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Abstract: 12 
The Miocene Climatic Optimum (MCO; 17 – 14 Ma), characterized by global mean surface 13 
temperatures ~7°C higher than preindustrial (PI), offers a target for validating models for warmer-14 
than-present climate states. Here, we use a water isotope tracer enabled version of the Community 15 
Earth System Model to simulate the MCO under 1x (MCO1x), 2x (MCO2x), and 4x (MCO4x) PI 16 
CO2. Our simulations show significant warming due to MCO boundary conditions as well as a 17 
small increase in equilibrium climate sensitivity with higher CO2. All simulations exhibit a 18 
decreased mean equator-to-pole temperature gradient relative to PI. However, the spatial patterns 19 
of warming are distinct between simulations with relatively greater high latitude warming between 20 
MCO1x and MCO2x and relatively greater low latitude warming between MCO2x and MCO4x. 21 
Warming is associated with enhanced precipitation and enriched precipitation 18O (18Op) 22 
globally.  23 

We compare the MCO model outputs with proxy of surface temperature, precipitation, and 24 
18Op. Like many other MCO modeling studies, our simulations underestimate the reduced 25 
latitudinal temperature gradient reconstructed with proxies. We find better model-proxy agreement 26 
for terrestrial and marine temperature records in the MCO1x and MCO4x experiments, 27 
respectively. Precipitation and 18Op records show the best agreement with the MCO2x and 28 
MCO1x experiments, respectively, but there are large uncertainties due to limited proxy data and 29 
large reconstruction uncertainties. The MCO2x simulation is warmer than the projected 2080-2100 30 
climate under RCP8.5, highlighting the importance of both boundary conditions and equilibrium 31 
versus transient climate system response to increased CO2. 32 

33 
1 Introduction  34 
Many studies linking past warm climates to the future have focused on the mid-Pliocene Warm 35 
Period with CO2 of ~400 ppm (e.g. Haywood et al., 2020) and the Early Eocene Climatic Optimum 36 
with CO2 likely >1000 ppm (e.g. Lunt et al., 2021). However, mid-Pliocene atmospheric CO2 37 
concentrations have already been surpassed, and ongoing mitigation efforts make it unlikely that 38 
CO2 concentrations greater than the Early Eocene Climatic Optimum will be reached by 2100. 39 
Consequently, the Miocene Climate Optimum (MCO; 17 – 14 Ma), which likely featured CO2 40 
concentrations between 2x and 4x preindustrial (Hönisch et al., 2023), is now a valuable interval 41 
for understanding climate change under more plausible future scenarios. 42 

The MCO, ~7°C warmer than PI, was characterized by a reduced equator to pole 43 
temperature gradient and poleward-shifted bioclimatic zones (Steinthorsdottir et al., 2021). Proxy 44 
reconstructions suggest that sea surface temperatures (SSTs) were 10 – 15°C warmer in the 45 
northern high-latitudes (~above 42oN; Super et al., 2020) and 8 – 10°C warmer in the southern 46 
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high-latitudes (Tasmanian Gateway; Shevenell et al., 2008). Over land, northern hemisphere (NH) 47 
high-latitudes warmed by 5 – 14°C and experienced increased precipitation (Pound et al., 2012; 48 
Reichgelt and West, 2025). Relatedly, vegetation reconstructions reveal heavily forested areas 49 
extended over the Arctic and tundra covered parts of Antarctica (Bradshaw et al., 2025) while the 50 
mid-latitudes were more forested than they are today (Reichgelt and West, 2025). Furthermore, 51 
the MCO was characterized by sea ice-free northern hemisphere summers and sea level rise of ~48 52 
m relative to PI (Gasson et al., 2016; Steinthorsdottir et al., 2021). 53 

MCO CO2 reconstructions remain uncertain. Early estimates suggested CO2 levels of less 54 
than 500 ppm (Zhang et al., 2013; Greenop et al., 2014). However, MCO simulations with CO2 55 
levels less than 500 ppm underestimate proxy-reconstructed warming, the equator-to-pole 56 
temperature gradient, and precipitation (Burls et al., 2021). More recently, boron isotope-based 57 
estimates suggest CO2 as high as 4-times PI (Rae et al., 2021; Hönisch et al., 2023). With higher 58 
prescribed CO2, MCO simulations tend to better agree with high-latitude temperatures from proxy 59 
reconstructions but may overestimate tropical surface temperatures; the magnitude varies between 60 
models (Burls et al., 2021). 61 

Some more recent Earth system models have a higher equilibrium climate sensitivity, 62 
which may make them better at simulating MCO warmth with lower CO2 concentrations. 63 
However, few of these higher equilibrium climate sensitivity models have been run with MCO 64 
boundary conditions. Furthermore, most previous simulations of the MCO did not incorporate 65 
water isotope tracers, which limited model-proxy comparisons. 66 

In this study, to bridge the model-proxy gap we use a fully-coupled, water isotope tracer 67 
enabled Earth system model run with MCO boundary conditions. Our chosen Earth system model 68 
has a moderately high equilibrium climate sensitivity and has shown to be one of the best 69 
performing models for simulation of the Eocene (Zhu et al., 2019) and Pliocene (Feng et al., 2020). 70 
Furthermore, it has been found to reliably simulate the oxygen isotopic composition of 71 
precipitation in the past and present (Zhu et al., 2017; Brady et al., 2019). We ran three CO272 
scenarios, 1x, 2x, and 4x PI, to test the effect of atmospheric CO2 on Miocene climate and directly 73 
compare with proxy records to minimize model-proxy biases. 74 

2 Data and methodology  75 
2.1 Model and experiments 76 
We use the water isotope tracer enabled Community Earth System Model version 1.2 (iCESM1.2; 77 
Brady et al., 2019). iCESM1.2 is a fully coupled Earth system model and can simulate the 78 
movement of stable oxygen and hydrogen isotopes through atmosphere, land, ocean, sea ice, and 79 
river transport components. Here, the atmosphere component is the Community Atmosphere 80 
Model version 5 with the Modal Aerosol Model (CAM5-MAM3; Neale et al., 2010) and the land 81 
component is the Community Land Model version 4 with carbon and nitrogen cycling (CLM4-82 
CN; Oleson et al., 2010). We use the finite volume dynamical core with a resolution of 1.9° × 2.5° 83 
latitude / longitude. The atmosphere has 30 vertical levels. The ocean component is the Parallel 84 
Ocean Program version 2 (POP2; Smith et al., 2010), and the sea ice component is the Los Alamos 85 
Sea Ice Model version 4 (CICE4; Hunke, 2010). The ocean grid has 320 x 394 cells with a nominal 86 
resolution of 1° and 60 levels in the vertical. Following Feng et al. (2020), 10 extra rows were 87 
added to the default ocean grid in order to simulate the deglaciated western Antarctic.  88 

Boundary conditions of topography, bathymetry, vegetation, and land ice cover come from 89 
the mid-Miocene reconstruction by Frigola et al. (2018). For this study, we raised the Andes 90 
following Boschman (2021), who suggested a high central Andes during the MCO based on stable 91 
isotopic composition of carbonates and volcanic ash. Using these boundary conditions, we 92 
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performed three MCO experiments with CO2 of 1x (284.7 ppm; MCO1x), 2x (569.4 ppm; 93 
MCO2x), and 4x (1138.8 ppm; MCO4x) PI level. All other greenhouse gases as well as orbital 94 
parameters were set to the default PI values in CESM1 (Hurrell et al., 2013).  95 

The MCO2x case was integrated for 4,050 years to attain an equilibrium climate state with 96 
a net top of atmosphere (TOA) energy imbalance of -0.04 W/m2. The MCO1x and MCO4x 97 
simulations were initialized from the MCO2x simulation after running it for 2,500 years. For the 98 
MCO4x simulation, ocean temperatures were initially increased by 4.5°C to speed up the 99 
equilibrium process. The MCO1x experiment was run for 2,850 years and the MCO4x experiment 100 
for 2,000 years, reaching near-equilibrium states with net TOA energy imbalances of 0.03 and -101 
0.09 W/m2, respectively. A preindustrial simulation was also run for 300 years, starting from the 102 
default PI initial conditions. Here, we analyze and present the last 100 years of the simulations.  103 
 104 
2.2 Proxy data 105 
Proxy data from published literature are compared with the model outputs. This includes 106 
temperature and precipitation reconstructions as well as oxygen isotope data. Proxy temperature 107 
reconstructions are adapted from the compilation in Burls et al. (2021) and other published 108 
literature and cover the period from 16.75 to 14.5 Ma. The compilation consists of SST 109 
reconstructions based on UK

37 (Brassel, 2014), Mg/Ca (Holland et al., 2020; Hollis et al., 2019), 110 
and TEX86 (Schouten et al., 2002). The proxy techniques used for comparison pose some 111 
challenges and caution needs to be taken when interpreting the proxies for different regions. For 112 
example, the use of UK

37, in the tropics is limited during the MCO as the proxy reaches a thermal 113 
limit under very warm conditions (Tierney et al., 2018). Furthermore, TEX86 may be influenced 114 
by temperature signals below the surface mixed layer (Lopes dos Santos et al., 2010) and have a 115 
seasonal bias (Jia et al., 2017). Mg/Ca also has uncertainties associated with ocean pH, salinity, 116 
and Mg/Ca (Gray and Evans, 2019). Terrestrial temperature reconstructions are updated from 117 
compilations in Pound et al. (2012) and Goldner et al. (2014) as well as geochemical 118 
reconstructions based on the distribution of branched tetraethers in sediments from plant fossils 119 
(Weijers et al., 2009). The plant fossil reconstructions employ one of three approaches: co-120 
existence (Utescher et al., 2014), Climate Leaf Analysis Multivariate Program (CLAMP; Spicer 121 
at al., 2021; Gibson et al., 2022), and Leaf Margin Analysis (LMA; Uhl et al., 2003). Precipitation 122 
data comes from the compilation in Herold et al (2011) and other published literature (Acosta et 123 
al., 2024; Pound et al., 2012; Bradshaw et al., 2012, Reichgelt and West, 2025, SP Table 1). The 124 
precipitation data were reconstructed from plant fossils following either the co-existence approach 125 
(Utescher et al., 2014) or CLAMP (Spicer at al., 2021; Gibson et al., 2022). 18O values are sourced 126 
from the Paleo Analysis of Terrestrial Climate and Hydrology (PATCH) Lab database (Kukla et 127 
al., 2022). The data includes measurements from inorganic carbonates, mammalian teeth, 128 
phyllosilicate, and shells. In addition, the sample minerals include calcite, alunite, dolomite, 129 
apatite, aragonite, smectite, and chert. The data were calibrated to precipitation 18O values in 130 
VSMOW assuming equilibrium precipitation for formation temperature depending on the mineral 131 
type i.e calcite (Kim and O’Neil, 1997), alunite (Rye and Stoffregen, 1995), dolomite (Land, 132 
1983), apatite (Longinelli & Nuti, 1973; Kolodny et al., 1983), aragonite (Grossman and Ku, 133 
1986), smectite (Savin and Lee, 1988), and chert (Knauth and Esptein, 1976). 134 
 135 
2.3 Future climate projections 136 
We also compare our MCO simulations with future climate projections. Since our MCO 137 
simulations use CESM1, we compared them with future simulations from CESM1. CESM1 has 138 
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not been used to simulate the Shared Socioeconomic Pathway (SSP; Riahi et al., 2017) scenarios. 139 
We therefore chose to use Representative Concentration Pathways (RCP) data from the Coupled 140 
Model Intercomparison Project Phase five (CMIP5; Taylor et al., 2012). We use the CESM1 Large 141 
Ensemble (Kay et al., 2015) under RCP8.5 considering the ensemble mean of the first five 142 
realizations. Atmospheric CO2 concentrations under RCP8.5 scenario reach 1000 ppm by the end 143 
of the century (IPCC, 2013, 2017, 2021). 144 
 145 
2.4 Energy Balance Model 146 
To assess the drivers of the surface temperature responses, we use a 1-dimensional energy balance 147 
model to decompose the simulated zonal-mean annual surface temperature changes between the 148 
three MCO simulations into contributions from emissivity, albedo, and meridional heat 149 
convergence (Lunt et al., 2012; Hill et al., 2014). We use the Approximate Partial Radiative 150 
Perturbation (APRP) technique to further separate planetary albedo changes into changes due to 151 
surface, clear sky, and clouds (Taylor et al., 2007; Feng et al., 2017). APRP helps separate cloud 152 
albedo and surface albedo changes, which are particularly challenging in the polar regions where 153 
effects due to surface reflection can be mistaken as effects due to cloud reflection. 154 
 155 
3 Results 156 
3.1 Mean climate and response to atmospheric CO2 157 
3.1.1 Surface Temperature 158 
Our results show global mean annual surface temperatures (MAT) of 18.4, 22.3, 26.4°C in the 159 
MCO1x, MCO2x, and MCO4x cases, respectively (Table 1). Meridional temperature gradients 160 
between the tropics (15°S – 15°N) and high-latitudes (>60° N/S) of 37.5, 29.3, and 25.7°C are 161 
observed for the northern hemisphere (NH) and 41.7, 37.8, and 34.5°C for the southern hemisphere 162 
(SH). In the MCO1x experiment, high-latitude (>60° N/S) mean surface temperatures are -8.8°C 163 
in the NH and -13.3°C in the SH (Fig. 1); midlatitude (30–60°N/S) mean surface temperatures are 164 
11.4°C in the NH and 15.6°C in the SH; tropical (15°S–15°N) mean surface temperatures are 165 
28.7°C. Warmest surface temperatures >32°C are observed over the equatorial Pacific, Indian, and 166 
South Atlantic Oceans. Over land, warmest temperatures are observed over India and parts of the 167 
Sahara. Surface temperature climatologies for the 2x and 4x MCO experiments can be found in 168 
the supplemental information (Fig. SP3). 169 

The doubling of CO2 results in an equilibrium climate sensitivity of 3.9°C from 1x to 2x 170 
PI CO2 and 4.1°C from 2x to 4x PI CO2 (Fig. 1d). In addition, increasing CO2 from 1x to 2x PI 171 
CO2 results in high-latitude warming of 10.9°C in the NH and 6.6°C in the SH, while increasing 172 
CO2 from 2x to 4x PI CO2 results in warming of 6.8°C in the NH and 6.5°C in the SH. In the 173 
midlatitudes, increasing CO2 from 1x to 2x PI CO2 results in warming of 5.5°C in the NH and 174 
2.7°C in the SH and from 2x to 4x PI CO2 results in warming of 4.9°C in the NH and 3.8°C in the 175 
SH. In addition, the increase in CO2 warms the tropics by 2.6°C from 1x to 2x PI CO2 and 3.3°C 176 
from 2x to 4x PI CO2.  177 

Warming patterns with increases in CO2 are spatially disparate in the high-latitudes. There 178 
is more warming over the Arctic from 1x to 2x PI CO2 and over Antarctica from 2x to 4x PI CO2 179 
(Fig. 2). Notably, increase of CO2 in both cases results into more warming over land than over the 180 
oceans. Furthermore, seasonal changes show larger warming during boreal winter (DJF) compared 181 
to summer (JJA) for both cases of CO2 increase. 182 

The warming from MCO1x to MCO2x can be generally attributed to clear sky longwave 183 
and surface albedo changes (Fig. 3). Over the high-latitudes, the cloudy sky emissivity also 184 
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contributes surface warming. However, the high-latitude warming is partially offset by heat 185 
divergence and increased cloud albedo. The high latitude cloud albedo effects are a result of 186 
increased cloud cover in the simulated Miocene climate with increasing CO2 (Fig. SP2). On the 187 
other hand, a reduction in cloud albedo amplifies warming in the midlatitudes and some parts of 188 
the tropics (Fig SP2).  189 

Between the MCO4x and MCO2x simulations, surface warming is also largely attributed 190 
to reduction in clear sky emissivity. In addition, reduced surface reflection is evident in the high-191 
latitudes, though smaller compared to the changes between the MCO1x and MCO2x simulations. 192 
The reduced albedo feedback can be attributed to less sea ice and snow in an already warm climate 193 
of MCO2x. Furthermore, there is less reduction in heat convergence between the MCO4x and 194 
MCO2x experiments.  195 

For both cases, warming over the tropics and midlatitudes is also partially attributed to 196 
reduction in cloud albedo, resulting from decreased cloud cover and less reflection of incoming 197 
solar radiation. Overall, our results show longwave emissivity, reduced surface albedo, and 198 
reduced cloud albedo are the main drivers of surface warming between the three MCO simulations. 199 
This agrees with past Miocene studies (Burls et al., 2021; Sun et al., 2024) and studies about future 200 
climate change (e.g., Pithan and Mauritsen, 2014; IPCC 2021).  201 
 202 
3.1.2 Precipitation 203 
In the MCO1x experiment, precipitation averages 3.1 mm/day and 1.8 mm/day over the NH and 204 
SH high-latitudes, respectively (Fig.1). In the midlatitudes, precipitation is 2.7 mm/day over the 205 
NH and 3.1 mm/day over the SH. In the tropics, the mean position of the Intertropical Convergence 206 
Zone (ITCZ) is in the SH with maximum annual mean precipitation exceeding 6 mm/day. At 1x 207 
PI CO2, the MCO climate is relatively wet over the mid-latitudes, with more precipitation being 208 
received during winter (Fig. 4). 209 

Doubling of CO2 to 2x PI level results in increased precipitation over the entire zonally 210 
averaged NH with larger increases (above 0.6 mm/day) over the high-latitudes and the tropics (Fig. 211 
1). Over the SH, precipitation is enhanced by ~0.3 mm/day over the midlatitudes and by 0.6 212 
mm/day over Antarctica. However, a reduction in precipitation is observed over the SH subtropics 213 
and around 65°S. 214 

Regionally, CO2 induced changes in precipitation from 1x to 2x PI level show increases 215 
over most parts of the globe but a reduction over regions of the subtropics, Mediterranean, Central 216 
America, Southern Indian Ocean, Southern Ocean, North and Southern Atlantic (Fig. 4). In 217 
addition, the Arctic and NH mid and high-latitudes exhibit larger precipitation changes, especially 218 
in boreal winter. 219 

Going from MCO2x to MCO4x, precipitation increases more in the SH than the NH. NH 220 
mid- and high-latitudes show a precipitation increase of ~0.15 mm/day and a reduction over the 221 
Arctic of ~0.1 mm/day. Furthermore, a decrease in precipitation is observed in the subtropics of 222 
both hemispheres. Over the SH, increase in CO2 from 2x to 4x PI results in increased precipitation 223 
with greatest increases around 60°S and over Antarctica. 224 

Regionally, increasing CO2 from 2x to 4x PI levels results in drying over the Arctic and 225 
the sub-tropical regions. In addition, seasonal precipitation shows enhanced precipitation over land 226 
during DJF and enhanced drying over land during JJA in both hemispheres. Over the ocean, there 227 
is an increase in precipitation and a reduction over eastern Pacific and the Atlantic for both seasons 228 
with an increase from 2x to 4x PI CO2.  229 
 230 
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3.1.3 18Op 231 
The MCO1x experiment shows a global mean 18Op of -7.56 ‰ with more depleted values in the 232 
high-latitudes of -17 ‰ in the NH and -18 ‰ in the SH (Fig 1). Spatially, the MCO1x experiment 233 
reveals relatively enriched values of 18Op over the tropical Atlantic, eastern tropical Pacific, 234 
Indian Ocean, and North Africa relative to PI (Fig. 5). Increasing CO2 to 2x PI level results in 235 
enrichment in the values of 18Op with greatest increases over the NH high-latitudes of 2.0 ‰ (Fig. 236 
1). The SH high-latitudes are also enriched by 1.2 ‰. The increase in 18Op from MCO2x to 237 
MCO4x is smaller than that from MCO1x to MCO2x, especially over the high-latitudes. In 238 
contrast, the midlatitudes reveal greater enrichment in 18Op with increasing CO2. Interestingly, 239 
the tropics show more enrichment in 18Op despite enhanced precipitation over the regions with 240 
increasing CO2.  241 

Regionally, 18Op becomes more enriched over the Arctic, North America and Eurasia with 242 
increasing CO2. In addition, more enriched values are observed over the Arctic during DJF in the 243 
MCO2x relative to MCO1x, which is similar to the temperature response. Interestingly, there are 244 
more depleted 18Op values over some parts of Antarctica during DJF for MCO2x relative to 245 
MCO1x and MCO4x. 246 

 247 
Table 1. Global mean surface temperature and meridional temperature gradients between the 248 
tropics and high latitudes.  249 
 PI MCO1x MCO2x MCO4x 

Surface temperature 14.35 18.44 22.27 26.36 

Tropical  26.74 28.67 31.31 34.62 

NH high-latitudes -18.42 -8.82 2.06 8.89 

SH high-latitudes -31.86 -13.03 -6.45 0.04 

NH meridional temp gradient 45.16 37.49 29.25 25.73 

SH meridional temp gradient 58.60 41.71 37.76 34.59 

 250 
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 251 
Figure 1. Zonal distribution of mean annual surface temperature, precipitation, and precipitation 252 
18O of simulated MCO under 1x, 2x, and 4x PI CO2. The lower panels show changes with increase 253 
in CO2.  254 
 255 

 256 
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Figure 2. Annual (a, b, c) and seasonal mean (DJF; d, e, f and JJA; g, h, i) mean surface temperature 257 
of MCO simulations (1x, 2x, and 4x PI CO2). The stipples show areas where changes are not 258 
significant at 95% confidence level. 259 
 260 

261 
Figure 3. Energy balance analysis of zonal mean annual surface temperature differences between 262 
the MCO1x and MCO2x (left) and MCO4x and MCO2x (right) experiments. 263 

  264 
Figure 4. Same as Figure 2 but for precipitation  265 
 266 
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 267 
Figure 5. Same as Figure 2 but for precipitation 18O  268 
 269 
3.2 Meridional heat transport 270 
In the MCO1x experiment, atmospheric heat transport peaks at ~42°N/S with 4.4 petawatts (PW) 271 
in both the NH and SH (Fig. SP4). Ocean heat transport reaches a maximum of 1.5 PW over the 272 
NH and 1.2 PW over the SH. Ocean heat transport peaks at 10°N in the NH and 15°S in the SH. 273 
Between MCO1x and MCO2x, the increase in CO2 results in reduced atmospheric northward heat 274 
transport in the NH over the tropics and midlatitudes with the highest decrease between latitudes 275 
30 – 45°N of ~0.31 PW (Fig. 6). In contrast, the SH shows an increase in southward atmospheric 276 
heat transport, except south of 65°S, where a small reduction is observed. Comparing MCO4x to 277 
MCO2x, there is an increase in northward meridional atmospheric heat transport, especially over 278 
the NH tropics and subtropics, with changes up to 0.15 PW. The midlatitudes show a smaller 279 
increase in poleward atmospheric heat transport in the NH and a decrease in the SH of less than 280 
0.1 PW. Moreover, increasing CO2 from 1x to 2x PI results in enhanced poleward ocean heat 281 
transport in the NH and a decrease in the SH. The tropics show small changes of less than 0.1 PW 282 
whereas large changes are observed over the subtropics and midlatitude with peaks of 0.25 PW. 283 
Relative to MCO2x, the MCO4x experiment reveals a large decrease in poleward ocean heat 284 
transport over the NH subtropics.  285 

Considering the total required heat transport at the top of the atmosphere (Fig. 6c), there is 286 
generally less energy transported polewards in both the NH and SH in the MCO2x compared to 287 
MCO1x. This is characterized by an increase in poleward ocean heat transport and a reduction in 288 
atmospheric heat transport. In the MCO4x relative to MCO2x, there is a slight increase in total 289 
heat transport with a reduction in ocean heat transport being offset by the increase in atmospheric 290 
heat transport.  291 

Regional ocean heat transport is greatest in the Pacific with a large amount of northward 292 
heat transport in the NH and deepwater formation in the North Pacific (Fig SP7). In contrast, 293 
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meridional heat transport in the Atlantic is weak and primarily in the SH. Although there are 294 
changes in the magnitudes of meridional heat transport between the ocean basins, the general 295 
patterns remain the same with increasing CO2. 296 
 297 

 298 
Figure 6. Zonally averaged northward heat transport anomalies for atmosphere (a), ocean (b), and 299 
total heat transport (c) between the different MCO experiments. 300 
 301 

 302 
Figure 7. Meridional ocean heat transport by the Pacific, Atlantic and total ocean for the three 303 
MCO experiments (top) and the differences between the MCO1x and MCO2x and MCO4x and 304 
MCO2x (bottom)  305 
 306 
3.3 Comparison with proxy data 307 
We compare model results with reconstructed surface temperature, precipitation, and 18Op to 308 
assess which prescribed CO2 produces better model-proxy agreement (Fig. 8, 9; Table 2). Our 309 
simulations reveal a warm bias over the tropics and a cold bias over the high latitudes, especially 310 
in the North Atlantic and Arctic. MCO1x shows better agreement with land surface temperature 311 
(LST) whereas MCO4x reveals better agreement with SSTs. Some studies have reported a bias in 312 
proxy reconstructions stemming from temporal shifts of growing seasons for planktonic organisms 313 
(e.g., Lohman et al., 2013). Therefore, we further compared our simulations against seasonal (e.g., 314 
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JJA over the NH and DJF over the SH) surface temperatures and found better model-data 315 
agreement with MCO2x for SSTs during summer (Fig. SP8).  316 

Model-proxy precipitation comparisons show a model dry bias over most regions in 317 
MCO1x (Fig. 8). The largest bias is observed over mountainous and desert regions. Better model-318 
data agreement is observed over East Asia and southern South America. Precipitation 319 
reconstructions show best agreement with the MCO2x experiment but with a relatively large 320 
RMSE (Table 2). With regards to 18Op, there is limited data available during the Miocene and our 321 
compilation is limited to the NH (Kukla et al., 2022). Comparison with the available 18Op data 322 
shows the best model-data agreement with the MCO1x experiment; however, the differences in 323 
RMSE are relatively small between experiments (Fig. 8 and Table 2). Similar to precipitation, the 324 
largest biases are observed over high elevation regions such as the Tibetan Plateau and Rocky 325 
Mountains.  326 
 327 
Table 2. RMSE for comparison of MCO simulations against proxy reconstructions for annual, 328 
summer (JJA in NH and DJF in SH), and winter (DJF in NH and JJA in SH). Annual precipitation 329 
is calculated in mm/year and seasonal precipitation in mm/day.  330 
 Variable 

 SST LST Precip 18Op 

Annual MCO1x 8.59 8.10 981.4 6.82 

MCO2x 5.83 8.76 926.2 6.92 

MCO4x 5.21 11.67 933.2 6.92 

Summer MCO1x 6.70 10.12 3.30  7.48 

MCO2x 4.99 13.60 3.00 7.33 

MCO4x 7.72 18.25 3.29 7.20 

Winter MCO1x 11.24 12.78 3.21 7.33 

MCO2x 7.98 9.68 3.23 7.38 

MCO4x 6.50 9.08 3.35 7.35 

 331 
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  332 
Figure 8. Mean annual sea surface temperature (a, b, c), land surface temperature (d, e, f), 333 
precipitation (g, h, i) and precipitation 18O (j, k, l) bias of simulated MCO against proxy 334 
reconstruction under the different CO2 forcings.  335 
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 336 
Figure 9 Comparison of model data and proxy data for sea surface temperature (a, b, c), land 337 
surface temperature (d, e, f), annual precipitation (g, h, i), and precipitation 18O (j, k, l) during the 338 
MCO. The error bars show uncertainty for the proxies and the winter to summer seasonal range 339 
for the model simulations. The root mean square error over all the sites is shown on the upper left. 340 
 341 
3.4 Comparison with preindustrial and future projected climate 342 
3.4.1 Comparison with preindustrial climate 343 
The MCO1x experiment is warmer than the PI experiment with global mean annual temperatures 344 
of 18.4°C versus 14.3°C. Therefore, the MCO boundary conditions result into a global warming 345 
of 4.1°C. In the NH high-latitudes, MAT is -8.8°C for MCO1x and -18.4°C for PI whereas in the 346 
SH high-latitude, MAT is -13.0°C for MCO1x and -31.9°C for PI (Fig. 10a-10b, Fig.10e). The 347 
mid-latitude MAT is 11.4°C for MCO1x and 8.9°C for PI in the NH. In the SH, the mid-latitude 348 
MAT is 15.6°C and 11.1°C for the MCO1x and PI, respectively. The subtropical MAT is 26.0°C 349 
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for the MCO1x both in the NH and SH whereas for PI, MAT is 24.2°C in the NH and 23.4°C in 350 
the SH. Moreover, MAT in the tropics is also elevated at 28.7°C for the MCO1x relative to 26.7°C 351 
for PI. Furthermore, seasonal patterns show pronounced warming over the high-latitudes during 352 
winter and over land during summer for MCO1x relative to PI (Fig. SP10). 353 
 MCO1x is drier with global mean precipitation of 3.2 mm/day compared to PI with a global 354 
mean precipitation of 3.4 mm/day (Fig. 10c-10d). Zonal averages though suggest enhanced 355 
precipitation during the MCO relative to PI except at ~60°S (Fig. 10f). Over the high-latitudes, 356 
average precipitation is 1.7 mm/day for MCO1x and 1.4 mm/day for PI in the NH, whereas in the 357 
SH, average precipitation is 2.1 mm/day for MCO1x and 1.6 mm/day for PI. In the NH mid-358 
latitudes, average precipitation is 2.9 mm/day for MCO1x and 2.7 mm/day for PI. On the other 359 
hand, SH mid-latitude precipitation averages at 3.3 mm/day for MCO1x and 3.1 mm/day for PI. 360 
Moreover, tropical rainfall maximizes at 6.4 mm/day in the SH during the MCO and 6.5 mm/day 361 
in the NH for PI. Generally, larger precipitation differences are observed over the NH midlatitudes, 362 
SH high-latitudes, and the tropics. The spatial distribution of precipitation during the MCO relative 363 
to PI shows enhanced precipitation over South America and decreased precipitation over eastern 364 
and southern Africa. Furthermore, enhanced precipitation is observed over coastal North America, 365 
Europe, Eurasia, coastal East Asia, and over the tropics. Over the ocean, enhanced precipitation 366 
occurs in the Pacific and Indian oceans. In contrast, a drier pattern is observed over the central 367 
Atlantic and west equatorial Pacific and a big part of the North Atlantic. In addition, there is 368 
expansion of the tropical rain belt in the MCO1x compared to PI, particularly over the equatorial 369 
Pacific and Indian Oceans. 370 

 371 
Figure 10. Comparison of simulated MCO climate under 1x PI CO2 and PI climate for annual 372 
mean surface temperature (a, b) precipitation (c, d). The right panel shows the zonal mean annual 373 
surface temperature (e), precipitation (f)  374 
 375 
3.4.2 Comparison with projected future climate 376 
To compare with future climate projections, we considered climate responses between the MCO1x 377 
and MCO2x and projected changes under RCP8.5 relative to PI. Our results show a projected 378 
global warming of 4.0°C under RCP8.5 relative to PI and 3.9°C in MCO2x relative to MCO1x. 379 
High-latitude temperatures reveal more future warming over the NH and the Southern Ocean but 380 
less warming over Antarctica than MCO2x (Fig. 11). In contrast, the midlatitudes show warmer 381 
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temperatures during the MCO relative to future projections. However, these differences are small. 382 
In the tropics and subtropics, both scenarios show similar warming patterns, with average increases 383 
of 2.5°C.  384 

Regionally, large warming is observed over the Arctic, followed by Antarctica and the 385 
Southern Ocean for both cases. Less spread patterns are observed over the tropics for both the 386 
MCO and future projected climate except for North Africa, central South America, and over 387 
southwestern Asia. Overall, there are significant differences between LST and SST, with larger 388 
warming observed over land than over the ocean and more pronounced changes in the future 389 
projections than the MCO (Fig. 11). These differences in warming are especially evident in the 390 
JJA seasonal response (Fig. SP13).  391 
 Comparing future projected changes in precipitation under RCP 8.5 with PI shows 392 
enhanced precipitation of 0.5 mm/day over the mid- and high-latitudes in the NH (Fig.11). 393 
Similarly, the MCO2x relative to MCO1x reveals an increase in precipitation over the entire NH, 394 
with greatest increases over the high latitudes. However, future projections show a decrease in 395 
precipitation over the subtropics and a large increase in precipitation over the tropics of 1.5 396 
mm/day. In the SH, similar responses are observed under RCP8.5: wetter tropics, albeit with a 397 
smaller magnitude compared to the NH, drier subtropics, and greatly enhanced precipitation of 0.9 398 
mm/day around 70°S. Similarly, for the Miocene climate, there is enhanced tropical precipitation, 399 
drier subtropics, wetter mid- and high-latitudes except around 70°S, where a reduction in 400 
precipitation is observed over the SH.  401 

The spatial distribution of precipitation for both the MCO and future projection (Fig. 11) 402 
shows more precipitation over the polar regions, the midlatitudes, equatorial regions, and most 403 
land areas. In contrast, drier patterns are observed over the subtropics of Europe and the 404 
Mediterranean. Our findings are larger for projected changes under RCP8.5 relative to PI than 405 
MCO2x relative to MCO1x.  406 

 407 
Figure 11. Comparison of simulated climate change during the MCO (2x PI CO2 relative to 1x PI 408 
CO2) and future projected climate change under RCP8.5 for the period 2080-2100 relative to PI. 409 
Shown are maps of changes in annual mean surface temperature (a, b) and precipitation (c, d). The 410 
right panels display differences in zonal mean annual surface temperature (e) and precipitation (f).  411 
 412 
4 Discussion  413 
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This study finds that MCO boundary conditions contribute to a global warming of 4.1°C. This 414 
contribution of MCO boundary conditions to global warming contrasts with previous studies 415 
where non-CO2 boundary conditions only increased MAT by around 2°C (Krapp and Jungclaus, 416 
2012; Burls et al., 2021). This discrepancy may be a result of differences in paleogeography and 417 
the higher climate sensitivity of CESM1 relative to models used for previous Miocene simulations. 418 
The CESM1 simulation of the Eocene shows a similarly high sensitivity to boundary conditions 419 
with global warming of 5.1oC, which is higher than most models in the DeepMIP ensemble (Lunt 420 
et al., 2020).  421 

In our simulations, increasing MCO CO2 from 1x to 2x PI results in an ECS of 3.9°C, 422 
which is lower than the CESM1 ECS of 4.0°C under PI boundary conditions (Gettelman et al., 423 
2019). It is possible that this difference is a result of weakened cryosphere feedbacks associated 424 
with a warmer background state during the MCO. However, Earth system models typically show 425 
higher ECS with warmer background climate. Indeed, warming from 2x to 4x CO2, increases the 426 
MCO ECS to 4.1°C, which aligns with other studies that find increasing climate sensitivity with 427 
warming (Zhu et al., 2021). Our results also highlight the differences in climate responses under 428 
equilibrium conditions versus the transient response at year 2100 in the RCP8.5 simulations. 429 
Despite significantly less CO2 forcing, the warming going from MCO1x to MCO2x is comparable 430 
to RCP8.5 at year 2100. This result highlights the continued value of efforts to slow CO2 emissions 431 
and enhance CO2 drawdown as future projections could be underestimating warming due to Earth 432 
system feedbacks. Furthermore, the 4.1°C warming from MCO boundary conditions shows that 433 
future warming could be significantly higher than predicted if ice sheet and vegetation feedbacks 434 
are reconsidered and simulations are run beyond 2100. 435 

The spatial pattern of warming changes significantly with doubling of CO2 (Fig. 2; 3). 436 
High-latitude warming is greater when comparing MCO1x to MCO2x than when comparing 437 
MCO2x to MCO4x. Furthermore, polar amplification is more evident over the NH high-latitudes 438 
than the SH high-latitudes, especially over the Arctic when increasing CO2 from 1x to 2x PI. These 439 
differences are largely attributed to surface albedo feedbacks linked to changes in sea-ice extent 440 
and snow cover; a similar pattern of warming is found in the RCP8.5 simulations. In contrast, 441 
tropical and SH mid-latitude warming is larger between MCO2x and MCO4x than between 442 
MCO1x and MCO2x due to enhanced water vapor feedbacks in a warmer climate. In particular, 443 
low- and mid-latitude land surfaces experience enhanced warming when CO2 increases from 2x 444 
to 4x PI levels.  445 

Our results agree with past studies regarding the different contributions to surface warming 446 
for the Miocene (Burls et al., 2021; Sun et al., 2024) and studies about future climate change 447 
(Pithan and Mauritsen, 2014; IPCC 2021). In particular, our results agree with previous 448 
paleoclimate and future studies which report similar land-sea warming contrasts. Those studies 449 
attribute land-sea warming contrasts to differences in land sensible and latent heat fluxes (Sutton 450 
et al., 2008), soil moisture reductions (Clark et al., 2010), boundary layer relative humidity and 451 
effect of low-level cloud cover changes over land (Fassulo, 2010), and land-ocean boundary layer 452 
lapse rate changes (Joshi et al., 2008; Seltezer et al., 2023). This shift in the spatial pattern of 453 
warming could have important implications for longer term changes in climate with continued 454 
global warming. 455 

The strong reduction in the meridional temperature gradient going from MCO1x to 456 
MCO2x can be attributed to cryosphere feedbacks and is associated with a significant reduction 457 
in poleward heat transport (Newsom et al., 2021). Interestingly, while the reduction in meridional 458 
heat transport from MCO1x to MCO2x is similar in both hemispheres, the mechanisms are distinct 459 
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(Figure 6; 7). Poleward heat transport in the SH decreases in the ocean but increases in the 460 
atmosphere while poleward heat transport in the NH increases in the ocean but decreases in the 461 
atmosphere. This partial compensation in meridional heat transport between ocean and atmosphere 462 
has been found in many simulations on a variety of timescales (e.g., Farneti and Vallis, 2013). 463 
Going from MCO2x to MCO4x, the changes in poleward heat transport are smaller, with almost 464 
completely compensating changes in the ocean and atmosphere. However, now NH atmosphere 465 
heat transport increases while NH ocean heat transport decreases. This relatively small change in 466 
poleward heat transport between MCO2x and MCO4x might be associated with the smaller 467 
reduction in latitudinal temperature gradients, and the small increase in atmospheric heat transport 468 
possibly attributable to an increase in atmospheric moisture transport in a warmer climate state 469 
(Hwang and Frierson, 2010). With both increases in CO2, the changes in ocean heat transport are 470 
largely due to the Pacific associated with a robust Pacific Meridional Overturning Circulation, 471 
similar to some other simulations of the Neogene (e.g., Burls et al., 2017).  472 

Comparison with proxy reconstructions shows the best model-data agreement with the 473 
MCO1x experiment for terrestrial temperatures and the MCO4x experiment for marine surface 474 
temperatures (Fig. 8, 9; Table 2). Moreover, seasonal comparisons show better agreement between 475 
the MCO2x experiment and marine records during summer than in the annual mean, suggesting 476 
that model-data discrepancies may be reduced when accounting for different growing seasons of 477 
planktonic organisms (Lohman et al., 2013). Model-proxy comparison during the MCO remains 478 
challenging as proxy records are sparse. However, the large differences between terrestrial and 479 
marine surface temperature reconstructions suggests systematic bias in either the proxies or the 480 
model simulations. Paleobotanical terrestrial proxies based on modern climatic analogues might 481 
suffer a cold bias due to selective extinction of thermophilic species within plant groups, while 482 
diversification occurs of cold-adapted species. However, the modern climate analogue based 483 
reconstructions are largely congruent with leaf physiognomy-based proxies. Additionally, many 484 
mid-latitude MCO paleofloral assemblages have a distinct lack of thermophilic (e.g., tropical) 485 
plant groups, which provides strong evidence that these temperate taxa truly reflect temperate 486 
climates (Reichgelt et al., 2023). Another potential problem with paleobotanical proxies is the 487 
inclusion of wind-dispersed pollen from regional uplands that may mute a local, typically warmer, 488 
climatic signal (Mander and Punyasena, 2018). It thus may be preferable to remove pollen 489 
assemblages from proxy-model comparisons, despite this leading to a much smaller dataset for 490 
comparison (Reichgelt and West, 2025). 491 

Despite the relatively high climate sensitivity of CESM1, the model does not reproduce 492 
the meridional temperature gradient suggested by proxy reconstructions of the MCO (Table 1). 493 
MCO1x and MCO2x SSTs are relatively congruent with proxy reconstructions in the tropics but 494 
the model SST results are colder at high-latitudes. Increasing the CO2 to 4x PI level improves 495 
agreement with SST reconstructions at high-latitudes but the simulated low-latitude sea surface 496 
temperatures then becomes too warm. This is similar to the results of previous Miocene climate 497 
modeling studies (e.g., Krapp and Jungclaus, 2011; Burls et al., 2021; Sun et al., 2024).  498 
 We observe generally wetter conditions in the MCO1x experiment relative to PI. This 499 
increase in precipitation with MCO boundary conditions could be the result of changes in 500 
circulation from vegetation and ice sheet responses (Feng et al., 2017). Regionally, however, the 501 
MCO1x experiment has a drier central America and North Atlantic, which could be due to the 502 
open central American seaway, allowing for mixing of Atlantic and Pacific Ocean waters, and 503 
therefore, slowing AMOC (Maier-Reimer et al., 1990; Lunt et al., 2007). The MCO simulations 504 
also show a southward shift of the ITCZ relative to PI. The shift of maximum tropical precipitation 505 
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has been attributed to change in the interhemispheric energy budget (Donohoe et al., 2013) 506 
resulting from MCO boundary conditions such as reduced Antarctica ice sheets and open tropical 507 
ocean gateways (Steinthorsdottir et al., 2021). Similar to future projections, an increase in 508 
precipitation is observed over the mid- and high-latitudes with warming, especially when CO2 509 
levels rise from 1x to 2x PI. This enhanced precipitation has been attributed to a poleward shift of 510 
storm tracks (IPCC, 2013). Interestingly, increased CO2 from 2x to 4x PI level results in enhanced 511 
precipitation over land and drier conditions over the Arctic as well as expansion of the dry 512 
subtropics over the ocean. Over the ocean, MCO warming shows the “wet getting wetter, and dry 513 
getting drier” paradigm (Held and Soden, 2006), similar to hydrologic responses with future 514 
warming. On land, precipitation changes generally agree with future warming scenarios and likely 515 
reflect complex interactions between circulation changes and thermodynamics (Seager et al., 516 
2010).  517 
 Our MCO experiments generally have a dry bias over land relative to precipitation 518 
reconstructions. Similar challenges were reported by Acosta et al. (2024) and Herold et al. (2010) 519 
where large dry biases were reported, especially in the mid- and high-latitudes. Furthermore, 520 
Herold et al. (2010) demonstrated that there is better model-proxy agreement when model SSTs 521 
are prescribed with proxy informed values. Therefore, the inability of our model to fully simulate 522 
the reduced meridional temperature gradient could also limit its ability to capture the precipitation 523 
pattern of the MCO. The discrepancies could also be due to a combination of uncertainty in 524 
topography and geography as well as seasonal biases in the proxy reconstructions. Moreover, 525 
paleobotanical proxies also tend to have a wet bias as plant fossils are preserved in wetter 526 
environments (Reichgelt et al., 2022). Some of the model-proxy disagreements might also be 527 
attributed to the relatively low resolution of the model configuration, which prevents it from 528 
resolving small scale weather phenomena and topographic effects. In addition, the simulated dry 529 
bias could result in warmer surface temperatures as low precipitation leads to low soil moisture, 530 
which decreases latent heat flux and increases sensible heat flux (Lin et al., 2017).  531 

18Op shows enriched values during the MCO relative to PI. 18Op variations tend to follow 532 
the variation in surface temperature, especially over the high-latitudes (Dansgaard, 1964). Despite 533 
the increase in precipitation with CO2 over most parts of the globe, there is higher 18Op values in 534 
most regions. The enrichment of 18Op with precipitation may be explained by increase in 535 
atmospheric moisture residence time in a warm climate, where the abundance of moisture in the 536 
atmosphere exceeds local evaporation and precipitation (Singh et al., 2016; Winnick et al., 2014; 537 
2015; Kukla et al., 2019). Our findings also highlight the difficulty ascribing changes in tropical 538 
18O to precipitation amount when greenhouse gas concentrations are varying as our simulations 539 
do not display amount effect response to CO2 forcing during the MCO. 540 
 541 
5 Conclusion 542 
We present findings of model simulations of the MCO under three different CO2 forcings of 1x, 543 
2x, and 4x PI level using a water isotope tracer enabled Earth System model (iCESM1.2). 544 
Generally, the MCO simulations exhibits warm temperatures relative to preindustrial with largest 545 
changes over the high-latitudes attributed to the greenhouse effect and reduced surface albedo.  546 
Even with preindustrial CO2, MCO boundary conditions lead to significant surface warming 547 
relative to present-day. The MCO in our simulations also has enhanced precipitation in the mid 548 
and high-latitudes, and the ITCZ shifts southward. Overall, better model-data agreement exists 549 
with the 1x PI CO2 for terrestrial records and 4x PI CO2 for marine records. However, all our 550 
simulations still underestimate the reduced meridional temperature gradient reconstructed by 551 
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proxy records. In addition, the simulated MCO climate under 2x PI CO2 is warmer than future 552 
climate projections under RCP8.5, despite lower CO2, due to differences in boundary conditions 553 
and transient versus equilibrium climate response. Although this makes comparisons with future 554 
climate challenging, the MCO still provides valuable insights into Earth system responses to 555 
warmer than present conditions and a valuable test for Earth system models.  556 
 557 
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