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The supplementary information comprises text document S1, which describes the analytical procedure of stable isotope (δ18O, δ13C) and clumped isotope (Δ47) analyses and the calculation of oxygen isotopic compositions of water (δ18Owater). It further contains an additional figure (stable isotope data, published in Campani et al. 2012) and 5 data tables (separate file). These tables contain the sample and age information, the analytical results of stable isotope (Tab. SI1) and of clumped isotope analyses (Tab. SI2 – SI5)..

SI1. Analytical procedure 
1.1. Stable isotope analyses
High-resolution oxygen and carbon isotope analyses of carbonates were performed at Leibniz Universität Hannover, Germany and data were presented in Campani et al. (2012). Carbonate sample powders were drilled using a low speed dental drill. 0.2 mg to 1.0 mg of carbonate powder were digested with phosphoric acid at 72 °C in a sealed reaction vessel and flushed with helium gas. The evolved CO2 was sampled by a Thermo Scientific GasBench II and isotope ratios were measured on a Thermo Electron delta V advantage mass spectrometer. International and in-house standards were run in-line with the samples. NBS 19 yielded an average of δ18O = 28.60‰ (n = 34); the average uncertainty was ±0.2‰. All isotopic results are reported in standard delta notation and corrected to VSMOW (δ18O) or VPDB (δ13C) (Tab. SI1).
1.2. Clumped isotope analyses
Clumped isotope thermometry allows determination of carbonate formation temperatures. In equilibrium, the abundance of CO2 isotopologues containing bonds between heavy isotopes of oxygen and carbon is purely temperature-dependent. C-O bond abundances are thereby expressed as the Δ47 value, which mainly describes the difference of the abundance of the 13C18O16O-isotopologue of the sample gas (R47, R46, R45) from the theoretical stochastic distribution of the gas (R47*, R46*, R45*) with the same bulk isotopic composition (Eiler (2007, 2011) and ref. therein):
Δ47 = ((R47/ R47* - 1) – (R46/ R46* - 1) - (R45/ R45* - 1)) * 1000 (‰)		(ii)
with Ri = mass i / mass 44. 
Carbonate powder (6-15 mg) was digested in >106% phosphoric acid at 90°C ± 0.1°C for 30 minutes. For carbonate digestion we used an automated acid bath as described in (Wacker et al., 2013) and (Fiebig et al., 2016). The CO2 cleaning procedure and measurements follow (Bajnai et al., 2018; Wacker et al., 2013, 2014). Briefly, the produced CO2 was purified by passing it through cryogenic traps (-80°C) before and after passage through a Porapak Q-packed gas chromatography column (-15°C) to remove traces of hydrocarbons. The cleaned CO2 was measured on a Thermo ScientificMAT 253 gas source isotope ratio mass spectrometer dedicated to the measurements of masses 44 to 49 at the joint Goethe University – Senckenbrg BiK-F Stable Isotope Facility at the Institute of Geosciences, Goethe University Frankfurt. Each measurement included ten acquisitions (consisting of ten cycles each with an ion integration time of 20 s). 
CO2 equilibrated at 1000°C and 25°C were measured along with the samples to monitor the non-linearity of the mass spectrometer and the extent of scale compression (Tab. SI2). For samples analyzed prior to 2015, non-linearity was corrected using the heated gas approach of (Huntington et al., 2009). For samples analyzed in 2016/2017, measured m/z 47 intensities were directly corrected for the contribution of secondary electrons to m/z 47 after scaling the negative backgound on m/z 47 to the measured m/z 49 intensity (Fiebig et al., 2016). All data is reported in the CDES (Carbon Dioxide Equilibrium Scale) as proposed by Dennis et al. (2011). For this purpose, the theoretical 25°C-90°C acid fractionation factor of +0.069‰ (Guo et al., 2009) was applied. All data was processed using the Gonfiantini set of isotopic parameters (13RPDB = 0.0112372, 18RVSMOW = 0.0020052, 17RVSMOW = 0.0003799 and λ = 0.5164).  
Temperatures are calculated using the calibration of Wacker et al. (2014): 
Δ47 = 0.0327 (±0.0026) * 106/T2 + 0.3030 (±0.0308)			(iii)
with Δ47 in ‰ and T in K. Within the analytical error, this regression line (iii) is statistically indistinguishable from (a) the empirically determined calibration line of (Henkes et al., 2013) (after applying a consistent 25°C-90°C acid fractionation factor to both data sets) and (b) the theoretical calibration line (Guo et al., 2009) (after applying a 25°C acid fractionation factor of 0.268‰ (Passey and Henkes, 2012) to equation (18) provided by Guo et al. (2009). We refer to calibration (iii) because it has been determined at Goethe University Frankfurt under similar analytical conditions (digestion at 90°C; similar gas preparation; all measurements performed at the same mass spectrometer). 
Each day 2-3 carbonate reference materials were measured (Tab. SI4). These were Carrara marble and Arctica islandica (also referred to as MuStd, a well-homogenized shell material of an aragonitic cold water bivalve), ETH 1 and ETH 3. For Arctica islandica we receive a mean Δ47 value of 0.720‰ ± 0.006‰ (1 SE, n=24), indistinguishable from the 0.724‰ ±0.004‰ (1 SE, n=28) obtained by Wacker et al. (2014) during the time interval of their calibration. Carrara marble yields a mean Δ47 value of 0.376‰ ±0.002‰ (1 SE, n=58). This reference material was not analyzed by Wacker et al. (2014). Its mean value, however, is indistinguishable from those reported by other labs (e.g., Bonifacie et al., 2017; Dennis et al., 2011) after applying a unique 25°C-90°C acid fractionation factor of 0.069‰ to all data.
External standard errors (SE) for 4-5 replicate measurements range from ±0.002‰ to ±0.011‰. A straightforward way to determine an error based on the mass spectrometric setup exclusively (and not on sample characteristics) is the consideration of its shot noise limit (Merritt and Hayes, 1994). SE values < ~0.0040‰ (n=4) and < ~0.0036‰ (n=5) are below the shot noise limit of our mass spectrometric setup (10 acquisitions, consisting of 10 cycles at 20 s integration time each, represent one replicate measurement) after (Merritt and Hayes, 1994). Therefore, whenever 1 SE is smaller than 0.0040‰, we provide the respective shot noise limit of the mass spectrometer which represents the minimum error of a homogeneous sample measurement based on the analytical setup.
1.3. Soil water oxygen isotopic composition 
We calculated the oxygen isotopic composition of water (δ18Owater) from Δ47 temperatures and GasBench-obtained δ18Ocarbonate values using oxygen isotope fractionation coefficients calculated after Kim and O'Neil (1997) that was updated new acid fractionation factors of Kim et al. (2007):
1000 ln α = 18.03 (103*T-1) - 32.23 			(iv)
where α is the oxygen isotope fractionation coefficient and T is the fractionation temperature in K. Note that the original intercept of -32.42 reported by Kim and O'Neil (1997) has been corrected by +0.19‰ which takes into account the difference in the 25°C acid fractionation factors of Kim et al. (2007) relative to Kim and O'Neil (1997). For clarity and to avoid temperature interpolations between sample localities, we only used calculated δ18Owater from those samples where we obtained clumped isotope analyses (Tab. SI5).
1.4. Extraction of climate model data from Zhou et al. (2018)
The approximate paleo-locality of the Fontannen section is at 7.5°E longitude and 44.5°N latitude at 15 Ma according to www.paleolatitute.org (lower bound 41.9° and upper bound 46.3°). We extracted climate model output from the closest grid cells of the paleogeographicla porsiotion of the Fontannen section (3x3 cells), namely, 5°, 7.5°, and 10°E and 46.4°, 44.5°, 42.6° N and for comparison 3x3 grid cells around the modern location of the section, namely, 5°, 7.5°, and 10°E and 48.3° 46.4°, 44.5°N. The extracted data include monthly 2m air temperature, ground temperatures, and the daily maximum of average 2m air temperatures as well as modelled relative humidity and soil water contents. We calculated the MAT, summer temperatures of JJA (likely closest to WMMT), winter temperatures of DJF (CMMT), the seasonal range of temperature (either warmest month vs. coldest month or JJA-DJF), and the differences between JJA temperature and MAT. This represents our suggested shift in temperature due to reorganization of rainfall patterns between the MCO and the MMCT. Results are described in the manuscript and are shown in Fig. SI3. 
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Figure SI1. Stratigraphic and paleomagnetic section (Schlunegger et al. (1996)). Age assignments are based on Kempf et al. (1997). All stable isotope data has been acquired by M. Campani (SBiK-F), δ18O data is published in Campani et al. (2012).
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Figure SI2. (A) Age constraints of the statistical onset of the MCO start and the duration of the MMCT (Mudelsee et al. (2014)). (B+C) Comparison of terrestrial soil carbonate temperatures (T(Δ47)) (B) with pCO2 reconstructions (C), using the compilation of Foster et al. (2017) and new estimates of Super et al. (2018) and Sosdian et al. (2018). The alternative age model is indicated by the light green data in (B); ages are given in the manuscript Tab. 1.
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Fig. SI3. (A) Modeled temperature data including monthly 2m air temperature (blue diamonds), ground temperatures (green diamonds) and the daily maximum of average 2m air temperatures (red diamonds). (B) Modelled relative humidity (blue diamonds) and soil water (green diamonds) contents. Data from Zhou et al. (2018).

Tables (in separate file)
Table SI1. Pedogenic carbonate sample information (coordinates in Swiss coord. system, stratigraphic position, assigned ages) with GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and calculated CaCO3 content (%wt.). Different subsamples (e.g. MC954A to C) are nodules from the same bed. All data has been acquired by M. Campani, δ18O data is published in Campani et al. (2012).
Table SI2. Measured δ47 and Δ47 values (in ‰) of “heated gases” (equilibrated at 1000°C) and CO2 gases equilibrated at 25 °C for the time intervals of sample measurements.
Table SI3. Empirical transfer function (ETF) applied during this study with x: background corrected Δ47 value and y: Δ47 CDES (CDES: Carbon dioxide equilibrium scale; Dennis et al., 2011)).
Table SI4. Measured isotopic compositions (δ47, Δ47, δ13C and δ18O values in ‰) of standard materials. Each day, 2-3 in-house standard materials were measured: Carrara marble, Arctica islandica ("MuStd", well-homogenized shell material of an aragonitic cold water bivalve), as well as ETH-1 and ETH-3.
Table SI5. Measured isotopic compositions (δ47, Δ47, δ13C and δ18O values in ‰) of pedogenic carbonate samples and calculated temperatures using the calibration of Wacker et al. (2014). Since 2014, δ47 raw, Δ47 raw values are corrected using the background correction of Fiebig et al. (2016).
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