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Abstract: The Eemian interglacial (~130 - 116 ka) is a period characterized by a significantly warmer
climate than the pre-industrial era, providing a valuable opportunity to study natural climate
variability and its implications for the future. We studied the Eemian climate in Europe by applying
an interactive downscaling to our Earth system model (iLOVECLIM) to increase its horizontal
atmospheric resolution from 5.56° to 0.25° latitude-longitude. A transient simulation was conducted
for both the standard version of the model and with an interactive downscaling applied for the
Eemian (127 — 116 ka). Our simulations suggest that the magnitude of temperature and precipitation
varied across different regions of Europe, with some areas experiencing more pronounced warming
and precipitation changes than others. The latitudinal pattern in our simulation during the Eemian
shows that the warming in Europe was stronger at high latitudes than at mid-latitudes. Relative to
the pre-industrial climate, our downscaling scheme simulates at 127 ka higher temperatures between
3 — 4 °C in the northern part of Europe and higher precipitation values between 150 — 300 mm/yr. Our
results indicate that, in comparison to the standard model, the downscaled simulations offer spatial
variability that is more in line with proxy-based reconstructions and other climate models.

Keywords: The Eemian 2; The Holocene 3; Europe 4; iLOVECLIM 5; Interactive Downscaling 6;
Climate modelling 7; The Quaternary

1. Introduction

The Quaternary era is known for its distinct changes between long relatively cold glacial periods
and shorter interglacial periods with a warmer climate, like the current Holocene era (Brewer et al.,
2008). The previous warm period called the Last Interglacial, or Eemian (~130-116 ka), had global
mean temperatures of about 2 °C warmer than the pre-industrial (Turney and Jones, 2010). Some
regions in the Northern Hemisphere were even up to 5 °C warmer than the mean of the last
millennium (NEEM, 2013), and global sea levels were up to 5m higher than present day, reflecting
smaller ice sheets (Dutton and Lambeck, 2012; Dyer et al., 2021). Paleoclimate simulations and
reconstructions of this interglacial period are important because they serve as the most recent
comparison for the present interglacial period, and because of the negligible impact of humans
during the Eemian (Brewer et al., 2008; Otto-Bliesner et al., 2017). Moreover, the magnitude of the
global temperature and sea surface temperature differences determined for the Eemian are
comparable to the projected future climate in the second half of the 21st century (Otto-Bliesner et al.,
2017). Therefore, studying the Eemian climate will provide information that can be useful in
improving our understanding of future climate change and developing strategies to mitigate its
impacts. This makes the study of the climate's evolution and sensitivity throughout an interglacial
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period and during a period when there was no human impact very important (Cheddadi et al., 1998).
Another significant aspect of the Eemian climate that makes it valuable to study are the different
forcings contributing to the warming compared to pre-industrial, which include orbital fluctuations
during the Eemian. Compared to the Holocene, the Eemian was characterized by stronger insolation
changes (Berger, 1978) but had relatively similar greenhouse gas (GHG) concentrations.

The availability of good proxy-based reconstruction data provides the opportunity to identify
weaknesses in the model that could potentially be improved, resulting in more accurate projections
of future climate (Braconnot et al., 2012; Otto-Bliesner et al., 2013; Otto-Bliesner et al., 2017). Several
paleoclimate studies have been made to investigate the Eemian. Examples are available for climate
model simulations (Fischer and Jungclaus, 2010; Bakker et al., 2014; Lunt et al., 2013; Goelzer et al.,
2016; Pedersen et al., 2017; Li et al.,, 2020; Otto-Bliesner et al.,, 2021) and proxy-based climate
reconstructions (Klotz et al., 2003; CAPE Last Interglacial Project Members, 2006; Brewer et al., 2008;
Turney and Jones, 2010; McKay et al., 2011). These studies suggest that the warmest and wettest
conditions in Europe occurred early in the Eemian (127 ka), followed by a steady decline in
temperatures and precipitation.

The Eemian vegetation in some parts of Europe, such as the Alps, has been studied extensively
by Klotz et al. (2004), with pollen records from a wide distribution of sites. In general, their
reconstructions suggest that the forests in Europe were more extensive relative to pre-industrial,
covering much of central and northern Europe. The pollen-based reconstruction of Klotz et al. (2004)
also suggests that there was a greater abundance of deciduous trees than present day, such as birch
which was later replaced by oak forest.

Although there have been a lot of climate modelling studies focusing on the Eemian, most of
these studies employ General Circulation Models (GCMs), which have a coarse spatial resolution that
implies a mismatch in spatial scale relative to proxy-based reconstructions, making comparisons with
proxy data quite problematic. In this study, we performed transient simulations with both the
standard version of the iLOVECLIM model (Roche et al., 2014) and a version in which downscaling
was applied (Quiquet et al., 2018). This study provides detailed information on the Eemian climate
by using a physical interactive downscaling in iLOVECLIM by Quiquet et al. (2018), to increase the
resolution of the model from 5.56° to 0.25° latitude-longitude. The results were then compared to the
low-resolution version of the model and proxy data to evaluate the impact of downscaling on the
model. In addition, we compared our simulated Eemian climate with results from a similar
downscaling experiment performed for the Holocene (Arthur et al., 2023). Thus, the research
questions below are addressed in this study.

1. What are the magnitudes and spatial patterns of temperature and precipitation changes over Europe
during the Eemian period?

2. How do the simulated changes in temperature and precipitation compare to proxy data from the Eemian
period? Is the downscaling performing better than the low-resolution model?

3. How different are the evolutions of the European climate in the Holocene and the Eemian?

2. Materials and Methods
2.1. Model Description

2.1.1. The iLOVECLIM Model

As a climate model, we used iLOVECLIM version 1.0 (Roche et al., 2014), a code fork of
LOVECLIM 1.2 (Goosse et al., 2010). The version of iLOVECLIM applied in this study is an Earth
System Model of Intermediate Complexity with three main components: an atmosphere component
(ECBILT), an ocean component (CLIO) and a vegetation component (VECODE). ECBilt is a quasi-
geostrophic atmospheric model comprised of three vertical layers at T21 horizontal resolution
(~5.625° x ~5.625° latitude-longitude) (Opsteegh et al., 1998). CLIO is an oceanic General Circulation
Model with 20 unevenly spaced vertical layers at a 3¢ x 3° latitude—longitude horizontal resolution


https://doi.org/10.20944/preprints202502.0262.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2025 d0i:10.20944/preprints202502.0262.v1

3 of 16

(Goosse and Fichefet, 1999). VECODE is a simplified dynamic global vegetation model (DGVM), that
uses two plant functional types (PFTs), trees and grass, and bare ground as a third dummy type, with
their fraction always amounting to 100% in the ECBILT grid cell (Brovkin et al., 1997). Several
simulations such as the Holocene (Renssen et al., 2009; Zhang et al., 2018, Li et al., 2019; Arthur et al.,
2023), LGM (Lhardy et al., 2021), last deglaciation (Quiquet et al., 2021), and last interglacial (Li et al.,
2020) have been successfully conducted using iLOVECLIM.

Similar to Arthur et al. (2023), an interactive downscaling has been applied to the iLOVECLIM
model in this study, to increase its spatial resolution in Europe from 5.56° to 0.25° latitude-longitude
in Europe. The downscaling is performed on the original T21 grid. The fundamental approach of the
downscaling is to explicitly consider the sub-grid orography by reproducing the model physics of
ECBilt at a higher spatial resolution, rather than the dynamics. To do this, we create artificial vertical
layers in the sub-grid orography, which allow us to compute variables like temperature and
precipitation formation at any altitude. Quiquet et al. (2018) originally described the online
interactive downscaling method integrated into iLOVECLIM and the physics used in the model is
well explained in detail in their study (Quiquet et al., 2018). The downscaling method has been used
previously to successfully simulate the transient Holocene climate in Europe by Arthur et al. (2023,
2024). These simulation results with downscaling for the Holocene suggest that temperature and
precipitation are in better agreement with proxy data and other climate models in some European
regions as compared to the standard version of the model.

2.1.2. Experimental Set-up

The results of two separate Eemian experiments were used in this study. The first experiment is
a transient simulation of the Eemian (from 127 ka — 116 ka) performed by Li et al. (2020) using the
low-resolution version of the iLOVECLIM 1.0 that includes the VECODE dynamic vegetation model
(hereafter, EEM_Standard). The second experiment is also a transient simulation of the Eemian
climate, but this time with the interactive downscaling applied to iLOVECLIM (Quiquet et al., 2018)
to increase the resolution of the model (hereafter EEM_Down), identical to the technique used by
Arthur et al. (2023). Both experiments were performed starting from an equilibrium experiment that
was run for 3000 years with fixed forcings for 128 ka. The orbital forcings and greenhouse gas
concentrations of CO2, CH4, and N20 used in the transient simulations were the same as those used
in the PMIP4 protocol (Otto-Bliesner et al., 2017). During a large part of the Eemian (approximately
127 — 119 ka), the NH received more insolation during the summer in June relative to pre-industrial
values. (Figure 1). ILOVECLIM computes changes in the insolation received by the Earth during
transient simulations based on astronomical parameters from Berger (1978). The CO:z concentration
fluctuated between 270 ppm and 280 ppm. However, CHs concentrations peaked at 127 ka
(approximately 730 ppb) before declining steadily until the late Eemian (Figure 1). In addition to these
Eemian experiments, we also compared our results with a downscaled transient simulation (hereafter
HOL_Down) of the Holocene climate with the same resolution as the downscaled Eemian run
published by Arthur et al. (2023).

We can assess different types of information from our results by evaluating the differences
between our experiments. The difference between EEM_Down and EEM_ Standard provides
information on the impact of the downscaling on our transient results for the Eemian. Finally, the
difference between the Eemian and Holocene transient experiments provides information on how
the European climate responds to the difference in forcing for the two interglacials.


https://doi.org/10.20944/preprints202502.0262.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2025 d0i:10.20944/preprints202502.0262.v1

4 of 16

300
+ 750
)
Q
S 280 700
ON
z 1 650 ©
°
3 g
£ 20 L 600 T
a (&)
8 + 550
240 4
+ 500
550 4 . )
126 124 122 120 118 116
Age (ka BP)
60 - (b) - June insolation anomaly 65°N
& 40
E
=
5 20 |-
=
2
= 0
-20 |-
-40 +

T T T

128 127 126 125 124 123 122 121 120 119 118 117 116
Time (ka)

Figure 1. (a) from (Li et al, 2020). The climate forcings used for the simulations for EEM_Standard and
EEM_Down (127 ka -116 ka). The greenhouse gas (GHG) concentrations of CO2, CHs, and N20 are from the
PMIP4 protocol (e.g., Schilt et al., 2010; Bereiter et al., 2015). The dashed lines represent the pre-industrial values.
Figure 1 (b) shows the orbitally-forced June insolation for 65°N, provided as an anomaly from present-day values
(Berger, 1978). .

3. Results and Discussion

3.1. The Spatial Distribution Of Annual Precipitation and Temperature Anomalies in Europe for the Eemian

Depending on the location of Europe, a comparison of the simulated annual mean temperature
and precipitation anomalies relative to pre-industrial by both EEM_Down and EEM_Standard
reveals several noteworthy similarities and variations in terms of magnitude and patterns of change.
In general, both simulations show how much warmer it was during the Eemian. The EEM_Down, as
predicted, offers more spatial variability and detailed information than the EEM_standard. The high-
resolution grid shows the local temperature changes caused by the downscaling simulation.

3.1.1. Temperature

The EEM_Standard and the EEM_Down both agree on a clear north-south temperature
gradient in Europe during the Eemian. The most significant temperature increase compared to the
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pre-industrial era was observed in Northernmost Europe, reaching up to +3°C at 127 ka (Figure 2). In
contrast, Southern Europe experienced smaller temperature differences, with some areas even
slightly cooler than the pre-industrial era. Later in the Eemie, the temperature gradient became less
obvious, indicating the orbitally induced change in summer insolation (Figure 1b, Figure 2). When
comparing the two model versions, the temperature gradient was more pronounced in EEM_Down,
with warmer conditions in western Europe and northern Scandinavia than in EEM_Standard,
particularly at 127 ka and 124 ka (Figure 2). The southeastern region of the domain and the Middle
East, on the other hand, is cooler in EEM_Down than in EEM_Standard throughout the Eemian, with
temperatures dropping to -2°C in comparison to the pre-industrial era.

Our model results, especially EEM_Down, show apparent, opposite latitudinal climate trends,
including warming seen in the northernmost Scandinavia while cooling occurred in southeast
Europe. This is likely due to the orbital forcings prescribed (mainly obliquity, i.e. changes in the
Earth's axis tilt angle, and precession). This axial tilt angle was higher compared to pre-industrial in
the early Eemian (~127 to 126 ka), resulting in more insolation at high latitudes and less insolation at
low latitudes (Bakker et al., 2014). The June insolation anomaly at 127 ka for 65°N was around 60
Wm, relative to pre-industrial values (Berger, 1978). Another distinction is that during the early
stages of the Eemian, perihelion occurred during summer in the Northern Hemisphere rather than
during winter as it does today (i.e. the effect of precession, Bakker et al., 2014).
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Figure 2. Mean annual temperature anomalies relative to pre-industrial mean simulated by the iLOVECLIM,
showing spatial variability in Europe for 127 ka, 124 ka and 120 ka for EEM_Standard (top figures) and
EEM_Down (bottom figures) in °C.

3.1.2. Precipitation

The results for precipitation from EEM_Standard, as illustrated in Figure 3, do not exhibit a
pronounced spatial pattern, with fluctuations largely confined to the interval of -100 to +100 mm/yr.
Conversely, EEM_Down presents a clear distribution, indicating some areas that are wetter than the
pre-industrial, Relative to pre-industrial, there is a wet-dry-wet pattern that has a northwest-
southeast direction, with the Atlantic coast (comprising Iberia, Ireland, Scotland, and the
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Scandinavian coast) being wetter, then succeeded by a drier zone that stretches from France and
northern Italy to the northeast (Finland and Northern Russia), and finally, wetter conditions in the
southeastern section of the domain. The dry region is interrupted by moderately wetter conditions
found in central Europe. In the EEM_Down results, this wet-dry-wet pattern is most noticeable at 127
ka and becomes less pronounced in the late Eemian. The drier zone receives a decrease in
precipitation of at least less than -200 mm/yr centered around the Alps, while the Atlantic coast and
the southeast portion of the domain receive more than 300 mm/yr more precipitation than pre-
industrial.

1217 ka- M1 (EEM_Stmodard} 124 \a - PLEEM_Standoed) 120ks - PI(EEM_Staadard)

mim/yr

X8 =00 o VB N M W M YE e

Figure 3. Mean annual precipitation anomalies relative to pre-industrial mean simulated by iLOVECLIM (in
mm/yr), showing the spatial variability in Europe for 127 ka, 124 ka and 120 ka for EEM_Standard (top figures)
and EEM_Down (bottom figures).

Downscaling increases precipitation in many elevated areas, like the Scottish Highlands and
Scandes Mountains, leading to higher anomalies. Results with downscaling better reflect topography
effects, with experiments showing wetter regions in Europe. In general, experiment EEM_Down is
relatively wet compared to EEM_Standard in regions with complex topography.

3.2. The Evolution of Annual Temperature And Precipitation for the Eemian in Europe

The general temporal trends in temperature and precipitation in Europe display an overall
cooling from the early to the late Eemian. Simulated temperature anomalies relative to pre-industrial
indicate that at 127 ka, temperatures were 2.5 °C warmer than pre-industrial for EEM_Standard and
2 °C warmer in EEM_Down and started declining steadily after 126 ka in both simulations (Figure 4).
A gradually decreasing trend with the warmest conditions in the first part of the experiments
is thus observed. Temperatures started decreasing in the mid-Eemian with mean anomalies
between (1 — 1.5 °C) around 123 ka for EEM_Down and 2 °C for EEM_Standard. The general decline
continues further till 117 ka. EEM_Standard was generally warmer than EEM_Down,
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Figure 4. The annual temporal evolution of temperature (Left in °C) and precipitation (Right, in mm/yr)
anomalies relative to pre-industrial in Europe with EEM_standard and EEM_Down. Light green colour:
(Temperature, EEM_Standard), Red colour: (Temperature, EEM_Down), Orange colour: (Precipitation,
EEM_Standard) and Blue colour: (Precipitation, EEM_Down). The trends show a 500-yr running mean.

The precipitation in EEM_Down was generally higher than EEM_Standard until after 119.5 ka
as expected due to the impact of the downscaling. The annual average precipitation in Europe for the
whole Eemian was 630.5 mm/yr and 623.5 mm/yr for EEM_down and EEM_Standard, respectively.
Generally, the early and mid-Eemian were wetter than the late Eemian in both simulations, especially
between 127 and 123 ka (Figure 4). For the EEM_Down and EEM_Standard experiments,
precipitation was higher at 127 ka than pre-industrial with annual anomalies of 45 mm/yr and 35
mm/yr respectively, and both started rising again exceeding annual precipitation anomalies of 50
mm/yr (EEM_Down) and 40 mm/yr (EEM_Standard) relative to pre-industrial before steadily
declining after 124 ka (Figure 4). There was a rapid decrease in precipitation after 123 ka to the late
Eemian (Figure 4). The EEM_Down simulations were still wetter than pre-industrial until at 121 ka
when it started getting drier while the dryness started earlier after 122 ka for EEM_Standard.

3.3. Comparison Between the Eemian and Holocene climate in Europe

There are several similarities between the Eemian and the Holocene, as our results in Europe
indicate that both periods have temperatures and precipitation that were higher than the pre-
industrial in the early stages and declined steadily to the pre-industrial level (Figure 5). However, the
Eemian was warmer than the Holocene between 11 ka to 2.3 ka until after 119 ka for the Eemian
(Figure 5). The Holocene and the Eemian climates are simulated with the same iLOVECLIM model,
which offers the opportunity to analyze the impact of the forcings on the results. It has been found
previously by Bakker et al. (2014) that both the Holocene and the Eemian are distinguished by
significant changes in the temporal distribution of insolation, with many similarities. However, there
are larger eccentricity values, a different regulation of obliquity and larger changes in precession
during the Eemian compared to the Holocene, thus the magnitude of the annual, seasonal, and
latitudinal insolation changes is larger during the Eemian than in the Holocene (Bakker et al., 2014).
The melting of remnant ice sheets in the Holocene and potential ice sheet melt and expansion at the
end of the Eemian period may have also affected the temperatures through feedbacks from ice sheet-
ocean-circulation (Bakker et al., 2014). However, in our experiments the ice sheets were kept fixed at
their present-day configurations, meaning that we were not able to account for these feedbacks.
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Figure 5. Showing annual mean temperature (left) and precipitation (right) anomalies relative to pre-industrial
for the Holocene and the Eemian in Europe. Light green color: (Temperature, Holocene), Red colour:
(Temperature, Eemian), Orange colour: (Precipitation, Holocene) and Blue colour: (Precipitation, Eemian). The

trends show a 500-yr running mean.

For precipitation, the Eemian was about 40 mm/yr wetter in the early stages than the Holocene
until after 9 ka when the Holocene became slightly wetter than the Eemian (Figure 5). Both the
Holocene and the Eemian however, show a decreasing trend to the pre-industrial levels. The summer
insolation at 65 ° N likely played a role in the declining trend of precipitation in both interglacials.
The gradual decrease in precipitation was in response to the reduction in the summer insolation in
both the Holocene and the Eemian epochs, forcing a decrease in temperature over time. Generally, a
warmer atmosphere can hold more water vapour, leading to more precipitation. The higher
precipitation anomalies recorded in the early Eemian compared to the early Holocene were probably
due to the orbital forcings which were stronger during the early Eemian as compared to the early
Holocene. It was however slightly wetter during the Holocene after 9 ka than the Eemian. The
Holocene simulations done by Arthur et al. (2023) indicate that northernmost Europe was warmer at
9 ka than at 124 ka and this seems to correlate with the higher precipitation anomalies observed along
the coast (Ireland, Scotland, and Norway) at 9 ka. The spatial pattern with relatively high
temperatures in northernmost Europe is very similar to the pattern simulated for the early Holocene
by Renssen et al. (2005). Renssen et al. (2005) showed that these warm conditions were reflecting a
relatively strong Atlantic meridional overturning circulation (AMOC), combined with enhanced
deep-water formation and reduced sea-ice cover in the Nordic Seas. The AMOC in the Nordic Seas
and reduced sea-ice cover contributed to the redistribution of heat and moisture, influencing regional
temperature patterns. In the Nordic Seas, warm, saline waters from the Atlantic Ocean flow
northward, releasing heat and moisture into the atmosphere as they interact with cooler and fresher
waters (Renssen et al., 2005). In the early Holocene up to 7 ka, the overturning in the Nordic seas is
up to 10% than in the corresponding period in the Eemian (Figure 6). This is consistent with a
simulated ~1° warmer surface of the North Atlantic Ocean in the early Holocene. A warmer
Northernmost Europe at 9 ka is thus most likely related to a stronger AMOC than at 124 ka, providing
relatively warm and moist air that favors precipitation in coastal areas. However, the differences in
precipitation between 9 ka and 124 ka are relatively small and only become more expressed later in
the interglacials (after 120 ka/ 4 ka) when the Eemian temperature becomes lower than the Holocene
value (Fig 5), due to the increasing difference in orbital forcing.
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There is limited impact of the Arctic sea-ice cover on the temperature and precipitation patterns
during the Holocene and the Eemian, as the simulations show that though it was warmer during the
Eemian than the Holocene, the sea-ice was quite similar during the early Eemian and the early
Holocene. However, after 3000 years (124 ka and 8 ka), the Eemian sea-ice volume in the Arctic was
significantly larger in the Northern Hemisphere than in the Holocene.

Meridional overturning strength (Sv) in the Nordic Seas
11 10 9 8 7 6 5 4 3 2 1 0

— Eemian

Holocene

127 126 125 124 123 122 121 120 119 118 117 116
Time (ka)

Figure 6. Evolution of the annual maximum meridional overturning streamfunction (Sv) in the Nordic Seas

for the Holocene (Orange colour) and the Eemian (Blue colour). The trend shows a 1000 yr running mean.

3.4. Comparison of the Climate Simulations With Proxy-Based Reconstructions

As discussed previously for the Holocene (Arthur et al.,, 2023), our downscaled simulation
EEM_Down depicts climate at a regional scale that is more in line with the spatial scale of proxy data
than our EEM_Standard experiment. The improvement resulting from the downscaling technique
will affect our results when compared to other climate model simulations and proxy-based
reconstructions, particularly as the latter is impacted by local conditions. We have compared our
EEM_Down and EEM_Standard results of temperature and precipitation in Europe with proxy-based
reconstructions that are currently available and other climate model results to evaluate the
performance of our downscaling technique.

Regarding the magnitude of change, our EEM_Down simulation agrees with the (+3 and +4 °C)
anomalies reconstructed by the proxies of Capron et al. (2017) across Europe at 127 ka. Again, our
EEM_Down more accurately reproduces the magnitude of precipitation anomalies; both our
simulated EEM_Down and proxy-based anomalies by Capron et al. (2017) show annual precipitation
between 200-400 mm/yr compared to pre-industrial, which is in close agreement. Moreover, for
western Europe, our EEM_Down experiment captures the warming reconstructed by Turney and
Jones (2010). The reconstruction of Turney and Jones (2010) indicates a temperature anomaly between
+1 and +2 °C relative to pre-industrial which is similar to our EEM_Down simulation in western
Europe. A recent reconstruction by Honiat et al. (2023) based on speleothems reported a temperature
change across the southeastern Alps (46°30 ° N, 14°23 ° E) with peak temperatures at ~ 127 ka of 2.4
+ 2.8 °C above today’s mean (1973-2002). Their reconstruction indicates that temperatures slightly
decreased during the mid-Eemian (124 to 121 ka) and gradually dropped below modern-day
temperatures after about 118 ka. Our simulation aligns with this study, with temperature anomalies
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up to +2 °C in the southeastern Alps. Moreover, our model simulates a stable temperature at 124 ka
in this region with a slight decrease at 120 ka leading to negative temperature anomalies up to -0.5
°C which is comparable to the temperature decrease reconstructed by their study.

The output of our downscaled precipitation results in the Eemian is further compared with a
comprehensive proxy-based reconstruction compiled by Scussolini et al. (2019). Their reconstruction
is based on pollen, speleothems, multi-proxies and other data (LIGA members, 1991; Klotz et al., 2003;
Sirocko et al., 2005; Drysdale et al., 2005; Allen and Huntley, 2009; Milner et al., 2012; Tzedakis et al.,
2018). (Figure 7). The reconstruction reveals that southern and eastern Europe were wetter than pre-
industrial, while Central Europe was also wetter with precipitation anomalies above +200 mm/yr
(Scussolini et al., 2019). This is in line with our EEM_Down results (Figure 7), with our magnitude of
precipitation anomalies between +150 to +300 mm/yr relative to preindustrial in central to eastern
Europe. Lower precipitation was reconstructed in Scandinavia which is generally comparable to our
EEM_Down simulation. However, our model simulates higher precipitation in the northern part of
Scandinavia, which is not seen in the proxies. The proxy-based reconstructions also show that regions
such as Italy and France were wetter and warmer than pre-industrial, while several locations in the
northern Alps region show that average precipitation is rather similar to that of the present
(Scussolini et al., 2019). The EEM_Down simulation suggests drier conditions in France and disagrees
with the reconstructions here, but the model results agree with the sign of change in Southern Italy.
For example, EEM_Down simulates drier conditions in France and Northern Italy by reductions of
up to -100 mm/yr compared to the preindustrial and most of the northern Alps were also drier.
However, our EEM_Down experiment agrees with the high precipitation reconstructed by the
proxies in the southeastern part of the domain (Greece, Turkey and the Middle East) (Figure 7).

70N+

65N+

6ON+

55N+

50N+

Speleothems  4sn]

Pollen

Other proxies ']

>Oowo

Multiproxy s
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Figure 7. Annual precipitation anomalies at 127 ka relative to Pre-industrial from the EEM_Down (in colors with
contours) and proxies (filled markers). Blue colors represent higher precipitation during the EEM_127 ka from
climate simulations or proxies and red colors represent lower precipitation. Proxy anomalies: dark blue (much
wetter Eemian), light blue (wetter), white (no discernible anomaly), light red (drier), and dark red (much drier).

Different markers represent different types of proxy records (proxy data from Scussolini et al., 2019).
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Proxy-based reconstructions of Brewer et al. (2008) compared the climate evolution during the
Eemian, using pollen data from 17 sites across Europe. According to their findings, the Eemian is
divided into three typical parts: an early optimum, a slow cooling period, and then another abrupt
drop in precipitation and temperatures. This sequence is restricted to the north of Europe, where
temperatures remain stable for a longer time. The latitudinal temperature gradient varied
significantly, with greater variations in the north than in the south, meaning that the reduction of
temperature during this period was greater in the northern part of Europe than in the South. This is
in close agreement with our temperature and precipitation trends in our simulations (Figure 2 & 3).
The transition to the early Eemian in EEM_Down and EEM_Standard is marked by a slight decline
in precipitation across Europe. This is a distinctive feature of the Eemian climate evolution
reconstructed in previous studies (Brewer et al., 2008; Capron et al., 2017).

A reconstruction of temperatures in the Swiss Alps over the entire Eemian was done by Wilcox
et al. (2020) based on speleothems. Their study found that temperatures were up to 4.3 °C warmer
during the Eemian (at 127 ka) than in the present-day, while our EEM_Down experiment simulates
temperature anomalies of up to 2 °C at 127 ka relative to pre-industrial in the Swiss Alps. The study
suggests that higher-elevation areas may be more sensitive to warming as compared to lowland
regions (Wilcox et al. 2020).

3.5. Comparison of the Model Results with Other Climate Model Simulations

The annual warming in northern Europe simulated during the early Eemian (127 ka) by
EEM_Down agrees with the multi-model mean simulated by Lunt et al. (2013) and in good agreement
with the CMIP6-PMIP4 lig127 k simulations (Otto- Bliesner et al., 2021). For many regions, the
EEM_Down seems to be able to reproduce the sign of temperature change, simulated anomalies
indicate increases in temperature, particularly throughout northern Europe. For example, this agrees
with Williams et al. (2020), who simulate a high temperature anomaly in northern Europe with the
HadGEM3-GC3 model done under the CMIP6/PMIP4 framework. Their model underestimates the
warming reconstructed by proxies and other climate models in northern Europe with up to 1 °C
temperature anomalies with respect to pre-industrial. For western Europe, our EEM_Down captures
the warming simulated by the AWI-ESM model studied by Shi et al. (2022).

5. Conclusions

In this study, we have performed simulations of the Eemian climate using the standard version
of the iLOVECLIM model and a version with an interactive physical downscaling applied (by
increasing its horizontal atmospheric resolution from 5.56° to 0.25° latitude-longitude). We have
performed transient simulations with both versions of the model and analyzed the results relative to
pre-industrial. The following scientific questions have been answered.

1. What are the magnitudes and spatial patterns of temperature and precipitation changes over Europe

during the Eemian period?

Our simulations suggest that the magnitude of temperature and precipitation varied across
different regions of Europe, with some areas experiencing more pronounced warming and
precipitation differences than others. The latitudinal pattern in our simulation during the Eemian
shows that the warming was stronger at high latitudes than at mid-latitudes in Europe. For instance,
the northern latitudes of Europe, including Scandinavia and the British Isles experienced greater
temperature anomalies compared to the southern regions in both simulations. EEM_Down simulates
annual temperature anomalies between +3 and +4 °C relative to pre-industrial in the northern-most
part (above 65 °N) at 127 ka, while EEM_Standard simulates up to +2 °C in the same region relative
to pre-industrial. Most parts of central Europe were also relatively warmer in the downscaling
simulations (+0.5 to +2 °C). The late Eemian shows that annual mean temperature anomalies were
almost close to 0 °C for all simulations. The simulated precipitation in the downscaling shows more
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detail information in the topographic regions and wetter conditions in the early Eemian as compared
to pre-industrial. For instance, in the Scandes mountains, our EEM_Down experiment simulates
wetter conditions than pre-industrial with annual mean precipitation anomalies between +150 to +300
mm/yr and shows higher spatial variability, while EEM_Standard simulates precipitation anomalies
of up to +120 mm/yr relative to the pre-industrial.

2. How do the simulated changes in temperature and precipitation compare to proxy data from the

Eemian period? Is the downscaling performing better than the low-resolution model?

Our study indicates that the EEM_Down simulation is generally in line with proxy-based
reconstructions and other climate models, especially in high-elevated regions. The downscaling
technique provides detailed information in mountainous regions (the Alps, and the Scandes
mountains), and it simulates higher precipitation than the EEM_Standard. After comparing proxy-
based reconstructions with our EEM_Down and EEM_Standard simulations, it was evident that
EEM_Down more accurately represents the extent of warming in the northern region of Europe, the
Alps, the western regions, and other areas reconstructed using multiple proxies. There is a good
agreement for the general trend and spatial pattern in the downscaling, Our EEM_Down experiment
captures the distinct patterns of change (for example, wetter conditions reconstructed by proxies in
southern and eastern Europe). Compared to the pre-industrial era, most of Europe's simulated
temperatures and precipitation were generally higher during the early Eemian than later during this
interglacial.

3. How different are the evolutions of the climate in the Holocene and the Eemian in Europe?

A comparative analysis of the climate evolution in the Holocene and the Eemian in Europe
reveals several key differences. While both periods experienced warmer temperatures relative to pre-
industrial, the Eemian was characterized by more pronounced warmth than the Holocene. This may
be expected based on the higher orbitally-forced summer insolation during most of the Eemian
relative to the Holocene. The precipitation trend in the early Eemian was wetter relative to pre-
industrial than the Holocene in line with the temperature trends, but the Holocene became wetter
than the Eemian relative to pre-industrial during the HTM. This is because the Atlantic meridional
overturning circulation (AMOC) was slightly stronger during the Holocene than the Eemian, which
led to enhanced deep-water formation and reduced sea-ice cover in the Nordic Seas. Further research
is needed to understand the transient evolution of precipitation during the Eemian and the Holocene
climate in Europe. Current studies are more focused on snapshot experiments and only temperature
within this interglacial period.
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