed seasonality change mismatch between iLOVECLM and GCMs. A significant reduction 59 
in this mismatch is achieved only by modifying the vertical parametrisation of radiative profiles 60 
in iLOVECLIM, suggesting that the lack of an explicit vertical representation of radiative 61 
profiles in iLOVECLIM may bias the simulated temperature seasonality changes at the LGM 62 
relative to PI. Pollen-based reconstructions are generally consistent with model results. 63 
However, the regions that display the largest inter-model differences are also not covered by 64 
this type of reconstruction, which is restricted to areas outside the ice sheets. European 65 
temperature seasonality since the LGM therefore remains a key yet poorly constrained 66 
characteristic of LGM climates, calling for more single-model sensitivity experiments to 67 
improve our understanding of past and future temperature seasonality changes. 68 
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1. Introduction 74 

The Last Glacial Maximum (LGM, ~21 ka BP) marks the most recent period of near-75 
stable cold climate, providing a benchmark for assessing testing General Circulation Models 76 
(GCMs, Harrison et al., 2015; Kageyama et al., 2017, 2018). During this period, large-scale 77 
continental ice sheets (Clark and Mix, 2001; Peltier et al., 2004; Tarasov et al., 2002), low sea 78 
level and low greenhouse gas concentration lead to substantially different climate conditions 79 
compared to the pre-industrial (PI), making the LGM an ideal test bed for model performance 80 
(e.g., Masson-Delmotte et al., 2006; Ramstein et al., 2007). Indeed, the wealth of proxy data 81 
concerning the climate conditions of this period makes it possible to compare the results of 82 
the simulations with paleoclimate archives. For this reason, the Paleoclimate Modelling 83 
Intercomparison Project (PMIP; Joussaume and Taylor, 1995; Joussaume et al., 1999; 84 
Braconnot et al., 2012; Kageyama et al., 2018) has traditionally provided a common modelling 85 
framework for LGM climate simulations. However, model simulations exhibit stark inter-86 
model discrepancies in reconstructed LGM cooling, especially in high latitude regions such as 87 
Europe (e.g., Kageyama et al., 2021). This region also exhibits strong latitudinal and meridional 88 
gradients resulting from complex interactions between small spatial scale features (i.e., 89 
topography, presence of the Mediterranean Sea) and larger scale circulation (e.g., position of 90 
the atmospheric jet (Beghin et al., 2016) and Atlantic oceanic circulation) (Hoar et al., 2004; 91 
Kageyama et al., 2021; Russo et al., 2024). Inter-model discrepancies highlight the need to 92 
improve our understanding of regional climate dynamics and underlying mechanisms (e.g., 93 
Lamarque et al., 2013; Beghin et al., 2014; Hernandez et al., 2025).  94 

Comparing climate simulation outputs with climate reconstructions is a promising 95 
approach to isolate local-to-regional climate responses and assess the accuracy of climate 96 
simulations. However, multiproxy studies that attempted to reconstruct LGM climate have 97 
often faced challenges due to spatial heterogeneity and a lack of robust continental 98 
reconstructions (e.g., Fénisse et al., 2026; Duprat-Oualid et al., 2017; Robles et al., 2023; Davis 99 
et al., 2024). Discrepancies in reconstructed LGM cooling may partly reflect differences in the 100 
sensitivity of the indicator to temperature seasonality changes or site-specific conditions. For 101 
instance, δ¹⁸O (oxygen isotopic composition) in ice cores and speleothems often captures the 102 
signal of the rainy season (Schlosser and Oerter, 2017; Morgan et al., 2022), while proxies such 103 
as tree rings and pollen may be biased toward growing season climate (Guiot et al., 1989; 104 
Cheddadi et al., 2009).  105 

Several studies have aimed to quantify temperature seasonality variations during the LGM, 106 
using climate simulation outputs (e.g., Izumi et al., 2013; Pausata et al., 2013; Beghin et al., 107 
2014, 2016). For example, Izumi et al. (2013) investigated temperature seasonality changes as 108 
simulated by GCMs for a set of climatic conditions (warm and cold climates, including the 109 
LGM). They show that temperature seasonality changes are systematically larger over 110 
continents with respect to the ocean, especially in extratropical regions. While proxies such 111 
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as pollen data provide quantitative temperature seasonality reconstructions at high spatial 112 
resolution and coverage (e.g., Peyron et al., 1998; Chevalier et al., 2020), there is no proxy 113 
allowing direct reconstruction of LGM temperature seasonality in regions that were ice-114 
covered. Exploring the past response of glaciers and ice sheets to climate forcing has been 115 
proposed using models of glacier mass balance (e.g., positive degree-day models (e.g., Reeh, 116 
1991)), but these approaches do not allow to reconstruct temperature seasonal variability, 117 
nor its fine-scale spatial variations across ice sheets. Consequently, in the current state of 118 
knowledge, only climate models provide insights into LGM temperature seasonality over the 119 
ice sheets.  120 

In this study, we provide a comprehensive assessment of European temperature 121 
seasonality during the LGM, using both PMIP3-CMIP5 and PMIP4-CMIP6 outputs, 122 
supplemented by simulations with the Earth system model of intermediate complexity (EMIC) 123 
iLOVECLIM, downscaled over Europe. In Sec. 2, we present the model database used for this 124 
work and the methodology followed for the sensitivity experiments with the iLOVECLIM 125 
model. In Sec. 3, we discuss the inter-model differences and similarities in terms of 126 
temperature seasonality changes. In Sec. 4, we evaluate the impact of several physical 127 
processes in iLOVECLIM on the simulated temperature change in seasonality at the LGM. 128 
Finally, in Sec. 5 we compare model simulation outputs with proxy-based climate 129 
reconstructions from pollen data. 130 

2. Data and methods 131 
 132 
           2.1 PMIP numerical experiments and database  133 

We analyze climate model outputs from the PMIP3-CMIP5 and PMIP4-CMIP6 134 
ensembles, based on several models listed in Table 1. The forcings and boundary conditions 135 
follow the protocols established by PMIP3 (Otto-Bliesner et al., 2009, Braconnot et al., 2012, 136 
https://wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:21k:final) and PMIP4 (Kageyama et 137 
al., 2017). In the equilibrium simulations of the LGM, the orbital configuration and the 138 
greenhouse gas concentration (Berger, 1978) are set to their 21 ka values. Ice sheets are 139 
prescribed, but each model adopts different ice sheet extents (ICE-6G_C, Argus et al., 2014; 140 
Peltier et al., 2015 and GLAC-1D, Tarasov et al., 2012 or the blended PMIP3 product, Abe-Ouchi 141 
et al., 2015). Atmospheric horizontal resolutions and model-specific protocols are also 142 
reported in Table 1, which includes information on the output from 18 models. To capture 143 
equilibrium climate states and mean temperature seasonality cycles, we analyze 50 years of 144 
monthly surface air temperature (tas) outputs interpolated on a common 0.25°×0.25° grid 145 
covering Europe (35°N-70°N and 10°W-50°E) using a near-neighbour algorithm. The 146 
temperature seasonality (S, in °C, Eq.1) is defined as the difference between the mean 147 
temperature of the warmest month (MTWA) and the mean temperature of the coldest month 148 
(MTCO), for both the LGM and PI simulated climates. 149 
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S = MTWA – MTCO  (1) 150 

Temperature seasonality changes between the LGM and PI periods (∆SLGM-PI, Eq.2) are 151 
defined as: 152 

∆SLGM-PI = SLGM – SPI = (MTWA – MTCO)LGM – (MTWA – MTCO)PI        (2) 153 

This metric measured shifts in seasonal temperature amplitude and identifies regions with 154 
possible glacial–interglacial changes in the seasonal cycle. We computed these temperature 155 
seasonality changes (LGM–PI) exclusively over present-day continental areas; oceanic regions 156 
are therefore not considered in this study.157 
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Table 1. Descriptions of the PMIP3 and PMIP4 climate models analyzed in this study. 203 
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 2.2 iLOVECLIM model and downscaling approach 204 

In addition to the model outputs present in Sec. 2.1, we performed numerical 205 
experiments with the Earth system model of intermediate complexity (EMIC) iLOVECLIM 206 
(version 1.1, Roche et al., 2014). Compared to GCMs, EMICs generally have a coarser spatial 207 
resolution and/or a simplified representation of physical mechanisms, allowing for a much 208 
lower computational cost compared to GCMs. They are particularly suited for climate studies 209 
that require long model integrations, such as those exploring equilibrium climate sensitivity 210 
(e.g., Loutre et al., 2004), ice sheet dynamics (e.g., Goelzer et al., 2016), carbon cycle processes 211 
(e.g., Bouttes et al., 2011), or rapid climate feedbacks occurring in slowly changing orbital 212 
forcing (e.g., Calov et al., 2005).  213 

The iLOVECLIM model derives from the initial version of Goosse et al. (2010), with 214 
which it shares three major components: the ECBilt atmospheric model (Opsteegh et al., 215 
1998), a sea-ice and ocean module (Renssen et al., 2009), and the VECODE terrestrial 216 
vegetation model (Brovkin et al., 1997) including three Plant Functional Types (PFTs). Several 217 
modules have been added since Goosse et al. (2010) to expand represented climate 218 
processes, including an oceanic carbon cycle component (Bouttes et al., 2015) and an 219 
interactive ice sheet model (Roche et al., 2014). Here we benefited from the interactive 220 
dynamical downscaling embedded in iLOVECLIM (Quiquet et al., 2018), which computes a 221 
surface air temperature (tas) on a fine spatial grid from the model variables available on the 222 
coarse native T21 grid (roughly 5.6°, so ca. 550 km). This dynamical downscaling significantly 223 
enhances spatial variability at high-resolution (Arthur et al., 2022, 2025), allowing for 224 
improved comparability of climate model outputs (downscaling grid, Fig.S1) with peloclimate 225 
reconstructions (Zapolska et al., 2023). Here we apply the downscaling to the 0.25° × 0.25° 226 
grid covering Europe used in Arthur et al. (2022). Our reference climate simulation is a long 227 
climatic equilibrium (5,000 modeled years) under prescribed boundary conditions and 228 
forcings following the PMIP protocols (PMIP3/4). The ice sheets on the coarse iLOVECLIM grid 229 
are prescribed following the GLAC-1D reconstructions of Tarasov et al., (2012). For the 230 
European sub-grid, GLAC-1D is also used for the Fennoscandian ice sheet, and we also 231 
introduce the Alpine (Seguinot et al., 2018) and Vosgian (Harmand et al., 2015) ice fields 232 
reconstructions. The last 100 yr mean climate of these simulations was used for the analysis 233 
of temperature seasonality changes.  234 

Two earlier versions of iLOVECLIM contributed to the last PMIP4 exercise and are 235 
therefore listed in Table 1. Our simulations differ from these earlier simulations since they 236 
activate the interactive dynamical downscaling over Europe, which induces changes in the 237 
simulated climate through differences in energy and hydrology budgets. Except for the use of 238 
the downscaling, our reference experiment uses the same parameter values as the iLOVECLIM 239 
experiment (GLAC-1D ice sheet reconstruction) reported in Kageyama et al. (2021). 240 

 241 
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2.3 Sensitivity experiments with the iLOVECLIM model 242 
 243 
We performed a series of sensitivity experiments to assess the importance of some 244 

processes on the simulated temperature seasonality. These experiments are branched from 245 
our long-term reference equilibrium LGM simulation presented in Sec. 2.2. They are designed 246 
so that they only affect the LGM results. As such, temperature changes in seasonality (LGM 247 
vs. PI) in each specific sensitivity experiment are compared using the same iLOVECLIM 248 
reference provided in this study. The various experiments are summarized in Table 2 and are 249 
further described below:  250 

 251 
Climate sensitivity. The equilibrium climate sensitivity (ECS) is defined as the degree of 252 
warming reached at equilibrium for a doubling of the preindustrial pCO2 (280 ppm) (Hansen 253 
et al., 1984). iLOVECLIM shows a low ECS when compared to the PMIP-participating models 254 
(Table 1). Following Timm and Timmermann, (2007), we artificially increased this ECS 255 
multiplying by 1.5 the longwave radiation absorption by CO2 (ECS=4.8). With this experiment, 256 
we aim to evaluate the impact of LGM cooling on European temperature seasonality under 257 
enhanced ECS.  258 

 259 
Ocean circulation. The velocity and southward shift of North Atlantic Ocean convection 260 
associated with the Atlantic Meridional Overturning Circulation (AMOC) strongly influence the 261 
position of atmospheric centers of action, such as the North Atlantic jet stream (Ullman et al., 262 
2014), which may have varied between the LGM and today. A weakened AMOC can 263 
significantly alter heat transport across the North Atlantic, thereby modifying the meridional 264 
temperature gradient and the structure of atmospheric circulation cells (Orbe et al., 2023). In 265 
addition, several studies have highlighted the key role of surface ocean conditions (i.e., sea 266 
surface temperatures; SSTs) in modulating AMOC variability and atmospheric circulation, with 267 
potential downstream influences on the North Atlantic Oscillation (NAO) and continental 268 
climates (Deser et al., 2000). For these reasons, we perform two sensitivity experiments in 269 
which we artificially alter the simulated oceanic circulation. In one experiment, we impose 270 
an important freshwater flux of 0.2 Sv (1 Sv = 106 m3.s−1) over the North Atlantic, leading to a 271 
complete  shutdown of the AMOC. In the other experiment, we favour dense water formation 272 
in Antarctica by activating the Antarctic brine sinking mechanism used in Bouttes et al., 2010, 273 
2023. In this experiment, the Antarctic bottom water expands northward, resulting in a much 274 
shallower upper cell of the AMOC (Fig.S2).  275 
 276 
Ice sheet effects. Several studies have documented the role of ice sheet forcing during the 277 
LGM on atmospheric circulation patterns (e.g., Kageyama et al., 1999, 2001; Li and Battisti, 278 
2008; Laîné et al., 2009; Pausata et al., 2011; Beghin et al., 2014). The LGM climate  was most 279 
likely impacted by the presence of the Fennoscandien ice sheet (Rørvik et al., 2010) through 280 
both thermal forcing (due to albedo and related temperature changes) and orographic forcing 281 
(due to elevation on temperature and circulation pattern). To assess the influence of the ice 282 
sheet on European climates, we perform two sensitivity experiments: (i) a “flat ice sheet” 283 
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simulation, where we assign the PI topography to the area covered by the Fennoscandian ice 284 
sheet under LGM conditions while keeping the LGM ice mask (high albedo), and (ii) a “dark ice 285 
sheet” scenario, where we use the LGM topography but no longer apply the icemask, such 286 
that the albedo in summer eventually reduces to bare soil albedo. These modifications are 287 
only applied in the region impacted by the downscaling (Fig. S1).  288 
 289 
Vegetation model. Vegetation-driven biogeophysical feedbacks (e.g., taiga–tundra 290 
transitions) contributed significantly to LGM climate cooling (up to –2°C) in northern latitudes 291 
(Jahn et al., 2005), potentially surpassing the radiative impact of reduced atmospheric CO₂ in 292 
these regions. In order to assess the impact of vegetation changes on temperature seasonality, 293 
we performed an experiment in which we prescribed the PI vegetation cover to the LGM 294 
simulation. 295 
 296 
Atmospheric radiative code. In order to reduce the computational cost, the atmospheric 297 
component of the iLOVECLIM model (ECBilt) has a very simple vertical representation. 298 
Notably, due to the lack of an explicit representation of some vertical processes, the radiative 299 
scheme uses imposed vertical profiles of temperature, humidity, and ozone to compute net 300 
shortwave radiation from the NCEP/NCAR reanalyses (National Centers for Environmental 301 
Prediction and National Center for Atmospheric Research). These profiles are region-specific 302 
(e.g., Greenland, high latitudes, North America, etc.; Opsteegh et al., 1998). In our reference 303 
simulation, all the Northern Hemisphere grid points that change from ice free in the PI run to 304 
ice sheet in the LGM run, switch to the Greenland profile instead of their native profile. As 305 
such, grid points corresponding to the Eurasian ice sheet make use of the Greenland profile at 306 
the LGM and the standard European profile for the PI simulation. In one sensitivity 307 
experiment, we evaluated the impact of this specific model feature on the simulated 308 
temperature seasonality by keeping the vertical radiative profile of PI conditions for a LGM 309 
simulation.  310 
 311 

Sensitivity experiment Feature 

ECS Increased sensitivity to CO2 change 

BRINES Shallower AMOC upper branch 
FWF AMOC shutdown 

 
DarkIS 

Modified fennoscandian ice sheet  
LGM topo but PI icemask  

FlatIS Modified Fennoscandian ice sheet  
PI topo but LGM icemask  

FixVEG Interactive vegetation not activated  
(prescribed to PI values) 

IRN No change in the radiative vertical profiles at the 
LGM with respect to PI 
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 312 
Table 2. Sensitivity experiments branched from the reference long-equilibrium simulation. 313 
 314 
3. Monthly outputs from PMIP3/PMIP4 and iLOVECLIM models 315 
 316 
3.1 European temperature seasonality changes 317 

 Fig.1 provides a synthesis of European temperature seasonality changes (i.e.  LGM 318 
- PI difference) extracted from the models listed in Table 1 (both GCMs and iLOVECLIM) and 319 
from our reference LGM iLOVECLIM configuration (Sec. 2.2). All model outputs are 320 
interpolated onto the same European 0.25°x0.25° grid using the same method (nearest 321 
neighbour) as the one embedded in iLOVECLIM. Fig.1 also shows the multi-model mean. Most 322 
models show an increase in temperature seasonality amplitude during the 323 
LGM compared to PI conditions (i.e., positive temperature seasonality changes; Equ.2) in 324 
continental Europe, especially towards the East of our domain. However, there are large inter-325 
model differences. For instance, the iLOVECLIM models produce a reduced temperature 326 
seasonality (from -5°C to -15°C) in the easternmost regions, while CESM1.2 shows an increase 327 
in temperature seasonality larger than +30°C in the vicinity of the Fennoscandian ice sheet. 328 
However, most models produce an increase in temperature seasonality smaller than 20°C and 329 
iLOVECLIM is the only model that produces a decreased temperature seasonality in the vicinity 330 
of the ice sheet. In contrast to eastern Europe, the coastal southern regions show a reduced 331 
temperature seasonality at the LGM compared to PI, especially in the Iberian Peninsula. The 332 
models show a relatively good agreement on this feature, with a reduced temperature 333 
seasonality at the LGM by -5°C to -10°C.  334 

 Finally, ice-covered regions display significant inter-model differences, with either a 335 
decrease or an increase of temperature seasonality at the LGM compared to PI (Fig.1). For 336 
instance, the three iLOVECLIM models produce a strongly reduced LGM temperature 337 
seasonality, by as much as 20°C. A reduced LGM temperature seasonality, although less 338 
pronounced, is also suggested by several GCMs (FGOALS-g2, IPSL-CM5-A2, AWI-ESM-2, MPI-339 
ESM1-2). On the other side of the spectrum, CESM2-1 produces a large increase in 340 
temperature seasonality, reaching more than +20°C). Some models also support an increased 341 
LGM temperature seasonality (CCSM4, INM-CM4.8, MIROC-ES2L, MRI-CGCM3), although to a 342 
much smaller extent. Fig.S1 provides the individual mean temperature seasonal cycles onto 343 
the European downscaling grid. 344 

 345 

 346 

 347 
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 348 

Figure 1. Continental temperature seasonality anomaly (i.e., ∆SLGM-PI  from Equ.2) simulated 349 
by each climate model (PMIP3 and PMIP4 ensembles and iLOVECLIM reference model) and 350 
their respective ice masks in the European area (blue). Climate models results are downscaled 351 
on the same grid (0.25°×0.25°) with the nearest interpolation method. The multi-model mean 352 
is shown at the bottom right with the label “Mean Model”. Names in bold refer to iLOVECLIM 353 
simulations. Red and orange contour lines indicate the common and maximum ice sheet 354 
extents, respectively, among all models, including GCMs and iLOVECLIM.  355 

Fig.2a shows the temperature annual cycle, averaged over the continents, simulated for the 356 
LGM by each model. The inter-model spread quantifies: ~10°C in summer and ~20°C in winter. 357 
LGM cooling from individual models are reported in Fig.S3. CESM2.1 simulates a 358 
systematically colder climate than the multi-model mean by about 10°C. iLOVECLIM produces 359 
the warmest summer in its downscaled version and the warmest winter in its not downscaled 360 
version. The change in monthly temperature at the LGM compared to PI is depicted in Fig.2b. 361 
While some models show a drastic winter cooling and moderate summer changes (e.g., 362 
CESM2-1), this feature stands out as it displays a behavior that is clearly distinct from all other 363 
models. 364 

 365 
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 366 

Figure 2. Mean continental (including ice sheet) temperature seasonal cycles interpolated 367 
onto the European downscaling grid during the LGM (a) and LGM–PI (b), derived from 368 
iLOVECLIM and GCM outputs (colored lines). 369 

 370 

 371 

 372 

 373 

 374 

 375 
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To further illustrate the inter-model differences, we show in Fig.3 the changes in LGM 376 
continental temperature seasonality (∆SLGM-PI  from Equ.2) expressed as a zonal mean (Fig.3a) 377 
and as a meridional mean (Fig.3b) These means include all continental grid boxes, ice-covered 378 
and ice-free. Differences between profiles may partly reflect the contrasts in spatial resolution 379 
among models. 380 

The models all produce weak changes in temperature seasonality at low latitudes of the 381 
European domain (from -3 to -6°C south of 35°N, Fig.3a), over Southern Europe. All models 382 
simulate an increase in LGM - PI seasonality change towards the North, up to 55°N (Fig.3a). 383 
However, the magnitude of this increase is model dependent, as well as the value of the 384 
maximum seasonality change, which ranges from -3 to 27°C. The spread of model results 385 
increases north of 55°N: most GCMs simulate a LGM - PI seasonality increase close to its 386 
maximum around 55°N (+10°C on average), whereas the three iLOVECLIM simulations indicate 387 
a reduction in LGM temperature seasonality (-5°C on average) north of 50°N. The resulting 388 
multi-model mean (“Mean Model”, pink line in Fig.3) thus displays positive temperature 389 
seasonality changes (+7°C) across high latitudes, becoming particularly pronounced north of 390 
60°N.  391 

The meridional mean (Fig.3b) shows a gradual increase in the LGM - PI seasonality change 392 
with increasing longitude, except for the iLOVECLIM models which simulate a decreased 393 
seasonality from 8°E eastwards (downscaled iLOVECLIM) and from 14°E for the other 394 
iLOVECLIM versions. However, the intermodel spread remains slightly smaller than for the 395 
zonal mean values shown on Fig.3a. 396 

Although CESM2-1 behaves somewhat as an outlier in its amplitude, its temperature 397 
seasonality change patterns still broadly follow the latitudinal and longitudinal trends 398 
simulated by most other models. 399 

 400 
 401 
 402 
 403 
 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
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 412 
Figure 3. Zonal (a) and meridional (b) averages of temperature seasonality mean annual 413 
changes (i.e., ∆SLGM-PI  from Equ.2) simulated by GCMs and iLOVECLIM on continents  (including 414 
ice sheet covered areas) across Europe (35°N-30°N and 10°W-50°E).  415 

Since Fig.1 shows a large inter-model spread over the ice sheet, we explore the changes in 416 
temperature seasonality for both ice-covered and ice-free model grid points (Fig.4). Over ice-417 
free continental areas (black boxes in Fig.4), temperature seasonal changes consistently fall 418 
between 0°C and +5°C (only CESM2-1 produces a mean seasonal amplitude increase of +14°C 419 
compared to PI). Changes in temperature seasonality over glaciated regions (blue boxes in 420 
Fig.4) show larger disparities across models. In short, we observe a continuum of model 421 
response from the large reduction in LGM temperature seasonality suggested by the 422 
iLOVECLIM models (about -12°C) to the large increase in LGM temperature seasonality 423 
simulated by CESM2-1 (up to +18°C). 424 

Some models do not show contrasted responses over ice sheets compared to ice free areas 425 
(Fig.4). For example, the median value for temperature seasonality change is compatible 426 
between these two domains for AWIESM1, CCSM4, CESM1-2 and HadCM3-GLAC1D. Then, half 427 

https://doi.org/10.5194/egusphere-2026-3988
Preprint. Discussion started: 15 July 2026
c© Author(s) 2026. CC BY 4.0 License.



15/33 
 

of the models suggest a reduction of the median value while the other half suggest an 428 
increase. The largest differences between ice-free and ice-covered regions is given by our 429 
reference iLOVECLIM model (-13°C for ice-covered and near-zero for ice-free) followed by 430 
FGOALS-g2 (-7°C for ice-covered and +4°C for ice-free).  431 

 432 

Figure 4. Mean European temperature seasonality changes (LGM-PI) on ice free (black boxes) 433 
and ice-covered (blue boxes) areas, computed to the downscaling grid ( Equ.2). The boxplots 434 
show the median (central line), the interquartile range (box, 25th–75th percentiles), and the 435 
whiskers indicating the minimum and maximum values over the given area. X-axis labels are 436 
colored red for iLOVECLIM and green for GCM outputs. The mean temperature seasonal cycle 437 
is computed over the last 50 years of the simulations for each model. 438 
 439 
  3.2 Decomposing temperature seasonality changes into MTCO and MTWA   440 

To understand the origin of the inter-model disparities in temperature seasonality 441 
changes, we decompose the terms used in the calculation of the temperature seasonality 442 
change (∆SLGM-PI from Equ.2). Fig.5 presents the standard deviations (STD), computed from all 443 
models, of the PI and LGM temperature seasonalities, as well as the MTWA and MTCO at the 444 
LGM (individual model responses for these variables are shown in Figs.S4 and S5). While PI 445 
temperature seasonal amplitudes are generally consistent across models (STD < 2°C on 446 
average; Fig.5a), LGM temperature seasonality shows much larger discrepancies (up to 12°C, 447 
Fig.5b). These results suggest that the model discrepancies observed in Fig.1 are primarily 448 
driven by the simulated LGM climate, with the strongest disagreements (up to 10 °C) located 449 
near the Fennoscandian ice sheet. 450 

To further address the origin of these discrepancies in LGM temperature seasonality, we 451 
investigate the respective changes in MTWA and MTCO (Figs.5c and 5d). LGM MTWA shows 452 
relatively good agreement among simulations (STD ≤ 5°C, Fig.5c), where a zone of maximum 453 
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variability (STD ≈ 5 °C) is located in the inter–ice-sheet mask area. In contrast, LGM MTCO 454 
values display substantial inter-model disagreement among simulations (up to 12°C; Fig.5d). 455 
Although the maxima of standard deviation for both MTCO and temperature seasonality are 456 
located around the ice sheet, indicating that LGM MTCO is the main contributor to inter-model 457 
disagreement in temperature seasonality changes, MTCO changes remain overall more 458 
spatially homogeneous than the LGM temperature seasonality pattern (Fig.5d). 459 

Finally, iLOVECLIM simulations tend to produce significantly milder winters, with MTCO values 460 
on average +10°C to +20°C warmer than those of the GCMs (Fig.S5). This feature most likely 461 
explains why the change in temperature seasonality simulated by iLOVECLIM at the LGM 462 
differs substantially from the rest of the GCMs (e.g., Fig.1).  463 

This different model behaviour in iLOVECLIM calls for further investigation of the physical 464 
processes in this particular model, including those related to glacial forcings, which could 465 
affect the simulated changes in temperature seasonality since the LGM. 466 

 467 
 468 
 469 
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 471 
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 473 
 474 
 475 
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 477 
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 479 
 480 
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 497 

Figure 5. Standard deviations of temperature seasonality (i.e., S from Equ.1) for PI (a) and LGM 498 
conditions (b), derived from all models, including GCMs and iLOVECLIM outputs. We also 499 
present STD maps of MTWA (c) and MTCO (d) during the LGM. Red and orange contour lines 500 
indicate the common and maximum ice sheet extents, respectively, among all models, 501 
including GCMs and iLOVECLIM. 502 

4. Sensitivity experiments to identify the drivers of glacial-interglacial temperature 503 

seasonality changes 504 

 We have shown in the previous section that temperature seasonality changes are 505 
markedly different among models. In particular, iLOVECLIM model temperature seasonality 506 
changes at the LGM stand out from most of GCMs, likely explained by the much warmer MTCO 507 
at the LGM in this model. In this section, we present iLOVECLIM sensitivity experiments aimed 508 
to investigate the impact of different mechanisms and model parametrizations on simulated 509 
LGM temperature seasonalities. Fig.6 summarizes the outputs of all the sensitivity 510 
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experiments listed in Table 2, reported as changes in MTWA, MTCO and temperature 511 
seasonality relative to our reference iLOVECLIM simulation using the downscaled European 512 
grid. Absolute changes in temperature seasonality from PI to LGM (i.e., without subtracting it 513 
to the reference simulation) are shown in Fig.S6. Below, we describe and discuss each 514 
sensitivity test separately, with a focus on the glaciated regions where the strongest 515 
discrepancies in temperature seasonal amplitude occur. In order to address the temperature 516 
seasonality discrepancies across iLOVECLIM and GCM outputs (Figs.1, 2 and 3) in this section, 517 
it would be necessary to preserve summer conditions (MTWA) - where models generally agree 518 
(Fig.5c) - and to identify a process affecting MTCO values, in particular near the ice sheets, in 519 
order to improve the consistency between the model outputs during the LGM. 520 
 521 
 4.1 Impact of ice sheet topography and ice mask 522 

 Reducing the ice sheet thickness (hereafter referred to as “FlatIS”) down to zero 523 
(i.e., pre-industrial ice thickness) yields an increase of winter temperature (MTCO) of +5°C to 524 
+15°C over glaciated areas and +1°C to +5°C over ice-free regions (Fig.6a). Summer 525 
temperature (MTWA) uniformly increases across the continent (from +5°C to +10°C), resulting 526 
in relatively small deviations in temperature seasonal amplitude anomalies (from –5°C to 527 
+5°C) compared to the reference simulation. The topographic effect (i.e., through lapse rate 528 
mechanisms; Lofverstrom and Liakka, 2018) thus lowers MTCO (from –5°C to -15°C) more than 529 
MTWA (from -5°C to -10°C), but its influence remains minor over ice-free areas. Overall, the 530 
temperature seasonality outside of the ice sheet is only marginally (from +1°C to +5°C) 531 
affected by changes in the thickness of the ice sheets.  532 

 Changes in the albedo of the ice sheet (“DarkIS”) produce much stronger increase 533 
of MTWA (from +5°C to +20°C) than topography changes (“FlatIS”), without significantly 534 
affecting MTCO (from +1°C to -1°C; Fig.6b). This results in a marked flattening of the 535 
temperature seasonal cycle over the ice sheet margins and interior, with anomalies reaching 536 
+10°C up to +20°C relative to the iLOVECLIM reference simulation, while leaving temperature 537 
seasonality of the ice-free areas largely unchanged. 538 

 In summary, ice sheet topography and albedo have an impact on the simulated 539 
temperature seasonality at the LGM. However, albedo only affects MTWAs, not MTCOs, 540 
whereas the major differences observed for iLOVECLIM with respect to the GCMs is on 541 
MTCOs. As such, differences in ice sheet extent and albedo in iLOVECLIM are unlikely to 542 
explain the differences in simulated temperature seasonality changes at the LGM. In turns, 543 
topography does impact the MTCO more than MTWA, with the flat ice sheet experiment 544 
producing a flattened temperature seasonal cycle. Since iLOVECLIM already displays a 545 
flattened temperature seasonal cycle compared to GCMs (Fig.1), this result suggests that an 546 
increase of topography could eventually reduce the mismatch between iLOVECLIM and the 547 
mean response of the GCMs. However, the flat ice sheet experiment is an extreme case 548 
scenario (reduction of more than 2 km of the topography in some places) that produces a 549 
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relatively moderate change in seasonality. Overall, ice sheet differences between iLOVECLM 550 
and GCMs are therefore unlikely to explain the observed temperature seasonality change 551 
mismatch. 552 

 4.2 Impact of increased Equilibrium Climate sensitivity 553 

Amplifying the longwave radiative impact of CO2 by +50% (which corresponds to an 554 
artificial amplification of the ECS) leads to decreased MTCO and MTWA, compared to the 555 
iLOVECLIM reference simulation (“ECS”, Fig.6c). Increasing this parameter in our iLOVECLIM 556 
configuration produces a much colder climate (widespread 15 to 25°C cooling). This decrease 557 
is generally more pronounced for the MTWA than for the MTCO, leading to an overall 558 
decrease in temperature seasonality (around -10°C in Central and Eastern Europe). Locally, 559 
some places can experience an increased temperature seasonality, with for example +5°C in 560 
the Iberian Peninsula compared to the iLOVECLIM reference simulation. Nonetheless, the 561 
main impact of a greater sensitivity to atmospheric CO2 concentrations is a flattened 562 
temperature seasonal cycle with respect to the reference simulation, caused by a greater 563 
change of MTWA compared to MTCO. The MTWA is more strongly affected than MTCO, likely 564 
because of the albedo effect. With an increased ECS, we notably simulate a larger extent of 565 
perennial snow cover (i.e., snow on ground during summer), particularly in Eastern Europe. 566 
An additional mechanism related to albedo is that we simulate a southward shift of the 567 
vegetation: tree albedoes are replaced by grass, which further increases the albedo in the ECS 568 
experiment with respect to the reference experiment. Since ECS mostly impacts MTWA and 569 
not MTCO, the relatively low climate sensitivity of iLOVECLIM is unlikely to explain the 570 
temperature seasonality change mismatch with respect to the GCMs. 571 

 4.3 Impact of changes in the oceanic circulation 572 

The experiment labeled “FWF” corresponds to a shutdown of the AMOC (through 573 
freshwater injection in the North Atlantic). With respect to the reference simulation, this 574 
experiment decreases both the MTWA and the MTCO (from -5°C to -20°C), especially in 575 
central Europe where temperature anomalies (i.e., MTWA and MTCO) are strongest (Fig.6d). 576 
The resulting temperature seasonality changes correspond to a flattening of the 577 
temperature seasonal cycle by up to +10°C in this area, while the temperature seasonal cycle 578 
is almost conserved in the rest of Europe. Thus, “ECS” and “FWF” show a similar model 579 
response, i.e., a cooling of both the MTWA and the MTCO, but more pronounced for the 580 
MTWA due to albedo changes in a colder climate. As for the “ECS” experiment, a change in 581 
the AMOC strength will not allow for a more consistent response of iLOVECLIM with respect 582 
to the GCMs. 583 

 The second experiment that alters oceanic circulation is the “BRINES” experiment, 584 
in which 60% of the salt rejection due to sea ice formation in the Austral Ocean is 585 
transferred to the bottom cell of the ocean. This leads to a shallower AMOC upper cell 586 
(Fig.S2). This experiment (“BRINES”) yields only minimal impact on the temperature seasonal 587 
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cycle compared to the reference experiment (Fig.6e). It mainly impacts the areas covered by 588 
the Fennoscandian ice sheet, slightly flattening (by ~+5°C) the temperature seasonal 589 
amplitude due to a modest MTCO change relative to the reference simulation. MTWA values 590 
over Europe are not significantly affected by the brines experiment (+1°C to -1°C, Fig.6e). 591 
While this sensitivity experiment might produce a more realistic LGM oceanic circulation 592 
(Bouttes et al., 2010), the change in simulated temperature seasonality at the LGM is weak 593 
and does not produce results more consistent with the rest of the GCMs. 594 
 595 
 4.4 Impact of vegetation changes 596 

The “FixVege” experiment corresponds to a simulation in which the LGM vegetation 597 
remains at its PI condition. This experiment only has a limited impact on the temperature 598 
seasonal differences with respect to the reference LGM experiment (“FixVege”, Fig.6f). By 599 
retaining PI vegetation in the LGM configuration, vegetation changes induce comparable 600 
MTWA and MTCO warmings across Europe (by +1 °C to +5 °C) relative to the iLOVECLIM 601 
reference simulation. This is explained by the fact that the PI vegetation has a greater fraction 602 
of trees with respect to grass, and the presence of trees reduces the albedo. Overall, we 603 
observe slightly positive temperature seasonal amplitude anomalies in Central Europe, and 604 
values close to zero elsewhere, again suggesting a limited contribution of vegetation to LGM 605 
temperature seasonality patterns over Europe. This process is therefore also unable to explain 606 
the mismatch between iLOVECLIM and the GCMs.  607 

 4.5 Impact of the imposed vertical radiative profile 608 

The experiment with an altered vertical radiative profile over the ice sheet (“IRN”) 609 
shows MTWA values that are globally preserved, between -2 °C and +2 °C compared to the 610 
iLOVECLIM reference simulation (Fig.6g). In turns, MTCO decreases by +5°C to +15 °C, 611 
especially in ice sheet margin areas like Eastern Europe. The simulated temperature 612 
seasonality is thus increased with respect to the reference experiment, meaning that the LGM 613 
temperature seasonal cycle is amplified compared to PI conditions. We showed in Sec. 3.1 614 
(Figs.1, 2 and 3) that in Eastern Europe, the iLOVECLIM reference experiment fails to 615 
reproduce the increase in temperature seasonality at the LGM with respect to PI simulated by 616 
the GCMs. The “IRN” experiment appears to reduce this mismatch in this region.  617 

Among the sensitivity tests performed in this study, the “IRN” experiment is the only one that 618 
is able to reduce the mismatch between iLOVECLIM and the GCMs. For this reason, we show 619 
in Fig.7 the differences between the simulated temperature seasonality change at the LGM in 620 
iLOVECLIM relative to the multi-model mean of the GCMs, for the reference simulation 621 
(Fig.7a) and for the “IRN” experiment (Fig.7b). The dispersion with the GCMs is reduced in 622 
Eastern Europe in the “IRN” experiment, especially in the vicinity of the ice sheet. Conversely, 623 
the inter-model dispersion is increased in Southern regions.  624 

https://doi.org/10.5194/egusphere-2026-3988
Preprint. Discussion started: 15 July 2026
c© Author(s) 2026. CC BY 4.0 License.



21/33 
 

To summarize, the “IRN” experiment highlights the critical role of the imposed vertical profiles 625 
in iLOVECLIM in the simulated temperature seasonality change at the LGM. This reveals a 626 
structural limitation stemming from the model’s lack of explicit vertical representation.  627 

  628 
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Figure 6. Impact of the tested process with respect to the reference iLOVECLIM experiment 663 
(Test results - reference) on the LGM simulated MTWA (a), MTCO (b) and temperature 664 
seasonality (c, i.e. a-b). The names of experiments are reported in Table 2. FIS stands for 665 
Fennoscandian ice sheet. 666 

 667 
Figure 7. Difference in the simulated temperature seasonal change (LGM-PI, ∆SLGM-PI  from 668 
Equ.2) between iLOVECLIM and GCM multi-model means: for the reference experiment (a), 669 
and for the “IRN” experiment (b). Red and orange contour lines indicate the common and 670 
maximum ice sheet extents, respectively, among all models, including GCMs and iLOVECLIM. 671 
 672 
5. Comparison with pollen-based climate reconstruction 673 

Simulated changes of LGM seasonality in the multi-model mean (including the 674 
iLOVECLIM reference experiment and the GCMs) are shown in Fig.8 and compared with 675 
pollen-based reconstructions from Fénisse et al., 2026. These authors followed a multi-676 
method approach that combines statistical and probabilistic techniques to provide 677 
quantitative reconstructions of LGM cooling and temperature seasonality anomalies across 678 
Europe. The comparison between model outputs and pollen data provides a way to 679 
independently assess the validity of the simulation outputs, although one should bear in mind 680 
the potential limitations of the data in documenting LGM temperature seasonality (e.g., 681 
Rehfeld et al., 2016).  682 

In Europe, pollen-based temperature seasonal climate reconstructions range from -683 
8°C to +8°C (Figs 8a). Although some pollen-based temperature seasonal changes range from 684 
+8 °C near the coasts to -8 °C inland, pollen-based climate reconstructions do not clearly 685 
exhibit well-defined spatial gradients, in contrast to the pronounced temperature seasonal 686 
gradients seen in the models (Fig. 8a–b). In northern Europe, two data points near the edge 687 
of the Fennoscandian ice sheet show contrasting temperature seasonal changes of +1 °C and 688 
+4 °C, consistent with mean model simulations, which suggest a +4 °C temperature seasonal 689 
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amplification (Fig.8a). We note also that for some models the ice mask covers the location of 690 
pollen-based reconstructions, complicating data-model comparison.  691 

Unfortunately, climate reconstructions from pollen data do not cover the regions of 692 
highest inter-model disagreement (Fig.8b, including glaciated areas of the ice sheets), 693 
particularly in Central and Eastern Europe, making data–model comparison of LGM 694 
temperature seasonality in this part of Europe challenging. These results show that pollen-695 
based reconstructions do not allow discrimination between the models. 696 

 697 
Figure 8. Continental temperature seasonality change (LGM–PI, ΔSLGM–PI from Equ.2) 698 
derived from pollen-based reconstructions using multi-method approach (Fénisse et al., 2026), 699 
compared to (a) mean models (iLOVECLIM and GCMs) and (b) inter-model standard deviation 700 
(STD from iLOVECLIM and GCMs) across the downscaled European grid. Temperature 701 
seasonality changes from pollen data points are shown in (b). Red and orange contour lines 702 
indicate the common and maximum ice sheet extents, respectively, among all models, 703 
including GCMs and iLOVECLIM. 704 

5. Conclusions and perspectives 705 

 This study presents a climate model compilation, including PMIP and iLOVECLIM 706 
simulations, exploring European temperature seasonality during the Last Glacial Maximum 707 
(LGM). Our comparison of downscaled iLOVECLIM simulations with GCMs outputs from 708 
PMIP3-CMIP5 and PMIP4-CMIP6 models reveals stark inconsistencies in temperature seasonal 709 
changes from LGM to PI, including over glaciated Fennoscandian regions. Seasonality 710 
anomalies vary across GCMs, but they exhibit common spatial patterns that differ from those 711 
simulated by iLOVECLIM. However, we globally show that the temperature seasonality 712 
changes from iLOVECLIM and GCMs reproduce the latitudinal and continental gradients, as 713 
well as the influence of ice sheet proximity on temperature seasonality changes. By comparing 714 
MTCO and MTWA LGM-PI variations, we show that inter-model temperature seasonal 715 
dispersions are primarily driven by simulated LGM MTCO over Fennoscandien ice sheet 716 
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regions. This result would have significant implications for the annual LGM cooling estimated 717 
from paleo-ELA, since glacier modeling requires strong assumptions on temperature 718 
seasonality (e.g., PDD method, Heyman et al., 2013; Blard et al., in prep.).  719 
 720 
To investigate iLOVECLIM’s substantial differences from the GCMs, we performed iLOVECLIM 721 
sensitivity experiments involving modification of key processes and model parameters on 722 
LGM temperature seasonalities from iLOVECLIM. With the exception of experiments that do 723 
not impact LGM temperature seasonality, most simulations tend to show a preferential 724 
reduction in MTWA compared to MTCO, primarily driven by summer albedo effects. 725 
Moreover, these processes produce large-scale responses rather than changes confined to the 726 
high-variability region of northern Europe, adjacent to the Fennoscandian ice sheet. Thus, 727 
most sensitivity experiments fail to account for the inter-model variability in LGM temperature 728 
seasonality. Only by modifying the vertical radiative scheme used in iLOVECLIM were we able 729 
to reduce this mismatch in seasonal anomalies between iLOVECLIM and the GCMs. This 730 
suggests that the absence of an explicit vertical radiative representation of iLOVECLIM 731 
contributes to making this model different from the other ones in terms of LGM-PI 732 
temperature seasonality changes. 733 
 734 
The reconstructed temperature seasonal changes based on pollen data 735 
(Fénisse et al., 2026) are spatially variable and do not document the regions of strongest inter-736 
model temperature seasonality disagreement near the Fennoscandian ice sheet. 737 
Further clarifying the drivers of glacial temperature seasonality change and inter-model 738 
spread represents a pathway toward improving paleoclimate simulations and reducing 739 
uncertainties in future climate projections.  740 

Since we show that albedo changes from glacial forcings explain a large part of the simulated 741 
change in temperature seasonality, future research could focus on better quantifying land 742 
surface feedback, especially over ice sheet regions. Such a process, particularly along the 743 
margins of the Fennoscandian ice sheet in Eastern Europe, could help explain the persistent 744 
temperature seasonality disagreements between climate models. Finally, a systematic multi-745 
proxy evaluation of LGM winter temperatures at the regional scale is needed to better 746 
constrain inter-model variability and improve the consistency of paleoclimate reconstructions 747 
across Europe. Precipitation also appears to be a complex yet potentially key variable for 748 
studying future temperature changes in the framework of past, on-going and future climate 749 
changes. 750 

 751 

 752 

 753 
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Data availability  755 
All mean temperature seasonality cycles of the climate models are available in Supplementary 756 
Materials 1. The data used in this paper are summarized in this repository. 757 
 758 
Fénisse, G., Quiquet, A., Kageyama, M., Blard, P.-H., & Bekaert, D. V. (2026). Supplementary 759 
materials for the article (CP) "European seasonal temperature change since the Last Glacial 760 
Maximum from climate models". Zenodo. https://doi.org/10.5281/zenodo.21159688 761 
 762 
The results from the PMIP3-CMIP5 and PMIP4-CMIP6 models can be downloaded on the ESGF 763 
(Earth System Grid Federation) website.  764 
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