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Abstract. This study presents the application of an interac-
tive downscaling in Europe using iLOVECLIM (a model of
intermediate complexity), increasing its atmospheric resolu-
tion from 5.56 to 0.25° kilometric. A transient simulation us-
ing the appropriate climate forcings for the entire Holocene
(11.5-0ka BP) was done for both the standard version of the
model and with an interactive downscaling applied. Our re-
sults show that simulations from downscaling present spatial
variability that agrees better with proxy-based reconstruc-
tions and other climate models as compared to the standard
model. The downscaling scheme simulates much higher (by
at least a factor of 2) precipitation maxima and provides de-
tailed information in mountainous regions. We focus on ex-
amples from the Scandes mountains, the Alps, the Scottish
Highlands, and the Mediterranean. The higher spatial resolu-
tion of the downscaling provides a more realistic overview of
the topography and gives local climate information, such as
precipitation and temperature gradient, that is important for
paleoclimate studies. With downscaling, we simulate similar
trends and spatial patterns of the precipitation changes re-
constructed by other proxy studies (for example in the Alps)
as compared to the standard version. Our downscaling tool
is numerically cheap, implying that our model can perform
kilometric, multi-millennial simulations and is suitable for
future studies.

1 Introduction

Numerical climate models are used to study past, present,
and future climate change, and two types of global climate
models are primarily used, the so-called general circulation
models (GCMs) and Earth system models of intermediate
complexity (EMICs). GCMs and EMICs simulate the cli-
mate of the Earth by applying mathematical equations to
describe the atmospheric, oceanic, and land interactions or
feedbacks. These climate models are evaluated with past cli-
mate data to ensure that their sensitivity to climate change is
realistic and thus improve their ability to project future cli-
mate change. GCMs and EMICs have been used to simulate
the past climate. Examples are the Last Glacial Maximum
(LGM, e.g. Liu et al., 2021), the Holocene (e.g. Claussen et
al., 2002; Renssen et al., 2009; Renssen and Osborn, 2003;
Schmidt et al., 2004; Otto-Bliesner et al., 2006), and the Last
Millennium (e.g. Crowley, 2000; Jones et al., 2001; Zorita
et al., 2005). These paleoclimate simulations have been rou-
tinely compared with proxy-based paleo data to evaluate
their performance (Masson et al., 1999; Bonfils et al., 2004;
Brewer et al., 2007; Bartlein et al., 2011). However, the dif-
ference in spatial resolution between the simulated climate
model results and proxy-based paleo reconstructions makes
this comparison problematic and usually poses some uncer-
tainties (Renssen et al., 2001; Ludwig et al., 2019). Transient
simulations of the Holocene with GCMs are still currently a
challenge due to the numerical cost (it can take more than 4—
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5 months). Therefore, EMICs (like iLOVECLIM) have sim-
plified physics and are computationally more efficient, mak-
ing it feasible to perform large ensemble experiments at a
multi-millennial timescale, which is an advantage to paleo-
climate studies. EMICs can explicitly simulate the interac-
tion between all the components of an Earth system model
and simulate the transient and equilibrium climate sensitiv-
ity (Claussen et al., 2002). Still, EMICs’ representation of
the large-scale atmospheric moisture content and other pro-
cesses produced by local-scale features such as mountains
ranges, water bodies, and forests is quite poor and thus af-
fects the dynamics of these sub-components that rely on the
global atmospheric water cycle (Quiquet et al., 2018). This
implies that many of the processes that govern the local cli-
mate (vegetation, hydrology, and topography) are not well
represented in most coarse-resolution EMICs.

This limitation of global climate models can be overcome
by applying spatial downscaling, a primary tool in meteorol-
ogy and climate studies. Downscaling can establish a rela-
tionship between large-scale atmospheric processes and the
local scale to derive information at a fine spatial resolution
(Castro et al., 2005). There are two approaches of down-
scaling used to resolve this coarse-resolution—fine-resolution
variance: statistical and dynamical downscaling (Murphy,
1999). Statistical downscaling models (SDMs) involve cre-
ating an empirical relationship between historical large-scale
atmospheric characteristics (such as pressure fields) and lo-
cal climate variables (temperature, precipitation, etc.) and ap-
plying these statistical relationships to the output of large-
scale global variables (GCMs/EMICs) to simulate the local
climate variables (e.g. Stoner et al., 2013). The main types
of SDMs are “weather typing” methods, which are based on
conditioning the simulations of small-scale data on recur-
rent weather types over a specific region (e.g. Willems and
Vrac, 2011), “transfer functions”, which link large-scale at-
mospheric conditions and local-scale data directly (e.g. Vrac
et al., 2007), and “stochastic weather generators” that gen-
erate local-scale time series from their possibly conditional
probability density functions (e.g. Olsson et al., 2009). There
are some studies related to statistical downscaling in a pa-
leo perspective. For example, Latombe et al. (2018) simu-
lated the climate of the Last Glacial Maximum (23-19 ka BP)
over western Europe by statistically downscaling the temper-
ature and precipitation time series outputs from a GCM with
a generalized additive model (GAM). Lorenz et al. (2016)
performed a transient paleoclimate simulation with statistical
downscaling for North America spanning the period between
21kaBP and 2100 CE at 0.5° spatial resolution. Their study
provides datasets that offer a standard collection of climate
simulations that may be used to model the impact of past and
future climate change on biodiversity.

Dynamical downscaling is the technique used by global
models to simulate the land—atmosphere interaction process
by considering the sub-grid, orography, and other conditions
over a local scale (Feser et al., 2011). Dynamical down-
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scaling is thus aimed at increasing the spatial resolution
(horizontally and vertically) by simulating the regional sub-
component of the climate from global models (Ludwig et al.,
2019). In contrast, statistical downscaling only assumes con-
stant statistical relationships between large- and local-scale
processes. These relationships may not be valid for condi-
tions very different from the present, such as in the early
Holocene. Conversely, since it is based on physical laws, dy-
namical downscaling can be applied to any period and gives
more comprehensive information for some specific regions,
particularly if precipitation is highly influenced by local to-
pography (Gémez-Navarro et al., 2011; Wang et al., 2015;
Raible et al., 2017; Quiquet et al., 2018). However, there may
be some uncertainties and limitations in the use of dynamical
spatial downscaling. The uncertainties of downscaled tem-
perature and precipitation usually depend on the errors asso-
ciated with the large-scale model, such as its physical param-
eterization (Murphy, 1999; Feser et al., 2011), the model’s
simplification or limitation, and the biases associated with
the model’s atmospheric circulation (Quiquet et al., 2018).

Comparing paleoclimate model results at a high spatial
resolution with proxy-based data informs meaningful inter-
pretation (Bonfils et al., 2004; Russo and Cubasch, 2016;
Ludwig et al., 2019). Dynamical downscaling has been ap-
plied to both present and future climate analyses to give an
improved estimate of future climate change (e.g. Jacob et al.,
2007). According to Jacob et al. (2014), regional (dynam-
ical) downscaling better represents the physical processes
that trigger precipitation and provides more realistic outputs
in complex regions when compared to outputs from low-
resolution models. Despite these advantages, applying dy-
namical downscaling in paleoclimate studies is still limited,
with the main reason being that it is computationally inten-
sive and costly to run long-term climate simulations with
downscaling. Still, there is good potential, as comparing pa-
leoclimate simulations with proxy-based reconstructions is
more meaningful at a high spatial resolution.

Some attempts have been made in the past to simulate
high-resolution climate in a paleo-perspective. Examples are
available for the LGM (Yokoyama et al., 2000; Strandberg
et al., 2011; Hofer et al., 2012; Ludwig et al., 2016) and
the Little Ice Age/Medieval Warm Period over arid cen-
tral Asia (Fallah et al., 2016). The Last Millennium over
the Iberian Peninsula was studied with a Regional Climate
Model (RCM) of 30 km spatial resolution to evaluate the sig-
nificance of the internal variability of temperature and pre-
cipitation at regional scales (Gémez-Navarro et al., 2011).
Renssen et al. (2001) also applied an RCM to simulate the
European climate during the Younger Dryas cold period
(12.9-11.7 ka BP). In addition, Gémez-Navarro et al. (2013)
performed a higher-resolution RCM simulation in Europe
spanning from 1500-1990 CE, and their results compared
to observed Climate Research Unit (CRU) datasets show an
improvement in the climate model most particularly in ar-
eas of complex topography. In a different study, the same
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results were compared with empirical proxy-based recon-
structions (Gomez-Navarro et al., 2015), and the results show
regional mean biases, particularly for summer temperature
and winter precipitation. These biases were similar to bi-
ases found relative to CRU observational data in their ear-
lier study (e.g. Gémez-Navarro et al., 2013). Russo and
Cubasch (2016) present a dynamical downscaling for differ-
ent time slices of middle-to-late Holocene in Europe using
the RCM model COSMO-CLM. Comparison of their results
with observed CRU data show that their RCM can repro-
duce a realistic climatology. The same model was recently
applied by Russo et al. (2022) to analyse summer temper-
atures of the mid-Holocene in Europe and to understand the
potential causes of the discrepancy between results of climate
model simulations and pollen-based reconstruction (Russo et
al., 2022). Moreover, Velasquez et al. (2021) applied dynam-
ical downscaling to the LGM climate of Europe and utilized
the land and atmospheric components of GCM (CCSM4),
RCM (WRF), and dynamic vegetation model simulations to
study the significance of land—atmospheric response for the
European climate. The results from the study suggest that the
regional climate is significantly influenced by the LGM land
cover (Velasquez et al., 2021).

The Holocene (11.5-0kaBP) is a significant period for
studying the climate evolution and variability to improve
our knowledge of the climate system. The period is well
known and archived with proxy data (e.g. Masson et al.,
1999; Bonfils et al., 2004; Braconnot et al., 2007; Wanner
et al., 2008; Mauri et al., 2015). It is also a period used to
evaluate how climate models respond to the variations in
insolation in response to astronomical forcing (Fischer and
Jungclaus, 2011). In the early Holocene, the astronomical
forcing was very different from today because of changes
in three astronomical parameters (eccentricity, obliquity, and
precession) that alter the amount and distribution of incom-
ing solar energy at the top of the atmosphere (Berger, 1978).
According to Berger (1978), during the early Holocene at
11 ka BP, the Northern Hemisphere received about 30 W m~2
more insolation during boreal summer than at present, which
caused the climate to be relatively warm during the early to
middle Holocene. This relatively high summer insolation re-
sulted in the reorganization of various variables of the cli-
mate system, such as the melting of the ice sheets (including
the Fennoscandia Ice Sheet, FIS and Laurentide Ice Sheet,
LIS) and the associated freshwater release in different re-
gions during the early Holocene (Briner et al., 2016; Zhang
etal., 2016).

Within the Holocene, the mid-Holocene (MH, 6 ka BP) is
a time slice that was characterized by relatively warm con-
ditions in the Northern Hemisphere, associated with the as-
tronomically forced summer insolation. Other forcings were
similar to pre-industrial values, including atmospheric green-
house gas concentration levels (Bartlein et al., 2011). The
MH is very well documented, offering the opportunity to
study this warm condition and long growing season in re-
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gions such as Europe. Pollen-based climatic variables such
as surface temperature over Europe (Mauri et al., 2015) show
that the climate system also responded to other large-scale
complex processes such as the orography or land—surface in-
teractions with the atmosphere and atmospheric circulation
(Bonfils et al., 2004). Previous climate model studies, when
compared to proxy data for the mid-Holocene, suggest that
some climate models simulate a cooler and wetter climate
in southern Europe during winter but with a very weak sig-
nal (e.g. Brewer et al., 2007; Brayshaw et al., 2011). How-
ever, there is a poor agreement for southern Europe between
proxy-based reconstructions of summer temperature and al-
most all climate models. Climate models show warming in
summer in the Mediterranean region at 6 ka BP relative to
the pre-industrial era (e.g. Masson et al., 1999; Mauri et
al., 2014; Fischer and Jungclaus, 2011; Russo and Cubasch,
2016; Brierley et al., 2020). This model response is tightly
connected to the insolation change at mid-Holocene, with
summer insolation being higher and winter insolation being
lower. The modelled MH temperatures reflect this, including
over the Mediterranean region, while continental-scale re-
constructions from pollen records show large cooling during
summer over the Mediterranean region (Davis et al., 2003;
Mauri et al., 2015).

Several modelling groups have recently performed tran-
sient modelling simulations of the Holocene. For instance,
Bader et al. (2020) used the Max Planck Institute for Me-
teorology Earth System Model (MPI-ESM 2) to run two
different global Holocene transient simulations for temper-
ature which span from 6000 BCE to 1850 CE. Their results
conclude with one simulation showing global cooling dur-
ing the late Holocene, while the other simulation shows
global warming in the late Holocene. The results also in-
dicate that the warming is most conspicuous in the trop-
ics. Paleoclimate proxies indicate that the Northern Hemi-
sphere summer temperature was warmer during the first part
of the Holocene than the pre-industrial era, primarily because
the perihelion occurred during the boreal summer. However,
most global-scale proxy-based reconstructions are inconsis-
tent with long-term warming simulated by climate models
in response to ice sheet retreat and rising greenhouse gas
concentration throughout the Holocene epoch, a discrepancy
termed the “Holocene temperature conundrum” (Liu et al.,
2014). While reconstructions show a cooling trend, model re-
sults suggest a warming trend. Accordingly, one of the most
striking differences between climate reconstructions and cli-
mate model simulations is the direction of global temperature
change in the Holocene. Furthermore, the accuracy of LGM
and Holocene paleoclimate simulations depends on detailed
knowledge of paleoclimate boundary conditions, which may
not be independent from proxies.

Within this study, we present a simulation of the transient
Holocene climate evolution during the last 11.5-0kaBP in
Europe (Fig. 1), performed with both the standard version of
the iLOVECLIM model (Roche et al., 2014) and a version
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Figure 1. The topography of Europe as included in the interactive downscaling.

with an interactive downscaling (Quiquet et al., 2018). The
downscaling is performed at each model time step, and it is
consistent between the two grids, with the precipitation at the
coarse resolution interacting with the sub-grid. The spatial
resolution in Europe is increased from 5.6° latitude x 5.6°
longitude to 0.25° latitude x 0.25° longitude. Our general
objective is to examine the impact of the downscaling on the
model results and evaluate if the model (with downscaling)
simulates the climate during the Holocene in better agree-
ment with other climate models and proxy data. Thus, our
main goal is to evaluate the benefits of using downscaling
in paleo-climate simulation. In addition, we will assess the
impact of the model resolution on their sensitivity at high
spatial resolution. We wish to provide a comprehensive and
consistent overview of the climate system at a fine resolution
during the Holocene.
We will answer the following questions in this paper.

i. What is the impact of downscaling on the precipitation
patterns during the Holocene in different regions in Eu-
rope?

ii. Do the high-resolution results of precipitation in the
mountainous regions (e.g. the Alps, the Scandes, and the
Scottish Highlands) produce Holocene climate patterns
that compare more favourably to proxy data and other
climate models when compared with the low-resolution
results?

1. What is the advantage of using cheap numerically inter-
active downscaling for paleoclimate research?

Clim. Past, 19, 87-106, 2023

2 Model, simulations, and methods

2.1 The iLOVECLIM model

The iLOVECLIM model (version 1.0) (Roche et al., 2014)
is a three-dimensional model with a simplified representa-
tion of the atmosphere relative to GCMs. This simplifica-
tion and its lower spatial resolution make iLOVECLIM much
faster than coupled GCMs (Goosse et al., 2010; Kitover et al.,
2015). It is a fork of the LOVECLIM 1.2 model code (Goosse
et al., 2010), and these share their main climate system com-
ponents. Here we apply a version that includes the following
components: the atmospheric model ECBilt (Opsteegh et al.,
1998), the sea ice ocean component CLIO (Coupled Large-
scale Ice-Ocean model, Goosse and Fichefet, 1999), and the
terrestrial vegetation model VECODE (Brovkin et al., 1997).

Our model version is a direct follow-up of the ECBilt—
CLIO-VECODE coupled climate model and has been suc-
cessfully used to simulate some key past and future climates,
for example the LGM (e.g. Timmermann et al., 2004; Roche
et al., 2007), the last deglaciation (e.g. Timm et al., 2008),
the Holocene (e.g. Renssen et al., 2005a, b), the last mil-
lennium (e.g. Goosse et al., 2005a, b), and the 21st century
(e.g. Schaeffer et al., 2002, 2004; Driesschaert et al., 2007).
The atmospheric component (ECBilt) includes three verti-
cal levels at 800, 500, and 200 hPa and applies the quasi-
geostrophic potential vorticity equation to model the dynam-
ical processes in the atmosphere (Opsteegh et al., 1998). It
runs on a global spectral grid truncated at T21 that repre-
sents a horizontal resolution of 5.6° latitude and 5.6° lon-
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gitude. Another component of the model, CLIO (Goosse et
al., 2010), is a three-dimensional free-surface ocean general
circulation model that has been coupled with a full sea ice
model (Goosse and Fichefet, 1999). It has a horizontal reso-
lution of 3° by 3° latitude—longitude and 20 layers in the ver-
tical. VECODE runs on the same grid as ECBilt and includes
three different plant functional types (PFTs): trees, grass, and
desert or bare soil, each with different physical properties for
evapotranspiration, surface roughness, and albedo. The veg-
etation fraction (v) is calculated by the sum of the tree frac-
tion (f) and grass fraction (g) (Goosse et al., 2010).

2.2 Interactive downscaling

In this study, we apply an interactive downscaling presented
by Quiquet et al. (2018) for precipitation and temperature in
the coupled iLOVECLIM model. The downscaling is done
from the original ECBilt’s T21 grid towards a European do-
main between 13.875°W and 49.875°E in longitude and
35.125 and 71.875° N in latitude, with a resolution of 0.25°
in latitude—longitude. The basic idea behind the downscaling
process is to reproduce the model physics of ECBilt (not the
dynamics) on a higher spatial resolution so that the sub-grid
orography is explicitly considered. To do so, we use artificial
vertical layers so that variables such as temperature and pre-
cipitation formation can be computed at any altitude in the
sub-grid orography for each atmospheric time step (Quiquet
et al., 2018). We follow a conservative approach in which the
“large-scale” fields (on the native grid) are the sum or mean
of what is computed on the sub-grid. First, the downscaling
is performed at each model time step during run time. Sec-
ondly, there is a two-way coupling between the coarse grid
and the sub-grid which ensures consistency (the precipitation
at the coarse resolution is the sum of the sub-grid precipi-
tation). As such, there is a strong difference with standard
offline downscaling techniques. The results from Quiquet et
al. (2018) show that, in comparison to the standard version
of the model, the downscaling improves the vertical distribu-
tion of temperature (for example, with a more realistic profile
in mountainous regions) and the precipitation distribution in
mountainous regions. However, the results also suggest that
the downscaling is not able to correct the biases of the large-
scale native model, which are mostly driven by the model’s
simplification, or the atmospheric circulation, which is not
downscaled (Quiquet et al., 2018).

To apply interactive downscaling in the model, the tem-
perature and moisture variables on the vertically extended
native (ECBilt) grid are recomputed in the model. The com-
putation is done on the 11 vertical levels of the grid (10, 250,
500, 750, 1000, 1250, 1500, 2000, 3000, 4000, and 5000 m)
(Quiquet et al., 2018) by using the equations required for the
vertically extended grid defined by Haarsma et al. (1997).
The atmospheric boundary layer is not well represented in
the ECBIlt, hence the heat and moisture fluxes at the Earth
surface are computed based on an idealized vertical pro-
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file (Quiquet et al., 2018). The temperatures are computed
based on hydrostatic equilibrium and the ideal gas law at the
650 and 350 hPa horizon, with the assumption that the at-
mosphere is isothermal above 200 hPa. Above 500 hPa, the
atmosphere is assumed dry (Goose et al., 2010). The temper-
atures and precipitation at the sub-grid orography are then
computed from the climate variables obtained or computed
from the vertically extended artificial grids (Quiquet et al.,
2018). For detailed information, such as an explanation of the
physics applied on the downscaling in the model, the reader
is referred to Quiquet et al. (2018).

2.3 Experimental set-up

We applied iLOVECLIM-1.0 (Roche et al., 2014) and
iLOVECLIM-1.1 (Quiquet et al., 2018) to simulate
the transient evolution of the climate during the last
11.5kyr (Table 1). Two experiments were performed (here-
after 11.5K_Standard and 11.5 K_Down). The experiment
11.5 K_Standard is performed with the standard version of
the model on the low-resolution T21 grid. The second ex-
periment (11.5 K_Down) is when downscaling has been ap-
plied to the quasi-geostrophic T21 grid to compute the tem-
perature and precipitation on the regional sub-grid in Eu-
rope (Fig. 1). We forced the simulations with orbital forc-
ings (Berger, 1978) and atmospheric trace gas concentra-
tions of CO,, CH4, and N>O (Raynaud et al., 2000), which
vary annually for the 11.5-0ka BP simulation period. Con-
stant ice sheet configurations were prescribed for the experi-
ments, while the solar constant and aerosol levels were kept
fixed at pre-industrial levels. During the Holocene, the as-
tronomical forcing determines variations in terms of seasons
and latitudes of the incoming solar radiation at the top of
the atmosphere. For example, at 65° N, the summer insola-
tion is reduced by 30 W m~2 throughout the Holocene epoch
(Fig. 2). The ice-core-based levels of CO,, CH4, and N,O
represent 1 W m~2 variability in radiative forcing (Schilt et
al., 2010). This greenhouse gas (GHG) forcing was at its
maximum level at 10ka BP and then started decreasing to a
low value at 8 ka BP before rising again during the last 6 kyr
to pre-industrial values (Fig. 2). The experiments were ini-
tialized with a state derived from an experiment that was run
for 1000 years until equilibrium with 11.5 ka BP astronomi-
cal parameters, greenhouse gas levels, and ice sheets.

We present the results of precipitation and temperature
as anomalies relative to the pre-industrial period at the
end of our simulations and compare our downscaled re-
sults (11.5 K_Down) with the results of the standard ver-
sion (11.5 K_Standard).

Clim. Past, 19, 87-106, 2023
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Figure 2. Climate forcings used in the experiment GHG forcings (Raynaud et al., 2000) and summer (July) insolation at 65° N during the

Holocene (Berger, 1978).

Table 1. Summary of the main features of the model and experimental set-up.

Simulations
Model iLOVECLIM iLOVECLIM
(standard version)  (downscaling)
Component Ocean, sea ice, atmosphere, vegetation
Atmospheric resolution (lat x long)  5.6° x 5.6° 0.25° x 0.25°
Oceanic component resolution 3°x3°

Prescribed forcings and reference

Orbital forcings (Berger, 1978)
GHG (Schilt et al., 2010;
Raynaud et al., 2000)

Ice sheets, fixed

Initial condition

Equilibrium experiment at 11.5ka (1 kyr)

Duration of experiment

11.5kyr

3 Results

3.1 Spatial distribution of annual temperature anomalies

and annual precipitation anomalies in Europe

Simulated annual temperature anomalies relative to the
pre-industrial era at 11.5K_Down and 11.5K_Standard
(Fig. 3) show some similarities in terms of their spa-
tial patterns. However, as expected more details are visi-
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ble in 11.5K_Down than in 11.5K_Standard. The down-
scaling produces local temperature changes visible on the
high-resolution grid (11.5 K_Down), particularly in north-
ern Scandinavia and the Alps, at both 9 and 6kaBP
(Fig. 3d and e). Simulated annual temperature anomalies
for 11.5 K_Down and 11.5 K_Standard were warm at both
9 and 6kaBP, with annual temperature anomalies (rela-
tive to the pre-industrial era) of up to 4°C for 9kaBP
and 2 °C for 6 ka BP. Central Europe and south-western Eu-
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Figure 3. Simulated mean annual temperature anomalies (results minus the pre-industrial mean) showing spatial distribution in Europe for
9kaBP (a, d), 6kaBP (b, e) and 3kaBP (c, f) for 11.5 K_Standard and 11.5 K_Down.

rope have positive temperature anomalies relative to the pre-
industrial era, reaching between 0.5 and 1 °C at 9 ka BP. Only
southern Turkey has negative temperature anomaly up to
—2°C at 9kaBP. During the mid-Holocene, northern Scan-
dinavia was 2 °C warmer than the pre-industrial era, whereas
northern Europe was relatively warm, with an annual tem-
perature anomaly of 0.5°C. The south-eastern corner of
the domain was cool, with a negative annual temperature
anomaly of —1 °C at 6 kaBP. At 3 ka BP, most regions in Eu-
rope were cooler than the pre-industrial era, except for the
south-western area, which had a positive surface temperature
anomaly of up to 0.5°C. The latitudinal pattern during the
mid-Holocene shows that the warming was stronger at high
latitudes than mid-latitudes.

These spatial patterns in our results during the mid-
Holocene appears to agree with PMIP4- and CMIP6-related
work analysed by Williams et al. (2020), who found mean
annual temperature anomalies between 1 and 2 °C warmer
than the pre-industrial era in Europe, which is similar to
our results. Our model simulates cooler conditions in south-
eastern Europe but slightly higher temperatures in the south-
west compared to the pre-industrial era, which contradicts
the cool conditions in the south-west suggested by Brewer
et al. (2007) based on reconstructions of proxy data. Recon-
structions of mean annual temperature in the mid-Holocene
by Wu et al. (2007) reveal a similar pattern in some regions
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to our results, showing intense cooling in southern Europe
and warming over northern and central Europe. However,
our model simulates a similar magnitude of warming relative
to the pre-industrial era over northern Scandinavia, which is
more in agreement with Mauri et al. (2015).

Overall, the native grid (T21/11.5_Standard) is still seen in
the 11.5 K_Down model results in many regions for all time
slices. This is because the main impact of the downscaling is
to physically compute the climate variables that are related to
temperature in accordance with the sub-grid topography for
the given coarse-grid information

The simulated mean precipitation anomalies show
that 11.5K_Down provides more spatial detail than
11.5K_Standard and better considers the impact of to-
pography on precipitation (Fig. 4). The results reveal that
11.5K_Down drastically increases the spatial variability
of the model in topographic regions when compared to
11.5 K_Standard. For instance, our 11.5 K_Down experiment
provides a more detailed view in the Scandes mountains,
the Alps, the Scottish Highlands, and the Pyrenees. The
Scandes mountains are characterized by wetter than pre-
industrial conditions at 9 and 6 ka BP for the 11.5 K_Down
but relatively dry conditions at 9, 6, and 3kaBP com-
pared to the pre-industrial era for 11.5 K_Standard (Fig. 4).
The annual precipitation anomaly in the Scandes moun-
tains at 9ka BP was about 250 mmyr~! for 11.5 K_Down,
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Figure 4. Simulated mean annual precipitation anomalies (in mm yrfl, results minus the pre-industrial mean) showing spatial distribution
in Europe for 9 ka BP (a, d), 6 ka BP (b, e), and 3kaBP (c, f) for 11.5 K_Standard and 11.5 K_Down.

while the 11.5K_Standard has a mean annual precipita- The higher precipitation anomalies in these mountainous re-
tion anomaly of —50 mm yr~'. The annual mean precipita- gions are due to the impact of the downscaling, as the pri-
tion anomaly relative to the pre-industrial era in the mid- mary effect of the downscaling is to increase precipitation
Holocene (6kaBP) was up to 50 and —50mmyr~! in in elevated areas (e.g. the Scandes mountains and the Alps).
Scandinavia for 11.5 K_Down and 11.5 K_Standard, respec- The results with downscaling provide details of the precipita-
tively. In the Alps, the Pyrenees, and the Massif Central, tion that better reflect the effect of the underlying topography.
the 11.5 K_Down simulated annual precipitation anomalies In general, experiment 11.5 K_Down is relatively wet com-
at 9kaBP were up to 150mmyr~! higher than the pre- pared to 11.5 K_Standard in most topographically complex
industrial era, and this detailed information is not seen in regions in Europe.

11.5K_Standard (Fig. 4). Even at 6ka BP, our 11.5 K_Down The simulated annual mean precipitation anomalies with
precipitation provides additional information in the Alps, respect to the pre-industrial era for the 11.5 K_Down grid
with an annual precipitation anomaly up to 50mmyr—!. reproduce some of the major large-scale structures in Eu-
The Scottish Highlands show precipitation that is about rope. For instance, the annual precipitation anomalies of
350 to 400 mmyr~! wetter than the pre-industrial era in 11.5K_Down show a pattern characterized by a relatively
the early Holocene (9 ka BP) for 11.5 K_Down. However, it dry zone in central Europe, which splits wetter areas south
was about SOmmyr~! drier than the pre-industrial era in and east of the Mediterranean (Morocco, Algeria, Turkey,

the late Holocene (3 ka BP) for both the 11.5 K_Down and and the Middle East) from wetter north-western Europe,
11.5 K_Standard experiments in the Scottish Highlands. The especially at 9 and 6kaBP (Fig. 4). At 9kaBP, south-

Scottish Highlands were still up to 100 mm yr~! wetter in the western Iberia and southern Turkey were wetter, with pre-
mid-Holocene than the pre-industrial era for 11.5 K_Down; cipitation anomalies ranging from 100 to 400 mm yr—! and
this was approximately 50 % less in 11.5 K_Standard, which showing more spatial details. This is generally true for
shows precipitation anomalies between 50 and 100 mm yr—!. 11.5 K_Standard, but the spatial details do not provide much
The mountain ranges thus drastically affect the local precip- information compared to the 11.5K_Down grid. North-
itation anomalies, eventually changing the sign of the stan- western Europe has precipitation anomalies of about 50 to
dard model (e.g. the downscaled Alps and the Scandes most 300mmyr~! at 9kaBP. In contrast, the dry zone in central
of the time are in opposition with the standard model, as wet- Europe is characterized by a negative precipitation anomaly
ter regions becomes drier and drier regions becomes wetter). of up to —50mmyr~—! at 9ka BP. The impact of the down-
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Figure 5. Annual precipitation evolution in Europe during the Holocene for both 11.5 K_Standard (a) and 11.5 K_Down (b). Grey-shaded
areas represent the range between the maximum and minimum precipitation values in the transient simulations, and the black curve shows

the 1000-year running mean of precipitation (in mm yrf1 ).

scaling is seen in the results, as the downscaling reproduces
some local topographical features in these regions. The re-
sults in 11.5 K_Down suggest that northern Italy was about
50mmyr~! drier relative to the pre-industrial era. How-
ever, in 11.5 K_Standard, northern Italy was relatively up
to S0mmyr~! wetter than the pre-industrial era. Other re-
gions, such as north-eastern Europe (especially western Rus-
sia) were generally dry (about —50 mm yr~!) throughout the
Holocene for the 11.5 K_Down grid at 9 and 6 ka BP but were
relatively wet (up to 50 mmyr—!) for 11.5 K_Standard. The
Iberian Peninsula was between 50 and 100 mm yr—! wetter
than pre-industrial at 9kaBP in the 11.5 K_Down grid, but
up to —S0mmyr~! drier than the pre-industrial era for the
simulated 11.5 K_Standard.

3.2 Temporal trends in annual precipitation for the
Holocene in Europe

In most areas, applying an interactive downscaling leads to
an increase in precipitation compared to the standard ex-
periment. The average precipitation in Europe for the en-
tire Holocene was 775 and 624 mm yr_1 for 11.5K_down
and 11.5 K_Standard, respectively. Consequently, this shows
about a 24 % increase in precipitation for the whole of Eu-
rope when downscaling is applied. In both experiments, it
was generally wetter in the early and middle Holocene than
the pre-industrial era, especially between 10 and 7 kaBP.
For the 11.5K_Down model, precipitation generally rises
from 762mmyr~—! at 11kaBP to its maximum peak value
of 822mmyr~! between 9 and 8.5kaBP and slightly de-
creases after 7.5ka BP to 746 mmyr~! in the late Holocene
(Fig. 5). This precipitation trend in the Holocene is simi-
lar to 11.5 K_Standard. Precipitation was about 622 mm yr—!
at 11kaBP for 11.5K_Standard, then rises steadily to
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666 mm yr~! between 9 and 8.5 ka BP, before declining grad-
ually to 593 mmyr~! towards the pre-industrial era. The
mid-Holocene was 32 mm yr~! wetter than the pre-industrial
era in the 11.5K_Down. The precipitation has a decreasing
trend towards the pre-industrial era.

3.3 Regional annual precipitation evolution for the
Holocene (Scandes mountains, Alps, and Scottish
Highlands)

One of our objectives in this study is to evaluate our model’s
performance for regions with elevated topography. We com-
pare the precipitation from reconstructed proxy data over
the Alps, the Scandes mountains, and the Scottish Highlands
with our model results.

3.3.1 Scandes mountains

Compared to 11.5K_Standard, our 11.5 K_Down produces
about twice as much precipitation in the Scandes moun-
tains, with an opposite long-term trend. In the downscaled
version, precipitation rises gradually from 1233 mmyr~! at
11kaBP to its maximum peak of 1469 mmyr~! around
9kaBP (Fig. 6), after which precipitation started declining
gradually to 1kaBP. This contrasts with 11.5 K_Standard,
which has rising precipitation trend from 525 mmyr~! at
11 ka BP to the pre-industrial level of 637 mm yr~! (Fig. 6a).
In addition. there is a clear maximum peak at 9kaBP in
11.5 K_Down that is absent in 11.5 K_Standard.

3.3.2 Alps

Similar to the Scandes mountains, there is a doubling
of the precipitation in 11.5K_Down when compared to
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Figure 6. Regional annual precipitation evolution during the Holocene in some mountainous regions in Europe for both 11.5 K_Standard
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11.5K_Standard in the Alps. The trends for both experi-
ments are similar, with reduced precipitation in the early
Holocene and a flat trend afterwards (Fig. 6). The precipi-
tation trend in the Alps for 11.5 K_Down shows that these
mountains were drier in the early Holocene when com-
pared to the pre-industrial era, with the late Holocene show-
ing a flat trend towards the pre-industrial era. Thus, there
is higher precipitation in the late Holocene than the early
Holocene for 11.5K_Down. The figure for 11.5K_Down
shows a slight increase in precipitation in the early Holocene
towards 7 ka BP, followed by a slight dip and stable trend to-
wards the pre-industrial era. For 11.5 K_Standard, the pre-
cipitation rise from 11kaBP was quite steady and stable to
the late Holocene with less variability when compared to
11.5 K_Down.

3.3.3 Scottish Highlands

In the Scottish Highlands, the 11.5 K_Down model simulates
the highest average precipitation in Europe, with a Holocene
mean value of 3238 mmyr~!, compared to 1077 mmyr~—!
for 11.5K_Standard. Thus, the downscaled result is about
3 times higher than the 11.5K_Standard. Generally, pre-
cipitation rises from 11.5kaBP to its maximum peak aver-
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age of 3474mmyr~! around 8.7kaBP and declines grad-
ually through the rest of the Holocene for 11.5 K_Down
(Fig. 6f). Compared to pre-industrial, 11.5 K_Down simu-
lates wetter conditions in the early and middle Holocene,
but after 3.6 ka BP the model simulates a stable trend. The
precipitation pattern for 11.5 K_Standard is quite different
from 11.5 K_Down. The 11.5 K_Standard experiment shows
a gradual decline towards the pre-industrial era, while the
decrease in 11.5 K_Down is more pronounced with its max-
imum peak at a different time.

4 Discussion

The precipitation values simulated by 11.5 K_Down clearly
show the influence of topography, since the highest values
of above 400 mm yr~! are produced in mountainous regions
such as the Scandes, Scotland, and the Alps, which have a
much higher elevation. The basic effect of the interactive
downscaling is to redistribute precipitation in a physically
consistent way based on topography (Quiquet et al., 2018).
In most cases, 11.5 K_Standard is wetter than 11.5 K_Down
in less elevated regions (Fig. 4). For example, some parts of
central Europe are relatively dry in 11.5 K_Down at 9 ka BP
but are relatively wet in 11.5 K_Standard. Since the topog-
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raphy in 11.5 K_Down is more realistic, the spatial pattern
obtained and the distribution with the downscaling is better
than in the standard version. Thus, downscaling reproduces
local features of these mountain regions described in the re-
sults, with higher precipitation in agreement with what is
known from modern observations. The annual and selected
regional precipitation trends presented in the results reveal
that all the selected regions in the 11.5 K_Standard experi-
ment present less precipitation. In comparison, 11.5 K_Down
simulates much higher precipitation, coinciding with topog-
raphy variations.

Our 11.5K_Down simulation represents climate at a re-
gional scale closer to the spatial scale of proxy data than
our 11.5K_Standard experiment. The improvement result-
ing from the downscaling technique will impact the com-
parison of our results with other climate model simulations
and proxy-based reconstructions, especially because the lat-
ter are influenced by local conditions that are more realisti-
cally represented in the model. Previous model-data compar-
isons have revealed that General Circulation Models (GCMs)
have great difficulty simulating key Holocene climate fea-
tures, particularly trends in southern Europe (Mauri et al.,
2014). One important factor could be the coarse resolution
of GCMs (about 200-600 km) relative to the regional and lo-
cal climate represented by proxy records. Thus, these models
may not be able to account for a fine-scale variability of local
features such as complex topography. To evaluate the perfor-
mance of our model, we have compared our 11.5 K_Down
and 11.5 K_Standard annual precipitation results for some
regions in Europe with available proxy data and other simu-
lated climate models. Some studies suggest that proxy-based
reconstructions could be biased towards the growing season
(Bader et al., 2020). However, studies using inverse vegeta-
tion modelling have found no evidence for seasonal biases
in pollen-based reconstructions (Davis, 2017; Chevalier et
al., 2020). For example, Davies (2017) shows comparisons
with modern analogue technique (MAT) and inverse mod-
elling (IVM) of proxy-based reconstructions for the mid-
Holocene in the Mediterranean, and their findings show no
significant difference in the methods, which implies no ev-
idence of bias in the MAT. Given these results, we did not
consider any impact of a seasonal bias.

The trend for precipitation reconstructions of Mauri et
al. (2015) in the Alps shows an increase in precipitation from
the early to middle Holocene, similar to our 11.5 K_Down
experiment, but do not show such a significant increas-
ing trend (Fig. 7a). In terms of the precipitation tempo-
ral trend, our 11.5K_Down agrees with lake-level recon-
structions by Harrison et al. (1996) that suggest no clear
Holocene trend in lake-level records derived from some high-
altitude sites (above 1000 m) in the Alps such as Landos
and Rousses. Although our model simulations do not match
perfectly with the proxy-based reconstructions of Mauri et
al. (2015), the downscaled trend with reduced precipita-
tion in the early Holocene is in better agreement with the
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Figure 7. Comparison between simulated annual precipitation
anomalies from iLOVECLIM and pollen-based reconstructions
from Mauri et al. (2015) in the Alps (a) and the Scandes moun-
tains (b). The red line shows proxy reconstructions, while the blue
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imum and minimum precipitation values in the simulations, and
the black curve shows the 1000-year running mean of precipitation
anomalies relative to the pre-industrial era (in mm yr‘l).

proxy-based precipitation trend than our standard version.
The same is true for the Scandes mountains (Fig. 7b), where
the downscaled results show a maximum in precipitation
between 10 and 8kaBP, followed by a decreasing trend,
in agreement with the proxy-based reconstructions (Mauri
et al., 2015). To provide an example of the advantages of
the applied downscaling, we assess the performance of the
simulations at a high-elevation site in the Italian Alps (Ar-
mentarga peat bog, 2345ma.s.l.) with proxy data recon-
structions based on pollen data (Furlanetto et al., 2018).
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The 11.5K_Down and the reconstructions show a middle
to late Holocene precipitation increase (Fig. 9b). The level
of Holocene precipitation reconstructed by Furlanetto et
al. (2018) for the high-elevation region is between 1100 and
1600 mm yr—!, which is lower than but closely agrees with
our 11.5 K_Down simulation that simulates precipitation be-
tween 1500 and 1750 mmyr~! (Fig. 9b). Their reconstruc-
tions thus suggest that precipitation in this elevated topo-
graphic region was higher than the 650 mmyr~! simulated
by our 11.5 K_Standard (Fig. 9a), which supports the higher
values that can be seen in the 11.5 K_Down simulations. It
is therefore likely that the 11.5 K_Standard result is less re-
alistic than 11.5 K_Down in oceanic mountain regions. The
11.5 K_Standard result of 650 mmyr~! is more appropriate
for precipitation of the surrounding lowlands, which would
be expected as the standard experiment does not take into
consideration the topography in this site in the Alps.

Comparing our 11.5K_Down version with the
11.5 K_Standard version of the simulations for the Scandes
mountains, 11.5K_Down shows that the early Holocene
(10-5kaBP) was a wetter period that is followed by drier
conditions in the late Holocene, while the 11.5 K_Standard
result is characterized by flat precipitation pattern with no
significant trend (Fig. 6). Similar to the Alps, proxy data
support our results with downscaling, as proxy-based pre-
cipitation reconstructions from Scandinavia suggest a more
humid and wet early Holocene, followed by a dry middle to
late Holocene (Seppd and Birks, 2001; Bjune et al., 2005;
Harrison et al., 1996). For example, the pollen-based climate
reconstructions by Seppd and Birks (2001) in Scandinavia
have a similar trend as our 11.5 K_Down results, showing
enhanced precipitation in the early Holocene that decreased
steadily towards the late Holocene. This pattern is not seen
in the 11.5K_Standard simulations. Bjune et al. (2005)
reconstructed winter precipitation based on Holocene glacier
behaviour and show drier conditions in Scandinavia from
11.5 to 8 ka BP, a wetter period from 8 to 4 ka BP, followed
by a drier period after 4 ka BP to the pre-industrial era. The
pattern of their results thus agrees with the 11.5 K_Down
simulation (Fig. 6). Moreover, pollen-inferred precipitation
anomalies from Mauri et al. (2015) show that the spatial
pattern in their precipitation in the Scandes mountains
is similar to our downscaling experiment presented in
Fig. 4. Consequently, our 11.5 K_Down results are in better
agreement with the proxy-based reconstructions than our
11.5K_Standard in most available studies and shows that
downscaling also provides a more realistic representation
of the hydroclimate in Scandinavia. However, it should
be noted that our model simulations assumed present-day
topography and did not correct precipitation for post-glacial
isostatic uplift in the Scandes mountains, potentially leading
to an overestimation of precipitation in the Scandes earlier
in the Holocene.

The comparison with proxy-based reconstructions in our
third region, the Scottish Highlands, is hampered by the un-
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availability of suitable records. However, a comparison to
modern data makes clear that the downscaling results are
much more representative of the precipitation in the high-
altitude Scottish Highlands than the standard results. Our
precipitation values in this region for the high resolution were
overestimated by the model, but we can have some confi-
dence that 11.5 K_Down also represents the Holocene pre-
cipitation conditions better than 11.5 K_Standard due to the
spatial variability.

We also compared our 11.5 K_Down results with studies
in the Mediterranean. This region is very sensitive to changes
in humidity, and during the early and middle Holocene
period the dominant controlling factor on the Mediter-
ranean ecosystem was precipitation rather than temperature
(Magny et al., 2013; Mauri et al., 2015; Peyron et al., 2017).
For instance, Brayshaw et al. (2011) used the HadSM3 global
climate model, which was dynamically downscaled to about
50km using a regional climate model (HadRM3), to simulate
enhanced precipitation for time slices during the Holocene
in the Mediterranean. This is consistent with the results of
our 11.5K_Down high-resolution model, which simulates
wetter conditions during most of the Holocene relative to
pre-industrial values (Fig. 4). Their regional climate model
simulations show that some coastal areas, particularly in the
north-eastern Mediterranean, received more precipitation at
9 and 6kaBP (Brayshaw et al., 2011). This agrees with
the high-resolution model that simulates higher precipita-
tion above 450 mmyr~! around the Balkans and southern
Turkey. The 11.5K_Down results also show a contrasting
pattern between different regions in the Mediterranean, with
the southern and eastern Mediterranean being wet and the
western—central part being dry (Fig. 4), particularly during
the early to middle Holocene. This pattern is similar to re-
constructions based on proxy data, such as lake levels, pollen
data, and stable isotopes. All these data show that through-
out the Holocene, climate conditions in the Mediterranean
region varied spatially and temporally (e.g. Mauri et al.,
2015; Sadori et al., 2016; Cheddadi and Khater, 2016). For
instance, an east-west division during the Holocene is also
observed in the Mediterranean region from lake-level recon-
structions (Magny et al., 2013), marine and terrestrial pollen
records (Guiot and Kaniewski, 2015), and speleothem iso-
topes (Roberts et al., 2011). Specifically, the simulated wet-
ter mid-Holocene conditions in 11.5 K_Down agree with the
high precipitation reconstructed at 6ka BP (Bartlein et al.,
2011; Guiot and Kaniewski, 2015; Mauri et al., 2015; Kuhnt
et al., 2008). In the mid-Holocene, precipitation values 100—
500 mmyr—! higher than the pre-industrial levels were re-
constructed in the Mediterranean by Bartlein et al. (2011),
in agreement with the high-resolution simulation (Fig. 4).
Pollen-based reconstructions by Peyron et al. (2017) sug-
gest dry early to middle Holocene conditions in northern
Italy, similar to the downscaling simulations. The synthetic
multi-proxy reconstructions of Finné et al. (2019) for the
Holocene in the Mediterranean show a longer period of wet-
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ter conditions in the east and south as compared to the north-
ern and central areas of the Mediterranean. This was espe-
cially clear before 8.7 ka BP. Their study also reveals that the
driest period in the eastern Mediterranean was at 3 ka BP,
whereas Italy remained wetter around this time (Finné et
al., 2019). Comparing their work with our 11.5 K_Down, we
can see some similarities. For instance, at 3 ka BP, the east-
ern Mediterranean was the driest compared to the early and
middle Holocene, and these drier conditions agree with the
reconstructions from their study.

As shown above, we can compare our high-resolution
results with paleo-reconstructions in these complex moun-
tainous terrains in Europe due to the spatial variability at-
tained from the downscaling. Compared to other studies, we
find that the downscaled precipitation simulations are con-
sistently in line with some European regions. Europe ex-
perienced multiple climate changes of various magnitudes
over the Holocene, and regions within the continent expe-
rienced those changes differently. Based on our results, we
can reproduce the different regional responses presented by
some proxy-based reconstructions, for instance in northern
and southern Europe we find wetter conditions from the early
to middle Holocene relative to pre-industrial values (Fig. 4),
similar to the proxy-based reconstructions reported by Mauri
et al. (2015).

We have compared our results with some of the climate
models from the Paleoclimate Modelling Intercomparison
Project 4 (PMIP4). For example, Williams et al. (2020) sim-
ulated a mid-Holocene climate in Europe that was wetter
than the pre-industrial era, with precipitation anomalies be-
tween 200 and 400 mmyr~—!. The magnitude of the simu-
lated anomalies of their study is similar to the proxy re-
constructions of Bartlein et al. (2011), with proxy-based
anomalies between 200 and 400 mm yr~!. Comparing the
11.5 K_Down simulations to Williams et al. (2020), we find
that our results agree with some regions but are in contrast
with some other regions. For example, at 6 ka BP, our model
simulates wetter conditions relative to the pre-industrial era,
with anomalies above 200 mmyr~! in the eastern Mediter-
ranean. However, our model simulates drier conditions in
the eastern part of Europe towards Russia, which is in con-
tradiction with their studies. The mid-Holocene mean an-
nual precipitation results of the PMIP4 ensembles in the
mid-Holocene studied by Brierley et al. (2020) show pos-
itive precipitation anomalies in the Mediterranean similar
to our 11.5K_Down results. However, the PMIP4 ensem-
ble mean does not capture the slight increase in precipitation
in northern and central Europe and much wetter conditions
in the Mediterranean as reconstructed for the mid-Holocene
by Bartlein et al. (2011). Our simulations suggest slightly
drier conditions in north-eastern Europe in agreement with
the PMIP4 ensembles. Previous studies suggest that the per-
sistent mismatch between model simulations and reconstruc-
tions is usually due to the biases in the pre-industrial control
(Harrison et al., 2015). As studied by Brierley et al. (2020) in
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Figure 8. Simulated mid-Holocene growing degree days above
0°C (GDDO) expressed as degree day anomalies (°C) relative to
the pre-industrial era.

the PMIP4 (15 ensemble simulations), different climate mod-
els would usually give different results, but this may have no
impact on the general conclusions.

One important variable for describing past climate is the
intensity of the growing season as expressed by growing de-
gree days above 0°C (GDDO0). Our model simulates more
optimal conditions for plant growth at 6 ka BP relative to pre-
industrial values in some parts of central Europe and north-
ern Europe, most particularly in Scandinavia (Fig. 8) be-
tween 150 and 200 degree days. The growing degree days
decrease in southern and eastern Europe, with a vast de-
crease in Turkey, Russia, Spain, and Italy. The model simula-
tions fit well with the proxy-based reconstructions of Mauri
et al. (2015), which show an increase in growing season in-
tensity in Scandinavia and a decrease in southern Europe,
particularly in Turkey (shown in the Supplement of Mauri et
al., 2015). Jiang et al. (2018) analysed the growing season
over ice-free land for the mid-Holocene based on numeri-
cal simulations from 28 PMIP 2 and 3 models. Their results
show a latitude-varying difference in the mid-Holocene rel-
ative to the pre-industrial era. For example, 24 out of their
28 analysed PMIP model results indicate that growing sea-
son prolonged from the northern middle to high latitudes
(above 50° N) and shorted between 20 and 50° N, similar to
our results. It is well documented that the most important
forcing for the mid-Holocene is the orbitally induced incom-
ing solar radiation at the top of the atmosphere in the North-
ern Hemisphere (Berger, 1978), which is stronger in summer
than in the pre-industrial era. The longer growing seasons
in the north are a response to this orbital forcing. This was
also found by Bartlein et al. (2011), who reconstructed the
mid-Holocene changes in growing degree days using subfos-
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Precipitation evolution in high-elevated (Armentarga peat basin, 2345 ma.sl.)
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Figure 9. Simulated annual precipitation evolution with the standard version of the model (a) and interactive downscaling plotted with proxy-
based reconstructions (Furlanetto et al., 2018), (b) at a high-elevation Armentarga peat site (46°2'26.642" N; 9°52/44.263" E) in the central
Alps (2345 ma.s.l.). The black line shows the 1000-year running mean of precipitation evolution during the Holocene (in mm yr_l), while
the light grey areas represent the range between the maximum and minimum values in the simulations. The red line shows the proxy-based

reconstructions at the site.

sil pollen and plant macrofossil data. Their results show an
increase in growing degree warmth over northern Europe and
a decrease over southern Europe most particularly around the
Mediterranean. The study by Bartlein et al. (2011) was sup-
ported with previous reconstructions based on different ap-
proaches, for instance through inverse modelling (Wu et al.,
2007), a modern analogue method based on lake-level data
(Cheddadi et al., 1996), and climate calibration from differ-
ent plant functional types (Tarasov et al., 1999). Our model
simulations agree with these proxy-based reconstructions in
most regions in Europe.

The high resolution in our simulations shows spatial de-
tails for precipitation in the Holocene. In terms of climate
impact studies, such local-scale information achieved from
downscaling can be very useful. However, with our high-
resolution simulations, only the physical part of precipitation
is downscaled. The main reason precipitation increases over
the mountains with the downscaling is simply because it is
colder at high elevation and cold air cannot contain much hu-
midity and thus rains out. However, since we see more of the
topography, it is better represented in the model (Quiquet et
al., 2018). We argue that such high-resolution climate mod-
elling can be very useful to paleoclimatologists for model—
data comparison at the local scale. For example, if a scientist
studying paleoclimate data retrieves data from high-elevation
region such as the Alps or the Scandes mountains, then it
would be highly useful to get information on the gradients in
precipitation and temperature provided by a high-resolution
(regional) climate model. It is probable that these regional
proxy data have been impacted by these gradients, hence it
can be expected that the spatial scale of the high-resolution
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(regional) climate model will be in better agreement with the
proxy data than the coarse-resolution (global) model.

The interactive downscaling method that we have used for
this study is relatively simplified since only the atmospheric
physics are downscaled according to the sub-grid orography.
The atmospheric dynamics remains computed at the coarse
grid scale. As such, the fine-scale structure of the wind pat-
tern that could affect the precipitation and temperature is not
accounted for. For example, high precipitation on windward
slopes and equally low precipitation on leeward slopes can-
not be reproduced. One way to improve the model in future
development would be to downscale the atmospheric dynam-
ics in addition to the atmospheric physics. However, this will
require heavy developments given the spectral nature of the
atmospheric grid. An alternative solution would be to weigh
the local sub-grid precipitation using the native grid wind di-
rection. To do so, we could use some pre-computed index
based on the normal vector of the sub-grid orography sur-
face. Also, as discussed earlier, the downscaling tends to re-
distribute the precipitation according to the elevation with an
increase in precipitation at high elevation and a respective
drying at low elevation. As a result, although the pattern of
precipitation appears better reproduced, there is an overes-
timation of the precipitation in most high-elevation regions
(e.g. Scottish Highlands). This bias is a direct consequence
of the physics of precipitation in iLOVECLIM where the pre-
cipitation is mostly the result of the local humidity. In the
model, when this humidity reaches a critical fraction of the
water vapour saturation, rain or snow is produced. Since the
saturation is non-linearly linked to temperature, for a given
humidity the precipitation rate is much higher at high eleva-
tion where the temperature is colder. On top of this aspect,
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the original model biases can also largely explain the biases
of the downscaled version. For example, iLOVECLIM has
a large warm bias at the global scale that favours a humid
atmosphere.

5 Conclusions

In this study, we have applied an interactive downscaling to
our low-resolution iLOVECLIM model in Europe, increas-
ing its resolution from 5.56 to 0.25° latitude—longitude. To
our knowledge, this is the first time downscaling has been
applied for Holocene transient experiments. A transient sim-
ulation for the entire Holocene (11.5-0ka BP) was done for
both the standard version of the model and with downscal-
ing being applied. We have answered the following research
questions in this paper.

— What is the impact of dynamical downscaling on the
precipitation patterns during the Holocene in different
complex regions in Europe? We have compared the spa-
tial and temporal annual precipitation results of the low-
resolution grid with the high-resolution grid to analyse
the impact of downscaling on the model. Our results
suggest that when downscaling is applied for precipi-
tation, it drastically increases the spatial variability par-
ticularly in high-elevation regions as compared to the
coarse resolution of the standard model.

— Are the high-resolution results of precipitation in the
mountainous regions (e.g. the Alps, the Scandes moun-
tains, and the Scottish Highlands) producing more
realistic Holocene climate when compared with the
low-resolution grid and other proxy data? We have
shown that the high-resolution simulation presents a
better agreement with proxy-based reconstructions and
other climate model studies as compared to the course
(low-resolution) grid, particularly in the Mediterranean
and mountainous regions in Europe. The downscaling
scheme simulates much higher (by at least a factor
of 2) precipitation maxima and provides detailed in-
formation in the Scandes mountains and the Alps. By
comparing our 11.5 K_Down and 11.5 K_Standard sim-
ulations with published proxy-based reconstructions,
11.5K_Down simulates the magnitude of the precipi-
tation changes reconstructed by other proxy studies (for
example high-elevation sites) in close agreement, and
there is good agreement for the overall trend and spa-
tial pattern in 11.5 K_Standard. The different patterns of
change, such as wetter conditions in northern and south-
ern Europe, are captured well by our 11.5K_Down
model. Overall, precipitation was higher during the
early Holocene than the late Holocene in most regions
in Europe when compared to the pre-industrial era.

https://doi.org/10.5194/cp-19-87-2023

— What is the advantage of using a numerically cheap in-
teractive downscaling in paleoclimate research? Paleo-
climatologists would like to have very high-resolution
model runs covering the last million years or more.
We have shown a numerically cheap tool that is able
to perform multi-millennial simulations at a kilome-
tre scale, and even with a low resolution and a sim-
ple downscaling scheme, we achieve relatively good
model-data agreement. The downscaling technique is
moderately computationally demanding, making it ap-
propriate for long-term integration. It can hypothetically
be applied and extended in further studies to any reso-
lution higher than the T21 grid. Our downscaling pro-
duces more detailed precipitation information suitable
for comparison with regional paleoclimate studies. In
addition, the downscaling simulations are better suited
to match proxy data in terms of spatial representation,
making the downscaling a useful approach for com-
parisons between climate models and proxy data. The
downscaling’s improved ability to resolve complex to-
pography areas is very important since proxy records
are often obtained from high altitudes, where the most
sensitive climate archives (such as trees, sediments, and
ice cores) are found.

Code availability. The iLOVECLIM source code is accessible
at http://www.elic.ucl.ac.be/modx/elic/index.php?id=289 (UCL,
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