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Abstract The Middle Miocene (15.99-11.65 Ma) of Europe witnessed major climatic, environmental,

and vegetational change, yet we are lacking detailed reconstructions of Middle Miocene temperature

and precipitation patterns over Europe. Here, we use a high-resolution (~0.75°) isotope-enabled general
circulation model (ECHAMS-wiso) with time-specific boundary conditions to investigate changes in
temperature, precipitation, and §'*0 in precipitation (6 18Op). Experiments were designed with variable
elevation configurations of the European Alps and different atmospheric CO, levels to examine the influence
of Alpine elevation and global climate forcing on regional climate and & 180p patterns. Modeling results

are in agreement with available paleobotanical temperature data and with low-resolution Middle Miocene
experiments of the Miocene Model Intercomparison Project (MioMIP1). However, simulated precipitation rates
are 300-500 mm/yr lower in the Middle Miocene than for pre-industrial times for central Europe. This result
is consistent with precipitation estimates from herpetological fossil assemblages, but contradicts precipitation
estimates from paleobotanical data. We attribute the Middle Miocene precipitation change in Europe to shifts
in large-scale pressure patterns in the North Atlantic and over Europe and associated changes in wind direction
and humidity. We suggest that global climate forcing contributed to a maximum o 18Op change of ~2%o over
high elevation (Alps) and ~1%o over low elevation regions. In contrast, we observe a maximum modeled
6”‘0p decrease of 8%o across the Alpine orogen due to Alpine topography. However, the elevation—6130p lapse
rate shallows in the Middle Miocene, leading to a possible underestimation of paleotopography when using
present-day & 18Op—elevation relationships data for stable isotope paleoaltimetry studies.

1. Introduction

The Middle Miocene (15.99-11.65 Ma) was a time of major climatic, tectonic, environmental, and vegeta-
tion change (Herold et al., 2008; Steinthorsdottir et al., 2021). Proxy records, including global compilations of
benthic §'%0 and §'3C values (e.g., Foster & Rohling, 2013; Wright et al., 1992), indicate a shift from a period
of relatively warm global conditions during the Miocene Climatic Optimum (MCO) (16.75-14.5 Ma) to the less
warm Middle Miocene Climate Transition (MMCT) starting at ~14.7 Ma. Paleoclimate proxy records document
sub-modern to moderately high atmospheric pCO, values (~180-600 ppm) during the Middle Miocene (Foster
& Rohling, 2013; Pagani et al., 1999), with possibly elevated pCO, levels of 350-630 ppm (Cui et al., 2020;
Greenop et al., 2014; Sosdian et al., 2018; Steinthorsdottir et al., 2021) or up to ~600 ppm with over 1,000 ppm
permissible (Rae et al., 2021) during the MCO. In addition, during the MCO, sea surface temperatures (SSTs)
were 8°C—10°C warmer than today in the high southern latitudes (Shevenell et al., 2008) and 10°C-15°C warmer
in the high northern latitudes (Super et al., 2018, 2020). In contrast, the MMCT was a period when SSTs were
similar to present-day (Steinthorsdottir et al., 2021). Middle Miocene glaciation was unipolar, with a substantial
reduction in Antarctic ice volume during the MCO (Feakins et al., 2012; Westerhold et al., 2005) and a large
expansion of the Antarctic ice sheet volume, comparable to the present-day, during the MMCT (Langebroek
et al., 2009, 2010). The aforementioned climate changes during the Middle Miocene had diverse implications for
terrestrial settings globally, including Europe, which is the focus of this study.
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Although global climate change during the Miocene is relatively well documented for the marine realm (Gaskell
et al., 2022), limited information is available concerning terrestrial climate change (Steinthorsdottir et al., 2021).
Moreover, the Miocene has been proposed as a potential analog for future climate scenarios (Steinthorsdottir
et al., 2021), making Miocene climate reconstructions from both proxies and models strategically important.
However, the mechanisms behind climate change around the Middle Miocene are poorly understood for Europe
and warrant further investigation. Although the Miocene climate of Europe has been extensively investigated (e.g.,
Bruch et al., 2007 and references herein; Bouchal et al., 2018; Methner et al., 2020; Worobiec et al., 2021), pale-
oclimate data are in parts still controversial. For example, estimates of Middle Miocene precipitation from herpe-
tological fossil assemblages (Bohme et al., 2011) suggest lower precipitation amounts around 300-500 mm/yr
less than today. However, these estimates are at odds with plant proxy data showing wetter conditions than today
in Central and Eastern Europe with precipitation rates up to 1,400 mm/yr (Bruch et al., 2011). Despite recent
advances in simulating Miocene climate (Burls et al., 2021), models have difficulty reproducing the magni-
tude of warming (Burls et al., 2021), and high-resolution regional studies that better capture orographic effects
(Acosta & Huber, 2017, 2020) are still lacking. Moreover, little is known about the dynamics of the hydrological
cycle and atmospheric circulation (Eronen et al., 2012; Methner et al., 2020; Quan et al., 2014). Therefore, new
high-resolution modeling studies are essential to reconcile different proxy data with each other and with modeling
results.

The Miocene was a period of continued mountain building and surface uplift for the European Alps (e.g.,
Eizenhofer et al., 2021; Handy et al., 2010; Schmid et al., 1996; Valla et al., 2021). Surface uplift of the Alps
has previously been suggested to influence European climate (Botsyun et al., 2020; Campani et al., 2012; Krsnik
et al., 2021; Boateng et al., 2022), but detailed time-specific studies quantifying the magnitude of spatial and
temporal variations and dynamics of regional climate change are still lacking. Moreover, the timing and rate of
the surface uplift of the Alps is still controversial and ranges from reconstructed elevations of 1,900 + 1,000 m
(Schlunegger & Kissling, 2015) to elevations >4,000 m (Jiager & Hantke, 1984; Krsnik et al., 2021; Sharp, 2005).
Thus, in order to reconstruct past climate in Europe, the elevation history of the Alps plays a key role.

Among the methods developed to determine the uplift history of orogens, stable isotope paleoaltimetry is the
most commonly used. This method is based on a systematic relationship between the oxygen or hydrogen isotopic
ratios of precipitation (& 180p, 5Dp) and elevation (Poage & Chamberlain, 2001; Rowley et al., 2001). However,
both global and regional climate change as a consequence of mountain uplift may contribute to & 18Op patterns used
in paleoelevation reconstructions (Botsyun & Ehlers, 2021; Botsyun et al., 2016, 2019; Ehlers & Poulsen, 2009;
Insel et al., 2012; Mulch, 2016; Poulsen et al., 2010). The sensitivity of EISOP to regional, global, and topographic
variations in paleotemperature, environmental conditions of an air mass prior to orographic ascent, evapotranspi-
ration, vegetation changes, water vapor recycling, and changes in vapor source have been shown to contribute to
the uncertainty of elevation reconstructions (Botsyun & Ehlers, 2021; Botsyun et al., 2020; Kukla et al., 2019;
Mulch, 2016). Therefore, a rigorous reconstruction of the elevation history of the Alps requires careful consider-
ation of both regional and global climate drivers.

Modeling strategies using high-resolution isotope-enabled general circulation model (GCMs) together
with time-specific boundary conditions have become a powerful tool not only for reconstructing global and
regional paleoclimates but also for enhancing elevation reconstructions from 5180p proxy data (Botsyun &
Ehlers, 2021). In this study, we complement previous work by providing high-resolution (T159, ~0.75° per grid
cell) isotope-enabled GCM experiments with Middle Miocene boundary conditions and investigate temperature,
precipitation, and the 5180p pattern over the European continent. We compare model predictions with inde-
pendent sources of information—first, with the result from models within the Miocene Model Intercomparison
Project (MioMIP1), and second, with climate characteristics derived from proxy data. In our experiments, we
investigate not only the effects of long-term global cooling during the MMCT, including a drop of atmospheric
CO, concentration and the impact of an expanded Antarctic ice sheet on climate in Europe, but also the contri-
bution of local geographic changes, such as the uplift of the Alps and the retreat of the Paratethys Sea. We test
the hypothesis that global and regional forcing resulted in temperature, precipitation, and humidity changes that
in turn affect § 18Op changes across Europe. We pursue two goals that are closely related, since there is a close
relationship between mountain elevations, climate, and 5180p. We aim to: (a) investigate Middle Miocene climate
in Europe under global and regional forcing and to explain the inconsistencies between different terrestrial proxy
records in Europe, and (b) demonstrate the link between regional & 18Op patterns and paleoclimatic changes in
Europe and show consequences for paleoelevation estimates of the Alps. We discuss (a) the large-scale drivers of
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climate change in Europe, (b) the sources of discord between GCM predictions of European climate change and
different terrestrial proxy records, (c) the implications of global climate change and Alpine surface uplift on the
5'80 records and paleoclimate proxy records in Europe, and (d) the consequences of changes in paleoclimate and
8'%0, for paleoelevation estimates of the Alps.

2. Background

Tectonic uplift of mountain belts (Raymo & Ruddiman, 1992; Ruddiman & Kutzbach, 1989), as well as smaller
orogens, such as the European Alps (Botsyun et al., 2020; Boateng et al., 2022) have been shown to be important
for global and regional climate. The Late Cretaceous to Paleogene closure of the Alpine Tethys, the collision
between the Adriatic and the European continental plates (Handy et al., 2010; Schmid et al., 1996; Stampfli
et al.,, 1998) and subsequent post-collisional convergence (e.g., Schmid et al., 1996) ultimately resulted in
the surface uplift of the Alps. However, the timing and rate of this uplift is still controversial, with Miocene
stable-isotope-based paleoelevation estimates ranging from mean elevations of 1,900 + 1,000 m (Schlunegger
& Kissling, 2015) and 2,300 + 650 m (Kocsis et al., 2007) to 2,850 + 800/-600 m (Campani et al., 2012),
and >4,000 m (Krsnik et al., 2021; Sharp, 2005). Based on combined evidence from sediment budget curves,
thermochronology, and sediment facies, the maximum elevation of the Western and central Alps has been esti-
mated at 2,500-3,000 m for the middle Miocene (Kuhlemann, 2007). Very high Alps (>5,000 m) already at the
Oligocene-Miocene boundary were inferred by Jidger and Hantke (1984) based on large erratic boulders found
at great distances from their place of origin. These estimates, however, contradict geomorphologic and sediment
budget-based modeling studies suggesting that present-day elevations of the Alps were attained only at ~5-6 Ma
while Miocene topography was still much lower (Hergarten et al., 2010). Depending on its topographic structure,
the impact of the Alpine orogen on regional climate would be different, thus quantitative estimates of the surface
elevation of the Alps are extremely important.

Modern efforts to model Miocene climate have recently been combined into a multi-model ensemble of
MioMIP1 and are critically reviewed in Burls et al. (2021) and summarized in Steinthorsdottir et al. (2021).
Elements other than CO,, such as Miocene paleogeography and ice sheets, have been shown to contribute to
the global mean temperature increase of ~2°C (Burls et al., 2021) compared to pre-industrial times. In general,
previous models with realistic CO, concentrations have had difficulty to reproduce the magnitude of warming
indicated by proxy data. The models used in MioMIP1 represent the state-of-the-art in modeling of the Miocene
epoch, however, they are inhomogeneous (in terms of both experimental design and model physics/parameteri-
zation) and not ideal for formal inter-model comparison, as Burls et al. (2021) acknowledge. Furthermore, these
model simulations were performed at low spatial resolution (T31 or T42, corresponding to a grid spacing of
~3.75° or ~2.79°, respectively), since high-resolution paleoclimate simulations are timely and computationally
expensive, and do not focus specifically on interpreting climate variations across Europe.

3. Methods
3.1. Model and Experimental Design

We apply the isotope-enabled version (ECHAMS-wiso; Werner et al., 2011) of the atmospheric GCM ECHAMS
developed at Max Planck Institute for Meteorology (Roeckner et al., 2003). The ECHAMS5 model incorporates
the Subgrid Scale Orographic Parameterization developed by Lott (1999) and Lott and Miller (1997). This
parameterization represents the effects of orographic variations at scales smaller than the horizontal resolution of
the grid (Roeckner et al., 2003). As an integral part of the climate simulation, the water isotopes (HDO, H216O,
and H,'®0) in ECHAMS5-wiso undergo kinetic and equilibrium fractionation during phase transitions (e.g., vapor,
cloud, snow, etc.) in the atmosphere (Werner et al., 2011). The climate component of ECHAMS-wiso, employed
without isotopes, has been shown to capture the large-scale features of global climate reasonably well (e.g.,
Knorr et al., 2011; Mutz et al., 2018). For the present-day climate, high-resolution ECHAMS-wiso experiments
successfully reproduce observed precipitation, temperature, and 6”‘Op patterns on both annual and seasonal
scales in Europe (Botsyun et al., 2020; Langebroek et al., 2011). However, the model tends to underestimate the
present-day precipitation over the Alpine region, especially in summer. ECHAMS5-wiso has also been success-
fully used for paleoclimate simulations (Pliocene and Last Glacial Maximum) and validated for the European
region (Botsyun et al., 2020).

BOTSYUN ET AL.

3 0f 30

85U8017 SUOLUILIOD 3A 1110 3(edl|dde aup Aq peusenob afe saoiie YO ‘esn Jo S9Nl 10y Akeiq1T8ulIuO A8]IAA UO (SUOTIPUOD-PpUR-SLLBYW0D" AB 1M ARIq 1 [BUI[UO//SANL) SUORIPUOD pUe SWwie | 8Ly 88S " [£202/T0/92] U0 Areiqiaulluo A8 (1M ‘Ullleg BeIseAIUN 3Rl AQ Zvib00VdZ202/620T 0T/I0p/w0o A3 1m Arelqijeul uo'sandnBe//sdny wo. pepeojumoq ‘0T ‘220z ‘G2skz.Se



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2022PA004442

We used three ECHAMS-wiso topography sensitivity experiments with pre-industrial boundary conditions
described in detail in Botsyun et al. (2020) and performed nine new ECHAMS5-wiso experiments with Middle
Miocene boundary conditions. The summary of the experiments is shown in Table 1. The control simulation
(pre-industrial, PI) is the same as in Botsyun et al. (2020) and Mutz et al. (2018) (their Alps100 experiment)
and used pre-industrial boundary conditions (e.g., insolation, greenhouse gases, SSTs) and present-day Alpine
topography. This experiment was forced by monthly mean climatology of SSTs and sea ice concentrations (SICs),
derived from a low-resolution transient coupled ocean-atmosphere simulation (Lorenz & Lohmann, 2004)
conducted for the same time period with a pCO, level set to 280 ppm. Land surface parameters for the PI simula-
tion, including vegetation are based on Hagemann (2002).

Three steps underlie our analysis. First, we used the sensitivity experiments of topographic changes of the Euro-
pean Alps from Botsyun et al. (2020). All boundary conditions, including albedo, surface roughness length, and
vegetation distribution, are identical to those in the PI simulation, but in one simulation elevation is reduced to
250 m in the area covering the Alps and Alpine foreland (PI_noAlps; equivalent to Alps0 in Botsyun et al., 2020)
and in one simulation increased to 150% of the present elevations in the same region (PI_plusAlps; equivalent to
Alps150 in Botsyun et al., 2020). The PI_plusAlps experiment was conducted to test the sensitivity of the climate
in Europe to significantly higher-than-present Alpine elevations, as suggested by Krsnik et al. (2021).

Second, we conducted two experiments with Middle Miocene boundary conditions reflecting two pCO, settings
(278 and 450 ppm; Mio_278 and Mio_450 experiments) within current estimates of the Middle Miocene pCO,
(Foster & Rohling, 2013; Sosdian et al., 2018; Steinthorsdottir et al., 2021). These two pCO, settings approxi-
mately reflect MCO and MMCT climatic states, with Mio_450 ppm representing the MCO and Mio_278 repre-
senting the MMCT. We highlight that we chose the Mio_450 experiment conservatively to rather underestimate
pCO, conditions during the MCO. In addition to greenhouse gas concentrations (pCO,, pCH,, pN,0), the paleo-
climate simulations account for changing terrestrial ice sheets, vegetation cover, albedo, orbital variations, SSTs,
and SICs (Table 1). We use the SSTs and SICs, generated by the low-resolution fully coupled atmosphere-ocean
COSMOS model experiments with Middle Miocene boundary conditions (Huang et al., 2017; Stérz et al., 2017,
their Mio_278 and Mio_450 experiments). Corresponding COSMOS experiments were part of the MioMIP1
comparison (Burls et al., 2021). Physical soil properties, such as soil albedo and maximum water holding field
capacity are derived by adapting vegetation-related parameters computed by a dynamic vegetation module
(Brovkin et al., 2009) of the global land surface and carbon cycle model JSBACH (Raddatz et al., 2007) as part
the fully coupled atmosphere-ocean model COSMOS. Orography-related variables were derived from the pale-
ogeographic reconstruction of Herold et al. (2008). Although geography of the Middle Miocene and present are
remarkably similar, the Middle Miocene reconstruction has several notable modifications, including rotation of
continents, altered ocean gateways, and height of major orogens (Figure 1a). For ECHAMS-wiso simulations, the
5'80 values of ocean surface waters have to be prescribed as a model boundary condition. The lack of seawater
5'80 from COSMOS coupled simulations and sparse observational data have prevented us from the construc-
tion and use of a comprehensive global gridded data set of 6'30 for the Middle Miocene. For the Mio_450 and
Mio_278 simulations, the seawater 580 values were set identically to present-day. In order to test the sensitiv-
ity of Middle Miocene & 18Op in Europe to changes of ocean surface waters 5'%0, we performed two additional
simulations (Mio_278_iniwiso, Mio_450_iniwiso) in which, the §'80 values of ocean surface waters have been
computed from the salinity of the upper ocean level of corresponding COSMOS coupled simulations using
the relationships from Paul et al. (1999) (Figure S1 in Supporting Information S1). Close agreement between
model-simulated §'0 of ocean surface water and §'30 values derived from water salinity is shown by Gaskell
et al. (2022) (their Sup Figure 7).

Third, for both Middle Miocene pCO, settings, we conduct three sensitivity experiments to investigate the effects
of Alpine topography and marine transgression/regression in Europe (Table 1, Figure 1). We study the effects
of surface uplift of the Alps by increasing and decreasing their elevation, similar to the pre-industrial sensitivity
experiments. We reduce the elevation in the area covering the Alps and the Alpine forelands to 250 m elevation
(Mio_278_noAlps, Mio_450_noAlps; Figure 1d) and increase the elevation to twice the reconstructed height
(Mio_278_plusAlps, Mio_450_plusAlps; Figure 1e) compared to the original paleogeographic reconstruction of
Herold et al. (2011) (used in Mio_278 and Mio_450 experiments), which reflects recent hypotheses of very high
Alpine elevations in the Middle Miocene (Krsnik et al., 2021). We also tested the influence of a marine transgres-
sion and regression within Europe on regional climate and stable water isotopes. For this purpose, we performed
two additional experiments (Mio_278_SealLand and Mio_450_Seal.and) with modified land-sea distributions
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Table 1
ECHAMS5-wiso Experiments Summary

Greenhouse gases

Experiment name concentration Orbital parameters Surface conditions Alps elevation
PI CO, 280 ppm, CH, 760 ppb, Eccentricity = 0.016804, Sea surface temperature and sea ice are taken 100% of present
N,O 270 ppb. obliquity = 23.4725, from a transient low-resolution coupled ocean-
longitude of atmosphere simulation (Dietrich et al., 2013;
perihelion = 278.734 Lorenz & Lohmann, 2004). Land surface
parameters, including vegetation are based on
(Hagemann, 2002).
PI_noAlps Same as PI Same as PI Same as PI Reduced to 250 m
PI_plusAlps Same as PI Same as PI Same as PI Increased by 50%
Mio_278 CO, 278 ppm, CH, 650 ppb, Eccentricity = 0.016724, Sea surface temperature, sea ice and vegetation from 100% of present
N,0 270 ppb. obliquity = 23.4468, Middle Miocene COSMOS (278 ppm) simulations
longitude of (Stérz et al., 2017). Paleogeography from Middle
perihelion = 272.157 Miocene reconstruction (Herold et al., 2011).
The height of the Antarctic ice-sheet is reduced
compared to present-day (Herold et al., 2008)
and the Greenland ice-sheet is absent. Seawater
5'80 values were set identical to present-day.
Physical soil characteristics, such as soil albedo and
maximum water holding field capacity, derived by
adapting vegetation related parameters based on
(Stirz et al., 2017).
Mio_278_noAlps Same as Mio_278 Same as Mio_278 Same as Mio_278 Reduced to 250 m
Mio_278_plusAlps Same as Mio_278 Same as Mio_278 Same as Mio_278 Increased by 100%
Mio_278_iniwiso Same as Mio_278 Same as Mio_278 Same as Mio_278, except for seawater §'30 values, 100% of present
which were computed from upper-level ocean
salinity from COSMOS (278 ppm) simulations
(Stérz et al., 2017) using the relationships from
(Paul et al., 1999).
Mio_278_LanSea Same as Mio_278 Same as Mio_278 Same as Mio_278, except for the Paratethys Sea area, 100% of present
which extends in accordance to Popov et al. (2004).
Mio_450 CO, 450 ppm, CH, 650 ppb, Eccentricity = 0.016724, Sea surface temperature, sea ice and vegetation from 100% of present
N,O 270 ppb. obliquity = 23.4468, Middle Miocene COSMOS (450 ppm) simulations
longitude of (Stdrz et al., 2017). Paleogeography from Middle
perihelion = 272.157 Miocene reconstruction (Herold et al., 2011).
The height of the Antarctic ice-sheet is reduced
compared to present-day (Herold et al., 2008)
and the Greenland ice-sheet is absent. Seawater
5180 values were set identical to present-day.
Physical soil characteristics, such as soil albedo and
maximum water holding field capacity, derived by
adapting vegetation related parameters based on
(Stdrz et al., 2017).
Mio_450_noAlps Same as Mio_450 Same as Mio_450 Same as Mio_450 Reduced to 250 m

Mio_450_plusAlps

Mio_450_iniwiso

Same as Mio_450
Same as Mio_450

Mio_450_LandSea Same as Mio_450

Same as Mio_450
Same as Mio_450

Same as Mio_450

Same as Mio_450 Increased by 100%

Same as Mio_450, except for seawater 5'30 values, 100% of present
which were computed from upper-level ocean

salinity from COSMOS (450 ppm) simulations

(Stdrz et al., 2017) using the relationships from

(Paul et al., 1999).

Same as Mio_450, except for the Paratethys Sea area,
which extends in accordance to Popov et al. (2004).

100% of present

Note. PI, pre-industrial.
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Figure 1. (a) Global Middle Miocene paleogeography of Herold et al. (2008)

at T159 model resolution, used in the following experiments: Mio_278,
Mio_450, Mio_278_iniwiso, and Mio_450_iniwiso experiments; (b)
present-day topography of Europe at T159 model resolution, (c) same as
subplot (a) but for the European region; (d) modified Middle Miocene
paleogeography with Alpine elevation reduced to 250 m compared to

the original reconstruction of Herold et al. (2008), applied in Mio_278_
noAlps and Mio_450_noAlps experiments; (¢) modified Middle Miocene
paleogeography with increased Alpine elevation by 100% compared to the
original reconstruction of Herold et al. (2008), applied in the Mio_278_
plusAlps and Mio_450_plusAlps experiments; (f) modified Middle
Miocene paleogeography, with the land-sea distribution in the European
region according to Popov et al. (2004), applied in Mio_278_LandSea and
Mio_450_LandSea experiments; (g) topography from ERAS5-Land data set
(Muiioz-Sabater et al., 2021).

over Europe (Figure 1f), corresponding to the mid-Middle Miocene recon-
struction (14 Ma) from the Paleogeographic Atlas of the Paratethys region
(Popov et al., 2004).

All experiments were performed at high resolution (T159 L31, corresponding
to a grid spacing of ~0.75°, or ~80 km in latitude and longitude at the equator,
with 31 vertical levels up to 10 hPa). A further increase in model resolution,
which would be required for a better representation of the topography, was
not possible due to limited computing resources. Each model experiment was
run for 13 model years. For lower resolutions of the model, simulation in an
atmosphere-only setup forced with SST and SIC, has been shown to quickly
bring the model into quasi-equilibrium, not instantaneously, but within the
first two to three model years (Stepanek & Lohmann, 2012). Therefore, we
consider the results of the experiments from the fourth model year onwards.
In the Mio_278 and Mio_450 experiments, the climate appears to deviate
slightly from radiative equilibrium, with an average net energy imbalance
of ~—4.2 W/m? and ~—6.7 W/m?. Since the atmosphere cannot generate
energy, the SSTs, provided to the model from a quasi-equilibrium simulation
of the model that has been coupled at lower resolution to an ocean model,
are too warm for the high-resolution atmosphere standalone model in combi-
nation with the prescribed radiative forcing. This is a common problem in
atmosphere standalone simulations (e.g., Stepanek & Lohmann, 2012). The
year-to-year fluctuations of temperatures for both Mio_278 and Mio_450
are of the same order of magnitude as in the modern observations (by up to
0.1°C-0.2°C per year), and the trends (decreasing for Mio_278 and increas-
ing for Mio_450) are small (~0.01°C/yr), therefore, we consider our model
experiment to be sufficiently equilibrated. We analyzed computed climato-
logical values and inter-annual variations of the last 10 model years for each
experiment.

3.2. Post-Processing

Our analyses are based on daily and seasonal averages of temperature,
precipitation, evaporation, humidity, sea level pressure (SLP), winds, vertical
velocity (@) at 500 hPa level, 5'30 in vapor (5'%0,), and & 18Op values. These
outputs are presented after calculating arithmetic means of the 6-hourly
ECHAMS-wiso output. In the analysis of vertical motion of air, high subsid-
ence areas were detected by positive w as well as low relative humidity. We
provide a detailed analysis for three regions in Europe (Figure 2a, black
rectangles): (a) central Europe including the Alpine region (from 40°N
to 55°N and from 2°W to 25°E), (b) a low-elevation region (from 48°N
to 51°N and from 2°E to 16°E; all grid cells lower than 500 m), and (c) a
high-elevation region (from 42°N to 48°N and from 2°E to 16°E; all grid
cells higher than 1,000 m).

3.3. Proxy Data Compilation of Terrestrial Temperature and
Precipitation

GCM model predictions are compared to a literature compilation of Middle
Miocene terrestrial proxy data for paleotemperature and paleoprecipitation
from Europe provided by various previous publications (Tables S1 and S2).
We use the compilation of European mean annual temperature (MAT) proxy
data from Burls et al. (2021) for the Middle Miocene (Table S1). These
values were supplemented with estimates of the mean temperature of the
warmest month (WMT) and mean temperature of the coldest month (CMT)
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Figure 2.

when available from the original publications. Paleotemperature estimates (Table S1) presented here come from
fossil plant data and are based on the coexistence approach. This method uses the modern climatic range of a
fossil taxon's nearest living relative to determine the climatic parameters of its habitat and in a second step deter-
mines the climatic envelope of coexisting species of an entire fossil assemblage (Mosbrugger & Utescher, 1997,
Utescher et al., 2014).
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The compilation of mean annual precipitation (MAP) is presented separately in two tables (Tables S1 and S2)
depending on the estimation approach. Table S1 contains MAP values reconstructed from fossil plant data
using the coexistence approach. This table additionally contains estimates of monthly mean precipitation of the
driest month (highest monthly precipitation, LMP) and monthly mean precipitation of the wettest month (lowest
monthly precipitation, HMP) when available from the original publications. Table S2 contains the herpetological
assemblages presented in Bohme et al. (2007, 2011), with addition of new sites from Bohme and Vasilyan (2014).
For both the paleotemperature and the paleoprecipitation databases, all site coordinates were rotated to their
position in the middle Miocene using the GPLATES online tool (http://portal.gplates.org/service/) based on
individually averaged age estimates for each data point.

3.4. Comparison to Reanalysis and to Previous Models

To evaluate our ECHAMS-wiso PI experiment, we compare our results with the ERA-Interim reanalysis (Dee
et al., 2011) for the European region. With this comparison, we aim to show (a) the similarity of the present-day
and PI spatial patterns across Europe at the annual-mean and seasonal scale, and (b) the changes between PI and
modern conditions. To evaluate our simulations of the Middle Miocene, we compare our simulated tempera-
ture and temperature difference between the Middle Miocene and the PI experiments with the simulated values
reported in Burls et al. (2021) for MioMIP1. We caution readers that this is not a formal model intercomparison,
because the experiments presented in Burls et al. (2021) and our experiments are inhomogeneous. Apart from
the obvious differences in CO, forcing, the differences lie in (a) the length of the analysis periods, ranging from
10 years (ECHAMS-wiso) to >100 years in Burls et al. (2021), (b) the model complexity, from atmosphere-only
(ECHAMS-wiso) to fully coupled (e.g., CCSM3, HadCM3L, COSMOS, IPSLCM), and (c) the model resolution,
from low-resolution (T31 or T42) experiments in Burls et al. (2021) to high-resolution (T159) ECHAMS5-wiso
experiments.

3.5. Comparison of Model Predictions and Proxy Data

We provide a simple statistical analysis in order to compare proxy data and model outputs. With this aim, we
adjust the parameters of a model function (y = f(x)) to a data set, where x is MAT, WMT, CMT, MAP, LMP,
and or HMP, respectively, from our proxy data compilation, and y is MAT, WMT, CMT, MAP, LMP, or HMP,
respectively, simulated by ECHAMS5-wiso. Then, for each pair of x and y, the residual standard error (RSE) is
calculated, which permits us to identify the optimal model-data fit, which occurs when the RSE is minimized.

4. Results
4.1. Comparison of Simulated Temperature With Models Participating in MioMIP1

We compare our simulated Middle Miocene temperature (Figure 2) and the temperature difference between
Middle Miocene and PI runs with the simulated values reported in Burls et al. (2021). From this publication,
we choose the experiments with CO, concentrations in the range of 200-280 and 400—450 ppm to compare with
our Mio_278 and Mio_450 experiments, respectively. For brevity in the main text, we include the comparison of
our simulations with the MioMIP1 simulations in the supplementary material (Figures S2 and S3 in Supporting
Information S1).

Figure 2. Maps of mean annual temperature (MAT) for (a) PI, (b) Mio_278 and (c) Mio_450 experiments. Shaded circles on (b and c) show Middle Miocene MAT (as
the mean between MAT max and MAT min), compiled from terrestrial paleobotany proxy data (see Table S1). Isolines show topography for experiments PI, Mio_278
and Mio_450; isolines are with a 500 m contour interval. Black rectangles on subplot (a) show selected regions: (i) central Europe and Alpine region (from 40°N to
55°N and from 2°W to 25°E; grid cells over the continent only), (ii) low-elevation region (from 48°N to 51°N and from 2°E to 16°E; all grid cells lower than 500 m),
(iii) high-elevation region (from 42°N to 48°N and from 2°E to 16°E; all grid cells higher than 1,000 m). Subplot (d) model mean annual temperature (MAT), (e) model
coldest month temperature (CMT) and (f) model warmest month temperature (WMT) model vs. corresponding values reconstructed using the coexistence approach

on paleofloral data. For the comparison with the two Miocene simulations (Mio_278 and Mio_450), the corresponding data (without subdivision by age) are taken
from Table S1. Model values in subplots (d—f) are taken at sample locations. The bluish colors show all points data when compared to the Mio_278 temperatures and
the reddish colors when compared to the Mio_450 temperatures. Color intensity corresponds to the averaged absolute age of the data point (see Table S1): light blue
and light red—younger age, dark blue and dark red—older age. The red line shows a 1:1 model-data fit. RSE, residual standard error between proxy data and model
temperature. Points restored to their paleo coordinates by means of GPLATES online tool (http://portal.gplates.org/service/).
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Results indicate that ECHAMS-wiso reproduces global MATs compared to the Middle Miocene model exper-
iments involved in MioMIP1 (Burls et al., 2021; Figures S2 and S3 in Supporting Information S1; Table S3
in Supporting Information S1). For the Mio_278 simulation, the global mean annual surface temperature is
2.5°C higher than for PI (Table S3 in Supporting Information S1). This is higher than values reported in Burls
et al. (2021) for experiments with CO, concentration of 200-280 ppm, which provide the multi-model mean of
1.5°C (Table S3 in Supporting Information S1). For the Mio_450 experiment, the global mean annual surface
temperature is 5.9°C higher than for PI (Table S3 in Supporting Information S1). This lies in the high-end of
values presented in Burls et al. (2021) for experiments with CO, concentration of 400-450 ppm (Table S3 in
Supporting Information S1). We note that our modeled temperature anomaly is within the uncertainty range of
the MioMIP1 simulations. Particularly pronounced (positive) anomalies are found with respect to simulations
based on the HadCM3L model. This model has been shown, however, to produce comparatively cold simulations
within the MioMIP1 ensemble (Figure 4a by Burls et al., 2021).

At a regional scale, over central Europe and the Alpine region, (region (i) in Figure 2a), the mean temperature
difference between Mio_278 and the multi-model mean temperature from MioMIP1 experiments at 200-280
ppm is 2.7°C (Table S3 in Supporting Information S1). The regional mean temperature difference between
Mio_450 and the multi-model mean temperature from MioMIP1 experiments at 400450 ppm is 1.9°C. For both
CO, setups, ECHAMS5-wiso systematically shows higher temperatures (up to max. 4°C) over the low-elevation
region (region (ii) in Figure 2a). Lower temperatures (up to max. 10°C) are simulated over the high-elevation
region (region (iii) in Figure 2a), and also over Carpathians, Dinarids and other mountainous regions in Europe
(Figures S2 and S3 in Supporting Information S1).

4.2. ECHAMS5-Wiso Simulated Middle Miocene MAT

We first discuss the simulated near-surface MAT in the Middle Miocene control experiments (Mio_278 and
Mio_450) and compare those with European plant fossil-derived MAT (based on coexistence approach, see
Section 3.3). Finally, we examine changes in simulated near-surface MAT of the Middle Miocene experiments
that result from varied elevation of the European Alps.

The simulated MAT over the central Europe and the Alpine region (Figure 2a, region (i)) is 12.0°C and 15.0°C
in the Mio_278 and Mio_450 experiments, respectively (Figures 2a—2c; Table S4 in Supporting Information S1).
The largest difference relative to PI is over the high-elevation region (elevations >1,000 m), which is 3.4°C and
7.2°C warmer in the Mio_278 and Mio_450 experiments, respectively. The Mio_450 simulation shows good
agreement with MAT reconstructed by the coexistence approach on fossil plants, while the Mio_278 simulation
shows generally lower temperatures than predicted by the coexistence approach (Figure 2d, Table S4 in Support-
ing Information S1). The model-proxy data fit estimated using the RSE method is 4.4°C for the Mio_278 and
3.5°C for Mio_450 (Table S5 in Supporting Information S1). Thus, the simulation with higher pCO, concentra-
tion shows a better fit to fossil plant data.

Experiments with varied elevation of the Alps show that most temperature changes are restricted to the Alpine
region itself (Figures 3a—3d). Experiments with higher Alpine elevations (Mio_278_plusAlps, Mio_450_
plusAlps) show 4.1°C and 3.3°C lower temperatures over high-elevation region of the Alps, compared to
Mio_278 and Mio_450, respectively (Table S4 in Supporting Information S1). In contrast, over the low-elevation
regions, this decrease is minimal with 0.9°C and 0.1°C, respectively. The temperature increase in the experi-
ments with reduced Alpine elevation (Mio_278_noAlps, Mio_450_noAlps) compared to Mio_278 and Mio_450
is less than 1°C for the central Europe region and the low-elevation region, but is up to 4.4°C (Mio_278) and
4.3°C (Mio_450) for the high-elevation region. The temperature change over both the low-elevation and the
high-elevation region in the Mio_278_LandSea and Mio_450_LandSea simulations compared to the Miocene
control simulation (Mio_278 and Mio_450, respectively) is less than 1°C (Figure 3e; Table S4 in Supporting
Information S1).

Taken together, these results suggest a warmer-than-PI Miocene climate across Europe, in a good agreement with
temperature estimates derived from fossil flora. The experiment with higher pCO, (Mio_450) shows better agree-
ment. Different Alpine elevations contribute to temperature changes restricted to the Alpine region and a different
land-sea distribution in Europe has only minor effects on the regional temperature pattern.
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Figure 3. Temperature (at 2 m) change for the following simulation comparisons: (a) Mio_278_plusAlps relative to
Mio_278, (b) Mio_450_plusAlps relative to Mio_450, (c) and Mio_278_noAlps relative to Mio_278, (d) Mio_450_noAlps
relative to Mio_450, (e) Mio_278_LandSea relative to Mio_278, and (f) Mio_450_LandSea relative to Mio_450.

4.3. ECHAMS5-Wiso Simulated Middle Miocene MAP

Simulations predict lower MAP for both Mio_278 and Mio_450 experiments than for PI over most of Western
and Southern Europe (compare Figures 4c and 4d—4f). Meanwhile, an increase of 50—400 mm/yr is simulated for
the MAP over Scandinavia and northwestern Russia. On average, for central Europe and the Alpine region, MAP
for both the Mio_278 run and the Mio_450 run is less than for the PI (Table S4 in Supporting Information S1).
Over the European Alps, MAP decreases across both the low-elevations and the high-elevation regions in both
Miocene experiments compared to PI (Figures 4b—4d).

Investigation of the paleobotanic proxy data indicates larger precipitation amounts than predicted in the Mio_278
and Mio_450 experiments (Figure 4g; Table S5 in Supporting Information S1). However, the simulated MAP in
the Mio_278 and Mio_450 runs is consistent with precipitation estimates from the ecophysiological structure of
herpetological assemblages (herpetofaunal fossils; Figure 4h; Table S5 in Supporting Information S1).
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Figure 4. Mean annual precipitation (MAP) and mean annual winds at 10 m for ERA-Interim reanalysis (a) and ECHAMS5-wiso experiments (b—f). (b) PL (c, e)
Mio_278, and (d, f) Mio_450 simulations. Vectors show near-surface winds. In subplots (c and d), the shaded circles show Middle Miocene MAP (as the mean between
MAP max and MAP min correspondingly) reconstructed from fossil plant data using the coexistence approach (CA see Table S1). In subplots (e and f), the shaded
circles show Middle Miocene MAP, reconstructed from the ecophysiological structure of the herpetological assemblages (HA; see Table S2). Subplot (g) shows

the model MAP vs. MAP, reconstructed using the plant coexistence approach, subplot (h) shows the model MAP vs. MAP, reconstructed from the ecophysiological
structure of the herpetological assemblages. The bluish colors for the points on subplots (g, h) correspond to the Mio_278 experiment and the reddish colors to the
Mio_450 experiments. For the comparison with the two simulations, the corresponding data of all available ages are taken from Table S1 (g) and from Table S2 (h). The
bluish colors show all points data when compared to the Mio_278 precipitation and the reddish colors—to the Mio_450 precipitation. Color intensity corresponds to

the averaged absolute age of the data point (see Tables S1 and S2): light blue and light red—younger age, dark blue and dark red—older age. The red line shows a 1:1
model-data fit. Points restored to their paleo coordinates by means of GPLATES online tool (http://portal.gplates.org/service/).
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Figure 5. Precipitation change for (a) Mio_278_plusAlps relative to Mio_278, (b) Mio_450_plusAlps relative to Mio_450,
(c) Mio_278_noAlps relative to Mio_278, (d) Mio_450_noAlps relative to Mio_450, (¢) Mio_278_LandSea relative to
Mio_278, and (f) Mio_450_LandSea relative to Mio_450.
Surface uplift of the Alps has both a regional and a far-field impact on European precipitation: with mountain
growth, precipitation increases over the Alps and precipitation decreases across Eastern Europe (Figures 5a-5d).
On average, experiments with higher Alpine elevation (Mio_278_plusAlps, Mio_450_plusAlps) suggest a precip-
itation increase by 141 and 57.2 mm/yr, respectively, for central Europe compared to the Mio_278 and Mio_450
simulations, respectively (Table S4 in Supporting Information S1). This increase is the most pronounced for the
high-elevation region of the Alps. In contrast, experiments with reduced Alpine elevation (Mio_278_noAlps,
Mio_450_noAlps) show a decrease in precipitation, which is most prominent over the high-elevation region. The
precipitation change in the Mio_278_LandSea and Mio_450_LandSea simulations relative to the Mio_278 and
Mio_450 runs, respectively is below 130 mm/yr over regions adjacent to the Alps (Figures Se and 5f; Table S4
in Supporting Information S1). Higher changes in precipitation, up to 400 mm/yr, are simulated only for regions
adjacent to the Paratethys Sea.
In summary, the key feature identified for the Miocene is a “bi-directional” precipitation change compared to PI
conditions: an increase in precipitation over Scandinavia and Northern Europe and a decrease in precipitation
over central Europe, Southern Europe, and the Mediterranean. Increased surface elevation of the Alps leads to
BOTSYUN ET AL. 12 of 30
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Figure 6. Annual mean & 18Op from the International Atomic Energy Agency (IAEA) Global Network of Isotopes in
Precipitation (GNIP) observations (a) and ECHAMS-wiso simulated annual mean 6‘80p values for: (b) the PI, (¢) the
Mio_278, (d) Mio_278_iniwiso, () the Mio_450, and (f) Mio_450_iniwiso experiment.

increased orographic precipitation rates restricted to the Alps region, with most prominent changes over Alpine
high elevations. Simulated precipitation rates for both pCO, setups are consistent with precipitation estimates
from the ecophysiological structure of herpetological assemblages. However, MAP estimates based on the coex-
istence approach exceed those from the herpetological assemblages and the Miocene model results.

4.4. ECHAMS5-wiso Simulated Middle Miocene Mean Annual 6180p

The simulated mean annual & 18Op patterns for both the Mio_278 and the Mio_450 experiments are qualitatively
similar to the predicted PI 5180p pattern across Europe. Predicted § 18Op values generally decrease from south
to north, from continental margins to the continental interior and from low-to high-elevation regions (Figure 6;
Figure S4 in Supporting Information S1). The most negative values are simulated over Scandinavia, NW Russia,
and the Alps. The average annual 5“‘Op value for central Europe and the Alpine region in the Mio_278 and
Mio_450 simulations is 0.5%0 and 1%o higher than in the PI, respectively (Table S4 in Supporting Informa-
tion S1). Averaged over the low-elevation region, 6180p is 0.6%0 higher for Mio_450 than for the PI, while
Mio_278 is approximately the same as in the PI. For the high-elevation region, the mean § 18Op value is 0.7%o
(Mio_278) and 1.5%0 (Mio_450) higher than for the PI. Our simulations with modified seawater §'%0 (Mio_278_
iniwiso and Mio_450_iniwiso) show low sensitivity of the 6180p over central Europe to this parameter (Figure 6;
Table S4 in Supporting Information S1).
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extrapolated to the section line are shown in black.

Over the Alps, the § 18OP values for the PI show a clear decrease from the foothills to the summit across both
South-North (averaged between 9°E and 10°E) and East-West (averaged between 46°N and 47°N) profiles
(Figures 7c and 7f). For the PI simulation this change is —0.25%0/100 m in the Northern Alps for annual mean
values, which is consistent with the modern precipitation-weighted isotopic lapse rate (—0.2%0/100 m in the
Northern Alps; Campani et al., 2012) and close to the empirically determined global river-based average of
(—0.28 %¢/100 m; Poage & Chamberlain, 2001). For both Mio_278 and Mio_450 experiments the annual mean
isotopic lapse rate along the North Alpine flank is —0.2%0/100 m.

In the experiments with increased topography (Mio_278_plusAlps and Mio_450_plusAlps) 6 '30p values are on
average 2.3%o0 and 3.0%o lower than in the Mio_278 and Mio_450 simulations over the high-elevation region
(Figure 8; Figure S4 in Supporting Information S1; Table S4 in Supporting Information S1). The maximum
changes are —5.3% and —5.8%0 for the Mio_278_plusAlps minus Mio_278 and Mio_450_plusAlps minus
Mio_450, respectively, for high-elevation region. The differences between these simulations are within 0.6%. for
the central Europe region and for the low-elevation region. In experiments with reduced topography (Mio_278_
noAlps and Mio_450_noAlps) 6180P values are on average 1.5%o and 1.3%o¢ higher relative to Mio_278 and
Mio_450, respectively. Note that the maximum change in 5130p values occurs over the highest Alpine topography,
while over the foothills the magnitude of the difference between experiments with modern and modified topog-
raphy is within 1-2%. (Figure 7).

Taken together, our predicted mean annual §'*0,, values differ by less than 1.5%c from the PI mean annual §'*0
values for both pCO, setups in the Miocene. Removal of Alpine topography contribute to an increase in & '80p
of up to 5.8%o relative to the Miocene experiment with 100% of the Alps topography and up to 8%o relative to
an experiment with doubling of Alpine topography. Warmer Miocene climate contributes almost imperceptibly
(0.03%¢/100 m) to shallowing of the oxygen isotope lapse rate at annual scale. In the following, we investigate
seasonal variations of selected variables in order to better understand seasonal bias in annual-mean values.
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Figure 8. Stable oxygen isotopes change for (a) Mio_278_plusAlps relative to Mio_278, (b) Mio_450_plusAlps relative to
Mio_450, and (c) Mio_278_noAlps relative to Mio_278, (d) Mio_450_noAlps relative to Mio_450, (e) Mio_278_LandSea
relative to Mio_278, and (f) Mio_450_LandSea relative to Mio_450.

4.5. Seasonality of Temperature, Precipitation, Relative Humidity, Evaporation, 5'0 in Vapor and 6§30
in Precipitation

In this section, we report intra-annual variations in simulated near-surface temperature, precipitation, evapora-
tion, near-surface relative humidity, 5'*0, and & 18Op values, averaged over central Europe and the Alpine region
(Figure 9). The same variables averaged for the low-elevation region and for the high-elevation region (regions as
shown in Figure 2a), are shown in Figures S5 and S6 in Supporting Information S1. We also compare the simu-
lated seasonality of temperature and precipitation with seasonal temperature and precipitation signals derived
from proxy data (CMT, WMT, HMP, LMP). We present the intra-annual variations in temperature, precipitation,
evaporation and near-surface relative humidity to explain simulated §'*0, and §'*0,, signals.

4.5.1. Near-Surface Temperature

The seasonal cycles of near-surface temperature in Mio_278 and Mio_450 simulations are similar to those in
the PI. The minimum monthly mean temperature (CMT) is simulated in January for PI, Mio_278, and Mio_450
and a maximum monthly mean temperature (WMT)—in July for PI and Mio_273 and in August for Mio_450
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Figure 9. Intra-annual variations of (a) near-surface temperature, (b) total precipitation, (c) low-level relative humidity, (d) surface evaporation, () §'%0, values, and
(f) 6'%0, values. All variables are averaged for continental central Europe. Blue color corresponds to the PI experiment, green—Mio_278 experiment, red—Mio_450
experiment, black—ERAS reanalysis from 1959 to 2021. Solid lines show multi-annual mean, shade shows interannual variability within one standard deviation for the
corresponding variable.

(Figure 9a). However, the mean annual range of temperature increases in Miocene relative to PI (Table S4 in
Supporting Information S1). Both Mio_278 and Mio_450 experiments show agreement with the data from the
coexistence approach in WMT (RSE is 3.8°C and 5.4°C, respectively; Figures 2e and 2f; Table S5 in Supporting
Information S1). The Mio_278 experiment shows a lower fit to CMT derived from proxy data, with RSE values
of 4.7°C, while the Mio_450 experiment shows a better fit of 4.4°C. The best fit in the WMT and the CMT is
found for the sites located in Southern Europe (Figure S7 in Supporting Information S1).

4.5.2. Precipitation

Results indicate December as the month with the highest monthly precipitation (HMP) for PI, Mio_278, and
Mio_450; the driest month (LMP) is August for PI and September for Mio_278 and Mio_450 (Figure 9b). The
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precipitation seasonality over central Europe increases in the Miocene simulations compared to the PI simulation.
For January, February, and March precipitation is similar in the PI and Mio_450 simulations, whereas there is
slightly less precipitation in the Mio_278 experiment. However, the summer months (from May to October) are
drier in the Mio_278 and Mio_450 simulations compared to the PI. The November and December precipitation
is again similar in the PI, Mio_278, and Mio_450 simulations.

When compared to fossil plant data, both the Mio_278 and Mio_450 simulations have a low fit for HMP
(RSE is 54.7 mm/month and 33.6 mm/month, respectively) and LMP (RSE = 37.0 mm/month for Mio_278
and RSE = 37.7 mm/month for Mio_450) (Table S5 in Supporting Information S1; Figure S8 in Supporting
Information S1).

4.5.3. Relative Humidity

For the PI simulation, the relative humidity reaches its maximum of 88% in December and its minimum of 73% in
August (Figure 9c). The seasonal cycle is different in simulations Mio_278 and Mio_450 relative to the PI. While
winter values are slightly lower in the Miocene simulations, in summer months a significant drop of humidity
is predicted, with the maximum decrease occurring for August—September. The difference in relative humidity
between the Mio_278, Mio_450, and PI results is 8%—12% for May—June and 18%-20% for August—-September.

4.5.4. Evaporation

For PI the maximum evaporation (100 mm/month) occurs is in June and July, with a gradual decrease starting in
August toward its yearly minimum (14 mm/month) in November and December (Figure 9d). The peak in annual
evaporation for both Mio_278 and Mio_450 simulations is in June, with a continuous decrease toward the yearly
minimum in November (12 and 13 mm/month, respectively) starting in July.

4.5.5. 630 in Vapor, 6'%0 in Precipitation

For the PI simulation both the §'*0, and §'*0, have minimum values in January (=18.9% for 50, and —9.4%.
for 5180p). The values then increase from February to June, toward their maximum in June (—14.2%o for 5'%0,
and —5.5%o for & 180p). From midsummer to September relatively high values occur with a subsequent smooth
decrease starting in October (Figures 9¢ and 9f). Intra-annual variations in §'%0, and 6180p for the Mio_450
simulation are different from the PI, while §'%0, and § 18Op values of the Mio_278 simulation are different from
those of the PI only for November—April, but largely overlap with PI during May—October. For example, mini-
mum §'*0, and 6'*0, occur in December with values of —17.6% for 6'*0, in the Mio_278 and ~17.2%o in the
Mio_450 simulations, and —8.1%o and —7.5%o for 6 18Op for the Mio_278 and the Mio_450. Maximum values are
predicted for May and June (—14.6%o and —13.5%o for 5'80, for Mio_278 and Mio_450, respectively; —5.6%o
and —4.2%o in § 18Op for Mio_278 and Mio_450, respectively) with an abrupt decrease in July.

In summary, the seasonal cycle of §'%0, and & 18Op values differs between PI and Miocene simulations, but are
similar between the two Miocene simulations. Thus, changes in Miocene CO, concentration have less impact on
the seasonality change in §'*0, and 6'*0,,.

4.6. SLP Shifts

We analyzed sea-level pressure shifts for February—March, May—June, August—September, and November—
December. We chose these months rather than “classic” seasons (e.g., December—January—February or June—
July—August), because we aim to explain the previously described 5180p changes, which are most pronounced for
these months (Figure 9). In February—March, we find an increase in sea-level pressure over Turkey, Italy and the
Balkans, with a maximum increase of 3 and 1 hPa over Italy for the Mio_278 and Mio_450 simulations, respec-
tively (Figures 10a and 10b; Figure S9 in Supporting Information S1). This sea-level pressure increase is accom-
panied by a sea-level pressure decrease over the North Atlantic (from 20°W to 0° and 45°N to 65°N) up to 6 hPa
in both cases. In May—June and August—September, the sea-level pressure for both the Mio_278 and Mio_450
simulations is lower than in the PI simulation (Figures 10c and 10f). The most pronounced changes (>10 hPa)
for these months occur over Northeast Africa, the Red Sea, and the North Atlantic, while the sea-level pressure
change over central Europe is smaller, ranging from 3 to 5 hPa. For November-December, the high Miocene SLP
remains over Southern Europe, with a maximum increase of 1 and 3 hPa for the Mio_278 and Mio_450 simula-
tions, respectively (Figures 10a and 10b).
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Figure 10. Differences in the mean sea level pressure (SLP) and winds between Mio_278 and PI (a, c, e, j) and between
Mio_450 and PI (b, d, f, h) simulations averaged over selected months: February—March (a, b), May—June (c, d), August—
September (e, f), November—-December (j, h). The isolines show the SLP difference with an interval of 1 hPa; the black solid
line corresponds to zero difference.
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5. Discussion

In the following sections, we provide explanations for the simulated humidity and precipitation change in the
Middle Miocene compared to the PI (Section 5.1). Following this, we assess the potential sources of model-data
mismatch in terms of precipitation by comparing the fit of climatic conditions based on different proxy-data
reconstruction methodologies to those derived from our model outputs (Section 5.2). In Section 5.3, we explain
the simulated E‘SOP on annual and intra-annual scale and examine the impact of global and regional Middle
Miocene climate change that is linked to Alpine surface uplift and Paratethys retreat on carbonate §'30 records. In
Section 5.4, we conclude by discussing the consequences of these results for stable isotope paleoaltimetry studies.

5.1. Large-Scale Drivers of Humidity and Precipitation Change in Europe

For the Middle Miocene we simulate a bi-directional precipitation change pattern in Europe. More specifically,
Scandinavia and northern Russia become wetter, while Southern and South-Eastern Europe become drier. This
pattern persists for all seasons, but is most pronounced for late summer (Figures 11a—11c). This Middle Miocene
bi-directional precipitation change in Europe is similar to the precipitation trends over the past century and the
model predictions for future climate from Knutti and Sedlacek (2013) and the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC, 2013). The similarity between precipitation changes during
the Middle Miocene (independent of CO, levels) and future climate is consistent with the idea that past warm
climates represent analogs for the future climate and can anticipate how European precipitation might respond
to global warming. In the following, we discuss possible driving mechanisms for changes in precipitation and
humidity in Middle Miocene Europe.

In our Middle Miocene simulations, an anticyclonic circulation is centered over the Mediterranean and Southern
Europe in winter (Figures S9k—S9m in Supporting Information S1). In addition, the Icelandic Low gets stronger
during summer months (Figures S9d-S9j in Supporting Information S1) and promotes a northward shift of the
Atlantic storm track with a deflection of storms north of the Mediterranean to higher latitudes. This mechanism
has also been predicted for future climate change in Europe, according to Giorgi and Lionello (2008), who also
note that increased high pressure and anticyclonic conditions generally lead to greater atmospheric stability and
thus less favorable conditions for storm generation. As a result of these circulation changes, Southern Europe and
the Mediterranean region show a general decrease in precipitation in the Middle Miocene, while the northern
European regions show an increase.

Anticyclones are generally associated with atmospheric subsidence. During the modern summer, the Mediter-
ranean is directly under the descending branch of the Hadley circulation which is caused by deep convection in
the tropics (Lelieveld et al., 2002). Our Middle Miocene simulations show an extended area of positive vertical
velocity (w) over the eastern Mediterranean and the Balkans (Figures 11h and 11j; Figures S11h and S11j in
Supporting Information S1), which is a direct indication of subsiding air masses. Compared to the PI (Figure
S11g in Supporting Information S1), this area of positive @ is larger, especially for late summer, and extends
toward central Europe and the Alps (Figures 10g—10j). This large-scale subsidence from upper to lower trop-
osphere during the Middle Miocene, accompanied by advection and limited divergence for the largest part of
the tropospheric column, explains the descending relative humidity structures and the dry surface hydroclimate.
Sustained subsidence aloft, combined with a cool lower-level marine flow, results in a semi-permanent inversion
that suppresses vertical growth of low clouds, and hence inhibits precipitation (Saaroni & Ziv, 2000).

The enhanced subsidence could possibly be related to the remote forcing of tropical circulation. Both the Asian
summer monsoon (Rodwell & Hoskins, 2001; Tyrlis et al., 2013; Ziv et al., 2004) and the West African monsoon
(Gaetani et al., 2011) have been suggested to influence the subsidence in the Mediterranean region. Rodwell
and Hoskins (2001) demonstrated that the diabatic heating in the Asian monsoon region can induce a Rossby
wave pattern to the west. They also found that the interaction between the Rossby waves and the mid-latitude
westerlies produces an adiabatic descent over the Mediterranean and the subtropical Atlantic Ocean. Gaetani
et al. (2011) reported a strong link between the summer Euro-Atlantic circulation and the convective activity of
the West African monsoon. They show that the intensification of the Azores High, the northward shift of the West
African Intertropical Convergence Zone and a Rossby wave from tropical America have a direct impact on the
Euro-Atlantic circulation subsidence pattern. A detailed analysis of the causes of the subsidence change in the
Middle Miocene would certainly be worthwhile, but is beyond the scope of this paper.
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Figure 11. Precipitation amount (a—), relative humidity (d—f), vertical velocity (omega) at 500 hPa (g—j), 50, (k-m), and & 18Op (n—p) for PI (a, d, g, k, n), Mio_278
(b, e, h, 1, 0), Mio_450 (c, f, j, m, p) simulations. Variables averaged for August—September.
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In addition to the enhanced subsidence, reduced moisture transport from the Northern Atlantic, low precipitation
rates and low relative humidity in Southern Europe (Figure S10 in Supporting Information S1) could be further
amplified by reduced land evaporation and precipitable water. A reduction in precipitation leads to a depletion
of soil moisture, which reduces the contribution of land evaporation to precipitable water, further reducing the
precipitation simulated in our Middle Miocene experiments.

5.2. Wetter or Drier Europe in the Middle Miocene?

Our Middle Miocene control experiments (Mio_278 and Mio_450) show lower MAP for most parts of Central
and Southern Europe than in the PI simulation. This is consistent with the results of Bohme et al. (2011), who
suggest lower precipitation, up to 300-500 mm/yr less than today, for the Southwest (Calatayud-Teruel basin)
and central Europe (Western and Central Paratethys) during the late Langhian (~14.40-13.65 Ma) and Serrav-
allian (13.82-11.63 Ma). These results are also supported by the coeval occurrence of evaporites in the Spanish
basins (Abdul Aziz et al., 2003). Moreover, abundant soil carbonate formation in the North Alpine Molasse
basin during the Middle Miocene (Campani et al., 2012; Krsnik et al., 2021; Methner et al., 2020; Schlunegger
et al., 2007) indicate precipitation rates not higher than 800 mm/yr (Breecker et al., 2009) or even 500 mm/yr
(Zamanian et al., 2016) as well as pronounced precipitation seasonality. However, these reconstructions, taken
together with our modeling results and herpetological proxy estimates, are at odds with plant proxy data showing
wetter than present conditions in Central and Eastern Europe during the Serravallian (~13.8 to ~11.6 Ma; Bruch
etal., 2011), with precipitation rates of up to 1,400 mm/yr. The paleobotanical data come from more than a dozen
different authors and papers (Table S1), whereas the herpetological data come from only from two publications
(Table S2). Nevertheless, all paleobotanic papers use the same method (Mosbrugger & Utescher, 1997) and the
same reference for the Nearest Living Relative (NLR) of a fossil taxon, that is, they are internally consistent as
are the herpetofaunal data. The discrepancies between the paleobotanical records and other geologic proxies as
well as our modeling can be explained by: (a) difficulties in reconstructing dry climates with botanical methods;
(b) uncertainties linked to the coexistence approach; and (c) climate model-related uncertainties.

First, problems arising when reconstructing dry conditions from plant fossils are already well known (e.g., in
Bohme et al., 2007, 2011; Bruch et al., 2011). Ultimately, the lack of fossil floras preserved under dry conditions
leads to a strong bias in the data with gaps toward southern Europe, where plant proxy data are only available
from wetter regions of Spain (North-East coast) and northern Italy (Bruch et al., 2011). Moreover, faunal and
floral remains from Central and Eastern Europe usually come from different stratigraphic levels and taphonomic
settings (Bruch et al., 2011). This could mean that paleobotany proxy data do not have the necessary resolution
and taphonomic capability to detect dry climates. On the other hand, the formation of carbonates can occur under
overall (annual) rather wet conditions as long as a necessary precipitation seasonality is given. For instance,
pedogenic carbonates are known to form under monsoonal climate (Breecker et al., 2009; Quade et al., 2007). As
such, pedogenic carbonates can inherit a strong seasonal bias (e.g., Kelson et al., 2020).

Second, most botanical paleoclimate data are derived from the coexistence approach (Mosbrugger &
Utescher, 1997). However, concern has been raised about the reliability of climate reconstructions, especially
outside the warm-temperate climatic window (see Grimm & Denk, 2012 for detailed discussions). Moreover, the
coexistence approach is strongly taxon dependent. In contrast, the herpetological method refers to the relative
diversity (taxon count) of eco-physiologic groups of ectothermic animals at a given locality and is therefore
largely taxon independent (especially below family levels). As highlighted earlier, the temperature records from
palaeobotanical proxies are in a good agreement with the model, unlike the precipitation records. Further model
simulations with regional geographic adjustments could help reconcile the herpetological data, botanical data,
and modeling results.

Third, in terms of accurate simulation of paleoprecipitation, the application of ECHAMS-wiso has several limita-
tions, related to (a) model resolution, (b) model parameterizations, for example, convective and evapotranspiration
schemes, (c) no ocean feedback in an atmosphere-only GCM, (d) uncertainties in the choice of boundary condi-
tions (e.g., vegetation, SSTs, etc.), (e) uncertainties in simulation of higher temporal and spatial scale atmospheric
circulations (e.g., Shields et al., 2021), and (f) uncertainties in simulation equator-to-pole SST gradient (Burls
et al., 2021). Compared to a coarse model resolution, for example, the experiments participating in MioMIP1
(T31 or T42, corresponding to a grid spacing of ~3.75° or ~2.79°, respectively), we find two dominant patterns
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in which the ECHAMS5-wiso simulations (T159 resolution, corresponding to a grid spacing of ~0.75°) differ:
generally a cold bias over mountain ranges such as the European Alps, which could be related to differences in
orography between low- and high-resolution models (with higher elevation in our high-resolution simulations),
and a warm bias over the continents. Models with higher resolution have been shown to have higher climate
sensitivity, but this effect is not present in all models (e.g., Ingram & Bushell, 2021 and references therein).
Whether the higher climate sensitivity due to resolution contributes to the relative warmth over the continents
needs further investigation based on additional simulations.

We refer the reader to Botsyun and Ehlers (2021) for a further discussion of the uncertainties relevant to precipita-
tion and 5‘80p values. In addition, major uncertainties are related to the choice of regional topographic configura-
tions in Europe. Simulations with increased Alpine elevation suggest an increase in precipitation over the Alpine
region and a better fit to paleobotany proxy data over these regions. However, for Spanish basins, the Pannonian
Basin, the Carpathian region, Crimea, Romania, and Turkey, models with increased Alpine elevation still show
lower precipitation amounts comparable to the prediction of the paleobotany data. In our simulations, however,
we do not test different uplift scenarios for mountains other than the Alps in Europe or a differentiated uplift
history of the Eastern and Western Alps, which could potentially lead to a redistribution of precipitation. Our
model resolution is still not high enough to capture microenvironments existing along inland water bodies, which
could harbor many flora and fauna species characteristic of wetter climates, even if overall larger scale climate is
(sub-)arid. Moreover, such environments have high preservation rates, biasing geologic records toward sheltered
locations (Chandler et al., 1992).

In summary, despite some model-related limitations, our modeling results, in accord with herpetological proxy
estimates and geological observations (evaporites, soil carbonates) indicate lower than pre-industrial precipita-
tion rates for Central and Southern Europe during the Middle Miocene. High precipitation rates predicted by the
coexistence approach are not supported by the model results here.

5.3. Implications of Global Climate Change and Alpine Surface Uplift on Water Stable Isotope Records
and Paleoclimate Proxy Records in Europe

Changes in terrestrial paleo—é”‘Op patterns are typically linked to both mountain uplift and global climate change
(Caves et al., 2015; Licht et al., 2014; Methner et al., 2020; Mulch, 2016; Quade et al., 2011). Isotope-enabled
GCMs provide a tool for distinguishing the processes impacting 5180p values at both regional and local scales
(Botsyun & Ehlers, 2021). Comparing pre-industrial and Middle Miocene simulations (Mio_278 and Mio_450)
allows us to isolate the effect of global climate on the & 18Op pattern in Europe. Further comparison of Middle
Miocene simulations (Mio_278 and Mio_450) and simulations with a varied Paratethys Sea extent (Mio_278_
LandSea and Mio_450_LandSea) allows us to isolate the effect of regional climate change associated with the
effect of marine transgressions on the & 18Op pattern. Finally, comparison of simulations with varied elevation
(Mio_278, Mio_450, Mio_278_plusAlps, Mio_450_plus_Alps, Mio_278_noAlps, and Mio_450_noAlps)
contributes to our understanding of the potential 6180p signal associated with topographic uplift. In the following,
we organize our discussion around the implications of model-predicted changes in Middle Miocene & ”‘Op, the
different drivers behind these changes (global change vs. surface uplift) and their effect on interpretations of 520
records preserved in paleosol carbonates.

5.3.1. Changes in §'*0, Linked to Global Climate Forcing

Variations in temperature, humidity, precipitation, and wind directions are often considered as first-order vari-
ables contributing to the distribution pattern of 6180p values (Dansgaard, 1953; Gat, 1996). The temperature
increase in the Middle Miocene simulations shifts 5‘80p values toward less negative values as a direct conse-
quence of the Raleigh distillation process (Dansgaard, 1953; Gat, 1996). Both §'°0, and §'°0, reach their maxi-
mum in May—June, which coincides with the warm season. However, in the case of Middle Miocene Europe, the
temperature effect is largely counterbalanced by changes in relative humidity. This is because §'30, decreases
with decreasing relative humidity during condensation through Rayleigh distillation. Our model results suggest
that relative humidity decreases in Southern and central Europe during the Middle Miocene, which drives §'80,
toward more negative values. This mechanism is most efficient in August—September when relative humidity
drops by ~20% (Figure 9c).
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A decrease in relative humidity further contributes to changes in § 18Op by enhancing post-condensation effects,
for example, raindrop evaporation. Since '°O evaporates more easily, rain re-evaporation leads to an increase in
o 18Op values of raindrops reaching the Earth surface. Therefore, the more re-evaporation occurs, the greater the
difference between 'O, and 6'°0, values (see e.g., Lee & Fung, 2008). The pronounced difference between
580, and § 18Op from July to October in the Mio_278 and Mio_450 simulations is an indication of enhanced
post-condensation effects occurring after initial condensation (Figures 9e and 9f).

Simulated Middle Miocene decrease in §'%0, in the late summer is most pronounced over the Balkans, which
coincides with an area of enhanced atmospheric subsidence (Figure S10 in Supporting Information S1). The
effect of subsidence in decreasing §'80, has previously been shown by Frankenberg et al. (2009) and by Galewsky
and Hurley (2010). Our results suggest (Figure 11) that the subsidence is located broadly over the Mediterranean,
but drying and its isotopic effect occurs primarily over land. This is because over the ocean the boundary layer is
efficiently separated from the free troposphere by an inversion, allowing it to be replenished by unlimited surface
evaporation (Benetti et al., 2015). In contrast, over land, surface evaporation is limited, so that surface evaporation
cannot compensate for the drying effect of subsidence.

5.3.2. Change in 6'*0, Linked to the Regional Climate

In addition to the impact of global climate, & 18Op is influenced by regional changes of climate, land-sea cover, and
topography. However, in our simulations, § 18Op values over the Alpine region are not sensitive to for example, the
retreat of the Paratethys. The simulated changes between the control experiment and the experiment with modi-
fied land-sea distribution are below 1%o (Figures 8¢ and 8f). These small changes could be explained by the fact
that the Paratethys lies outside of major wind directions for Europe (Figure S10 in Supporting Information S1).
However, this result is potentially linked to limitations of our modeling methodology, that is, the application of
an atmospheric-only, not a fully coupled atmosphere-ocean GCM. Application of a GCM with a comprehensive
simulation of marine circulation might result in higher SSTs over the Paratethys region and thus increase evapo-
ration and contribution of this moisture source to the local hydroclimate in Europe.

Differences in 6 18Op values between pairs of simulations with different topography within each pCO, setup are
up to 8%o (e.g., Figures 7c and 7f). The maximum changes are found between experiments with doubling of
present Alpine elevation (Mio_278_plusAlps, Mio_450_plus_Alps) and an elevation that is reduced to 250 m
(Mio_278_noAlps, Mio_450_noAlps). However, 6180p changes between the experiments with varied topography
are strongly limited to the area where the topography has been actually modified by the experimental setup. These
findings for the Middle Miocene climate simulations are consistent with results of sensitivity experiments with
pre-industrial boundary conditions but varied Alpine elevation (Botsyun et al., 2020). Given this limited-area
impact, we hypothesize that 5'80p increase/decrease for experiments with higher/lower topography is mainly due
to changes in local temperature and orographic precipitation.

5.4. Consequences for Paleoelevation Estimates

Our results for Middle Miocene seasonality changes in temperature and precipitation in Europe may have impacts
for the interpretation of paleosol carbonate §'#0 or other isotope proxy data used for paleoelevation reconstructions
of the Alps. When pedogenic carbonates are used to assess low-elevation 5180p estimates, the MAT has typically
been assumed for carbonate-water fractionation temperatures (e.g., Cerling et al., 1993; Garzione et al., 2000;
Quade et al., 2011; Xu et al., 2013). This is based on the assumption that pedogenic carbonates form during
conditions reflective of the mean growing season environment, which would typically imply soil temperature
conditions between average and the maximum annual soil temperature (Cerling et al., 1993). However, changes
in precipitation seasonality and the amplitude of seasonal temperature variation impacts the growth season of soil
carbonates (Breecker et al., 2009; Burgener et al., 2016; Gallagher & Sheldon, 2016; Kelson et al., 2020; Peters
et al., 2013). With the growing amount of paleosol carbonate formation temperature estimates based on clumped
isotope (A,,) analyses, the timing of carbonate formation during the annual cycle becomes key (e.g., Gallagher
et al., 2019; Kelson et al., 2020; Passey et al., 2010; Peters et al., 2013; Quade et al., 2013). Previous work has
documented that carbonate in modern soils can precipitate at times of excessive dryness when climate conditions
differ strongly from the mean growing season conditions (Breecker et al., 2009). However, carbonate precipita-
tion may occur at different times of the year under different climate regimes and a complicated seasonal bias may
strongly affect the formation and isotopic composition of pedogenic carbonate (e.g., Gallagher & Sheldon, 2016).
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For the case of the European Alps in the Middle Miocene, prolonged warm seasons might bias carbonate §'%0
toward annual mean values, while stronger precipitation seasonality with very dry summers might bias carbonate
5'80 toward spring or autumn values. Our model-derived seasonal temperature shifts of >16°C (summer/JJA
minus winter/DJF) predicted in the Mio_278 and Mio_450 simulations are similar to the observed A,,-based
carbonate formation temperature change in the North Alpine Foreland Basin (Methner et al., 2020). These authors
attributed this large shift in paleosol carbonate A, -temperatures to at least partly reflect a shift in carbonate
formation/preservation seasonality in conjunction with global cooling across the MMCT. They suggest a modifi-
cation in rainfall seasonality across the MMCT and reorganization of mid-latitude atmospheric circulation across
central Europe to account for hypothesized shift in carbonate formation/preservation seasonality.

Recently, Krsnik et al. (2021) used a combined pedogenic carbonate §'80 value and A ; temperature (30°C + 4°C)
to reconstruct a near sea level 5'80p value of —5.6 + 0.2%¢ during the Middle Miocene (~14.5 Ma). In combi-
nation with a high-Alpine meteoric water 6D record these results suggest that the central Alps attained surface
elevations of >4,000 m no later than the mid-Miocene. The results of our new Middle Miocene experiments
indicate that §'®0 varies on an annual scale between —4.9 and —7.6%o (depending on the experimental setup) for
the Northern Alps Foreland Basin. We suggest that only 1-2 %o of this variation is linked to changes in global
climate. Thus, high elevation of the central Alps in the Middle Miocene is highly possible and supported by the
results presented here. However, caution is needed regarding the timing of the carbonate formation and its poten-
tial bias on reconstructed 6 18Op values. Moreover, our Middle Miocene experiments indicate a shallowing of the
elevation-6 18Op gradient in the Middle Miocene Alps, permitting a possible underestimation of elevations derived
from paleo-6 18Op data using present-day relationships.

6. Summary and Conclusions

We present high-resolution isotope-enabled ECHAMS5-wiso experiments to study Middle Miocene climate and
related 5180p signals in Europe. Previous modeling efforts simulating the Middle Miocene climate have been
recently joined in MioMIP1 and summarized in Burls et al. (2021). However, low resolution of MioMIP1 simu-
lations (T31 or T42) do not provide a good representation of mountain topography in Europe, leading to: (a) an
underestimation of surface temperature in mountain regions, and (b) an underestimation of precipitation. Moreo-
ver, it has been previously shown that the low resolution (e.g., T31), typical of past global coupled paleoclimate
simulations, are unlikely to properly capture humidity behavior (Sherwood et al., 2010).

We have tackled this problem in generating much higher resolution (grid spacing of ~0.75°) simulations using the
ECHAMS-wiso atmosphere GCM. Our new Middle Miocene simulations show 3.4°C—6.2°C higher temperatures
in central Europe when compared to the pre-industrial, depending on the CO, setup. This result is in good agree-
ment with temperatures derived using the proxy data, however, these results have a warm bias for low-elevation
areas when compared to the Middle Miocene experiments participating in the MioMIP1 project. The simulated
Middle Miocene precipitation is 300500 mm/yr lower than in the pre-industrial times, which is consistent with
estimates from herpetofaunal fossil proxy data. However, it is lower than predicted by paleobotanical (coexistence
approach) proxy data. We attribute this precipitation change in Europe to shifts in large-scale pressure patterns
in the North Atlantic and over Europe, namely an anticyclonic circulation centered over the Mediterranean and
Southern Europe in winter, in addition to a deepened Icelandic Low in the summer. These ultimately result in
a northward shift of the Atlantic storm track with a deflection of storms north of the Mediterranean into higher
latitudes.

The simulated annual mean §'*0,, pattern for the Middle Miocene is consistent with pre-industrial 6'°0,, across
Europe in both its pattern and magnitude. The Middle Miocene global climate forcing has contributed to a maxi-
mum & 18Op increase of ~2%o over the high Alpine elevation and to ~1%o over low elevation. However, differ-
ences between PI and Middle Miocene simulations at seasonal scale are stronger (~3%o), especially when higher
pCO, concentration is considered. The most striking difference is the & 18Op decrease in the late summer, driven
by a drop of relative humidity, which coincides with enhanced atmospheric subsidence. Experiments with varied
elevations of the Alps show that doubling of Alps elevation causes a maximum & 18Op decrease, up to 8%o when
compared to the experiment with non-changed topography. However, the isotope lapse rate in the central Alps
shallows by 0.03%¢/100 m for Middle Miocene setting.
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We conclude that higher-resolution paleoclimate modeling is critical to capture regional paleoclimate variability.
We suggest that Alpine paleoclimate and paleoaltimetry research would benefit from future studies focusing on
(a) using proxies to constrain not only surface temperature and precipitation amount, but also relative humidity
(e.g., using triple oxygen isotopic composition of phytoliths [Outrequin et al., 2021]) or the average chain length
of n-alkanes (Eley & Hren, 2018), (b) studying the Miocene climate on orbital time scales, given the Miocene
climate has been shown to be sensitive to the orbital forcing (Marzocchi et al., 2015) and the insolation changes
have a potential impact on temperature in warmer climate (Samakinwa et al., 2020), (c) multi-model isotope
enabled studies to avoid warm/cool bias in individual models, and (d) coupling of §'30 proxy records and outputs
of isotope-enabled GCM forced by constrained paleogeography (e.g., time appropriate land-sea distribution and
different scenarios for orogens) and atmospheric pCO, for specific geological time periods investigated. This
combination could help refine calibration of paleo 5180p-elevation relationships and refining paleoelevation
estimates.
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