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Abstract. Although Oorbital forcing is pervasive in Miocene proxy records, the climate mechanisms linking insolation 20 

changes to regional temperature within this warm, low-ice climate state remains uncleara well-established driver of 21 

Pleistocene glacial-interglacial cycles, but its role in warmer climates remains less clear. Here we use fully 22 

coupledUsing climate model simulations to, we  assess temperature response to maximum and minimum boreal 23 

summer insolation under during the Miocene and pre-industrial (PI) conditionstime. Both exhibit broadly anti-phased 24 

responses to increased and descreased insolation, but the Miocene response isshows overall weaker, with regionally 25 

dependent contrasts and reduced symmetry  and less coherent systematic between two orbital casespatterns. Three 26 

notable Miocene-PI differences emerge: (1) reduce Bboreal continentalland sensitivityregions respond less strongly 27 

in the Miocene due to dampened albedo feedbacks, water-vapor and cloud feedbacks in a warmer, low- ice 28 

climatefrom altered vegetation; (2) stronger Miocene cooling over tropical North Africa under high insolation, driven 29 

by intensified hydrological and moisture-feedbacks supported by a wider Tethys SeaTropical Africa experiences 30 

stronger cooling under high insolation, driven by an intensified hydrological cycle with a broader Tethys Ocean under 31 

warm climate; (3) reversedThe Southern Ocean anomalieswarms unexpectedly under low insolation, where poleward-32 

restricted Miocenelinked to sea ice involved albedo feedbacenables winter insolation changes to trigger positive ice-33 

albedo feedbacksk. These results demonstrate that background climate state strongly modulates orbital-scale responses 34 

and provide important context for interpreting Miocene proxy records and long-term changes in Earth’s climate 35 

sensitivity through the Neogene. Lower internal temperature variability in the Miocene suggests enhanced climate 36 
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stability and weaker orbital pacing. These findings highlight the importance of background climate state in shaping 37 

orbital-scale climate and interpreting proxy records. 38 

1 Introduction 39 

 40 

The Miocene (~23 to 5.3 Ma) markswas a pivotal stagewarm interval within Earth’s the long-term Cenozoic cooling 41 

trajectoryend, characterized by major reorganization of cryosphere, monsoon systems and global climate 42 

(Steinthorsdottir et al., 2021). The warmest interval of this epoch, the Miocene Climatic Optimum (MCO, ~17–14 43 

Ma), was marked by globally elevated temperatures, reduced meridional temperature gradients, limited Antarctic sea 44 

ice, and intensified hydrological activity in the tropics and subtropics (Holbourn et al., 2013; Steinthorsdottir et al., 45 

2021). Following the MCO, the climate transitioned toward cooler conditions, accompaniedmarked by  stepwise 46 

expansion of Antarctic sea ice and intensified monsoons circulation (e.g., (Steinthorsdottir et al., 2021; Holbourn et 47 

al., 2013; Holbourn et al., 2018; Westerhold et al., 2020). These large-scale reorganizations have been widely 48 

interpreted as responses to changes in external forcing acting on an evolving climate background state. 49 

A growing body of evidence links these Miocene climate changes to orbital forcing,These climatic changes have 50 

been linked to orbital forcing, notably through mechanisms such asinvolving Antarctic ice-sheet dynamics (Levy et 51 

al., 2019; Naish et al., 2009) and eccentricity-paced variations in the marine carbon cycle associated with an 52 

intensified tropical hydrological cycle (Holbourn et al., 2007; Liu et al., 2024; Tian et al., 2013). Long-term marine 53 

records further indicate that the sensitivity of Antarctic ice sheets to obliquity forcing intensified from during the 54 

Miocene onward and persistedcontinued intoto strengthen through the Pliocene and Pleistocene (Levy et al., 2019; 55 

Van Peer et al., 2024). In addition, sSpectral analyses of benthic δ¹⁸O and δ¹³C proxies records showindicate  56 

dominatant 400 kyr eccentricity -pacinged variability during the Miocene, followed by the emergence of with a 57 

subsequent transition toward stronger 100 kyr and 40 kyr variability later in the Neogene cycles [Holbourn et al., 58 

2007; Tian et al., 2013; Westerhold et al., 2020; Liu et al., 2024]. Despite these insights, the underlying mechanism 59 

remains poorly understood due to a lack of targeted climate modelling studies. 60 

It has been widely accepted that orbital forcing was at the origin of the Pleistocene glacial-interglacial cycles. A 61 

strong evidence is the good correlation between the periodicities of  paleoclimate records and those of the 62 

astronomical parameters [Hays et al., 1976; Berger, 1978; Lisiecki and Raymo, 2005]. Earth’s oOrbital variation 63 

inparameters— eccentricity, obliquity, and precession —regulate the seasonal and latitudinal timing and intensity of 64 

climate variability by altering the seasonal and spatial distribution of incoming solar radiation, thereby influencing 65 

monsoon strength, cryosphere dynamics, and ocean–atmosphere coupling (Berger, 1978; Hays et al., 1976; 66 

Milanković, 194169). Specifially, Ssummer insolation in the high latitudes of the Northern Hemisphere (NH) has 67 

been suggested as a key driver ofto control the Quaternary glacial-interglacial cycle through ice–albedo and 68 

hydrologicalclimate feedbacks (Milanković, 1941; Berger, 197869). Elevated NH summer insolation enhances land-69 

sea thermal contrast, shifts convection inland, strengths warms high-latitudes and enhances rainfall across regions 70 
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from Africa to Southeast Asia by strengthening early-summer land heating and shifting convection inland (Battisti et 71 

al., 2014; Bosmans et al., 2018; Dai et al., 2024; Herold et al., 2012; Yin et al., 2012). In the Southern Hemisphere, 72 

orbital forcing modulates Antarctic ice-sheet sensitivity, with geological records indicating enhanced obliquity 73 

responses from the Miocene onwards (Levy et al., 2019; Naish et al., 2009; Van Peer et al., 2024). Eccentricity-74 

paced variations in the marine carbon cycle and tropical hydrological processes further point to a strong imprint of 75 

long-period orbital forcing during this interval (Holbourn et al., 2007; Tian et al., 2013; Liu et al., 2024).It has been 76 

widely accepted that orbital forcing was at the origin of the Pleistocene glacial-interglacial cycles. A strong evidence 77 

is the good correlation between the periodicities of  paleoclimate records and those of the astronomical parameters 78 

[Hays et al., 1976; Berger, 1978; Lisiecki and Raymo, 2005]. 79 

However, the Despite being a key external forcing climate expression of orbital forcing is not stationary through 80 

time. Miocene δ¹⁸O and δ¹³C records are dominated by 400 kyr eccentricity variability, whereas stronger 100 kyr 81 

and 40 kyr cycles emerge later in the Neogene (Holbourn et al., 2007; Westerhold et al., 2020). of the climate 82 

system, to which extent orbital forcing alone could explain the change of the dominant periodicity of glacial-83 

interglacial cycle over the geological history remains uncertain. For instance,Comparable shifts the dominant 84 

periodicity shifted from ~40 kyr to ~100 kyr over during the Mid-Pleistocene transition (MPT) and the Mid-Brunhes 85 

Transition (MBT) occurred without major changes in orbital parameters, suggestiong an important role for 86 

background climate state, threshold behavior, or internal feedbacks related to the Southern Ocean ventilation and 87 

Antarctic ice dynamicsthe amplitude of the 100 kyr variability increased over the Mid-Brunhes Transition (MBT), 88 

but there are no strong obvious differences in the orbital parameters before and after these transitions (Berger, 1978; 89 

(Laskar, 2010;). Orbitally-driven internal climatic processes have therefore been proposed to explain these 90 

transitions, such as a meridional shift in the Southern Hemisphere westerlies (Kemp et al., 2010;) and changes in 91 

Southern Ocean ventilation and Antarctic bottom water formation (;Yin, 2013). Recent analyses further emphasize  92 

changes in the relative influence of precession and obliquity across these transitionsNotably, a recent study found 93 

that the MBT coincides with a change of the relative importance of precession and obliquity on high-latitude 94 

insolation, while the MPT aligns with a weakening of both precession and obliquity variations, suggesting a 95 

potential orbital origin of these climate transitions (Berger et al., 2024). Collectively, these observation imply a 96 

state-dependent orbital–climate relationship rather than a simple linear response to insolation forcing.  Furthermore, 97 

orbital variations can drive biome shifts, such as transitions from shrubland to tropical forest linked to Inter-Tropical 98 

Convergence Zone (ITCZ) variability, which may increase climate sensitivity to orbital forcing—as seen across the 99 

Eocene-Oligocene transition (Tardif et al., 2021; Westerhold et al., 2020). These studies highlight that the 100 

relationship between orbital forcing and climate is not constant in time, possibily due to internal climate feedbacks, 101 

boundary conditions and background climate. 102 

Although geological archives document pervasive orbital pacing during the Miocene, the mechanisms by which 103 

orbital-scale insolation variations translate into regional climate responses—particularly in warm climates lacking 104 

large Northern Hemisphere ice sheets—remain poorly constrained. Proxy records alone cannot isolate the respective 105 
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roles of forcing, feedbacks, and internal variability, and climate modeling studies explicity targerting orbital effects 106 

under realistic Miocene boundary conditions remain scarce. 107 

The Miocene (~23 to 5.3 Ma) was a warm interval within the long-term Cenozoic cooling trend, marked by stepwise 108 

expansion of Antarctic sea ice and intensified monsoons circulation (e.g., (Steinthorsdottir et al., 2021; Holbourn et 109 

al., 2013; Holbourn et al., 2018; Westerhold et al., 2020). These climatic changes have been linked to orbital 110 

forcing, notably through mechanisms such as Antarctic ice dynamics (Levy et al., 2019; Naish et al., 2009) and 111 

eccentricity-paced variations in the marine carbon cycle associated with an intensified tropical hydrological cycle 112 

(Holbourn et al., 2007; Liu et al., 2024; Tian et al., 2013). Long-term marine records indicate that the sensitivity of 113 

Antarctic ice sheets to obliquity forcing intensified during the Miocene and continued to strengthen through the 114 

Pliocene and Pleistocene (Levy et al., 2019; Van Peer et al., 2024). In addition, spectral analyses of δ¹⁸O and δ¹³C 115 

proxies indicate dominatant 400 kyr eccentricity-paced variability during the Miocene, with a subsequent transition 116 

toward stronger 100 kyr and 40 kyr cycles [Holbourn et al., 2007; Tian et al., 2013; Westerhold et al., 2020; Liu et 117 

al., 2024]. Despite these insights, the underlying mechanism remains poorly understood due to a lack of targeted 118 

climate modelling studies. 119 

Here, we use fully coupled By conducting climate model simulations to , this study evaluate the climate response to 120 

orbital-driven insolation changes in examines how  the Miocene framework.climate  We assess the sensitivity of 121 

high-latitude climate, tropical hydrological cycleresponds to orbital, and ocean-cryosphere interactions to orbital 122 

forcing, and how these responses differ from those under the pre-industrial (PI) condition. By comparing these 123 

response with those patterns inferred from proxy records forcing compared to the pre-industrial (PI) period, 124 

providing insight into , we assess how background climate state modulates orbital-scale climate feedback operates 125 

under different climate states (Steinthorsdottir et al., 2021). In particular, it explores how the absence of NH ice 126 

sheets, expanding Southern Ocean sea ice and strengthening monsoon rainfall shape Miocene orbital-scale climate 127 

variability and to provide context for evaluation of orbital-climate coupling through the Neogene on orbital scale.  128 

2 Climate model and simulation setup 129 

2.1 FGOALS-g3 climate model and simulation setup 130 

We use the fully coupled general circulation model  FGOALS-g3, which is part of CMIP6, to perform the 131 

simulations. It has been widely applied to both present-day climate studies (Li et al., 2020; Lin et al., 2022; Wang et 132 

al., 2020) and paleoclimate studies simulations from the Miocene to the mid-Holocene (Wei et al., 2023; Zheng et 133 

al., 2020). A Ddetailed descripitions of model components and evaluation about the model are is provided in the 134 

Supplementary information.  135 

Two baseline experiments were conducted: a pre-industrial (PI) simulation and a Miocene simulation (MCOI-3x). 136 

The PI simulation iwas performed with standardwith pre-industrial climate forcing. The MCOI-3x simulation 137 

adoptsfollows the MioMIP2 protocol, and incorporates the reconstructed Miocene boundary conditions, including 138 
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paleogeography, vegetation, ice sheet, and an atmospheric CO2 concentration that is three times (3x) of the PI level 139 

(Burls et al., 2021). The solar constant, orbital parameters, and aerosol concentration in MCOI-3x are kept identical 140 

to those of the PI simulation.  141 

To examine the climate response to orbital forcing, we conducted sensitivity simulations by modifying orbital 142 

parameters in each baseline experiment. For both the PI and MCO climate, we performed a A “wintercold-143 

perihelionorbit” simulation with minimum borealNH summer insolation (orbNSI_min), and a “summerwarm-144 

perihelionorbit” simulation with maximum NH boreal summer insolation (orbNSI_max) were performed for both 145 

the PI and the Miocene (Table S1). These orbital simulations are designed to represent mid- to late Miocene 146 

intervals characterized by pronounced δ¹³C excursions and widespread carbon burial associated with the Monterey 147 

events (Anttila et al., 2023; Holbourn et al., 2018; Westerhold et al., 2020)Our Miocene simulation focus on the 148 

mid-to-late Miocene (11–10 Ma), a period marked by pronounced δ¹³C excursion and widespread carbon burial 149 

associated with the Monterey carbon isotope events (Anttila et al., 2023; Holbourn et al., 2018; Westerhold et al., 150 

2020). Specifically, we selected two representative time slices at 10.777 Ma (NSI_maxinsolation maximum) and 151 

10.767 Ma (NSI_mininsolation minimum) as representative time slices (Fig. S1). This orbital sensitivity 152 

frameworkapproaches hasve been widely used applied in previous Pleistocene studies (Battisti et al., 2014; Bosmans 153 

et al., 2018; Dai et al., 2024). Although eccentricity also differs between these configurations, eccentricity effects 154 

are not isolate here and will be addressed in future work targeting the ~400-kyr cycle. 155 

Table 1. Model simulation setup 156 

 TOA*: Top-of-Atmosphere (TOA) radiation imbalance; GMAT**: Global Mean Air Temperature 157 

The NH June insolation contrast between NISthese two max and NISmin casesis substantial: reaches 130 W/m2 at 158 

65°N and 90 W/m2 at 20°N (Fig. S1 & S2). Thiese seasonal insolation anomaliesdifference primarily results from 159 

the changedifferences in the longitude of perihelion (: 281° and 68°), corresponding roughly to boreal summer and 160 

winter occurring nearat perihelion, respectively (Fig. S1 & Table S1). In orbNISmax, Earth receives moreenhanced 161 

insolation during boreal summer insolation and reduced less during winter insolation , amplifying the globally 162 

averageda annual insolation cycle by ~80 W/m2 relative to the baseline, whereas. Conversely, NSIorbmin 163 

Simulation 
Geography 

Setting 

pCO2 

(ppm) 

Orbital forcing Duration 

of 

simulation 

(yrs) 

TOA* 
(W/m2) 

 

GMAT** 

(℃) Eccentr 
Obliquity 

(rad) 

Long. 

Perih  

PI 

Modern 280 

0.0167 0.4091 102.040° 1700 -0.04 15.61 

PI_NSImax 0.0508 0.4208 281.387° 300 0.05 15.75 

PI_NSImin 0.0599 0.3983 68.158° 300 -0.17 15.71 

MCO 

Miocene 

(~15Ma) 

840 

0.0167 0.4091 102.040° 1700 0.34 22.32 

MCO_NSImax 0.0508 0.4208 281.387° 400 0.28 22.47 

MCO_NSImin 0.0599 0.3983 68.158° 400 0.30 22.58 

MCO_1x 280 0.0167 0.4091 102.040° 1000 0.15 22.58 
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weakensreduces the annual cycle by 60 W/m2 (Fig. 1d). Meridionally, orbmax NSImax increases annual- mean 164 

insolation at high -latitudes while slightly reducing it in the tropics due to its higher obliquity, with the opposite 165 

pattern observed in  NSIorbmin (Fig. 1c).  166 

Notably, although these configurations are specific to the Miocene, similar orbital patterns also recur throughout the 167 

Pleistocene (Fig. S3). Applying these orbital forcings to the PI and Miocene baseline simulations yields two pairs of 168 

experiments: PIorb_NSImax/PI_NSIorbmin for the pre-industrial period and 169 

MCO_NSIIorbmmax/MCO_NSIMIorbmin for the Miocene. It worth to note that although these specific 170 

configurations are chosen for the Miocene, similar orbital patterns recur throughout the Pleistocene (Fig. S3). 171 

172 

 173 

Figure 1. Orbital-induced insolation changes (W/m2) of the NSIorbmin (a) and NSIorbmax (b) simulations from the 174 
baseline simulation, and their latitude profile of annual- mean insolation (c) and globally averaged annual insolation cycle 175 
(d).  176 

BothThe PI and MCOI-3X baseline simulations were each run for 1700 years to reach quasi-equilibrium. The 177 

oOrbital simulations were then branched from the year 1601th of the correspondingPI and Miocene baseline runs and 178 

integrated for additional 300 (PI_NSImax, PI_NSImin) and 400 years (MCO_NSImax, MCO_NSImin), 179 

respectively. Over the final 100 years of each experiments, This approach ensured that the global mean tTop-of-180 

Atmosphere (TOA) radiation imbalance within ±0.34 W/m2 (Table. S1) over the final 100 years. Monthly means 181 
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output from these equilibrated periodssimulations arewere used for all subsequent analysis. The PI simulation 182 

reasonably captures the spatial pattern and magnitude of present-day seasonal temperature variations in both 183 

magnitude and spatial pattern relative to, closely matching  the CMIP5 multi-model mean and ERA5, with data 184 

despite a minor cold bias in Arctic Eurasia linked to excessive due to sea ice overestimation (see SI for more 185 

details). 186 

2.2 Diagnostic analysis 187 

To diagnose the processes controlling the temperature response to orbital forcing, Wwe conducted apply a one-188 

dimensional Energy Balance Model ananlysis (EBM) following (Heinemann et al., (2009) and ; Wei et al., (2023). 189 

to quantify how changes in radiative components contribute to temperature response to orbital forcing. The EBM 190 

balances net incoming shortwave radiation againstwith outgoing longwave radiation and meridional heat transport, 191 

using radiative fluxes from the coupled general circulation model (GCM) as input. Temperature differences between 192 

simulations are decomposed into contributions from change in surface albedo, water-vapor greenhouse trappinggas 193 

of water vapor, cloud radiative effects, surface albedo, and meridional heat transport, and cloud. CThe cloud effects 194 

can beare further decomposed into shortwave and longwave components.  195 

The EBM components reproduce the zonal-mean temperature responses simulated by align well with the GCM,  196 

simulated results, effectively capturing the zonal-mean features of temperature response, with deviations generally 197 

withinof 0.1-0.9 ℃ (Fig. S4 ). Slight underestimatesions occur in the NH subtropics and, polar regions, and high-198 

latitude Southern Ocean, while an overestimation appears neararound 70-80°N latitudinal (Fig. S4),. These slight 199 

discrepancies are  consistent withsimilar in magnitude to those reported in the previous studies and mainly reflecting 200 

nonlinear processes associated with arise from seasonal and zonal averaging of nonlinear processes (Lunt et al., 201 

2012). The EBM decomposition is used to interpret the relative roles of albedo, water vapour, clouds, and heat 202 

transport in shaping the spatial structure of orbital-scale temperature changes. 203 

3 Results and Discussion 204 

3.1 Weaker seasonality of temperature response during the Miocene  205 

The annual temperature cycle in the MCO is 3.2 ℃, smaller than the 3.7℃ in PI, reflecting reduced July warming and 206 

weaker January cooling (Fig 2a). The MCO-1x simulation show an intermediate amplitude of ~3.5 °C (Fig. S4), 207 

suggesting both elevated CO2 and Miocene boundary condition contribute to the reduced seasonality, with the latter 208 

exerting a slightly larger influence.  209 

Orbital forcing substantially modulates the amplitude of the seasonal temperature cyclevariations. Reduced boreal 210 

summer insolation weakens the seasonal cycle , from 3.2 ℃ in MI-3x by 1.9 to 1.3 ℃ in MCO_NSIMIorbmin, and 211 

by 2. from 3.7℃ in PI to 1.6 ℃ in PIorbminPI_NSImin. Conversely, increased boreal summer insolation intensifies 212 

seasonality, raisingreaching it to 5.4 ℃ in MCOINSIorbmax and 6.4 ℃ in PINSIorbmax (Fig. 2). Consequently, 213 

seasonal l global-mean air temperature (GMAT) variations rise by more than 2 ℃ in the NSIorbmax simulations and 214 



8 

 

decline by a similar magnitude in the NSIorbmin simulations relative to their respective baselines. These changes in 215 

JJA temperature differences between NSImax and NSImin exceed 2.5 ℃ between orbital simulations (Fig. 2), —a 216 

shift comparable to the ~3 ℃ global cooling during the late Miocene (Westerhold et al., 2020), underscoring the 217 

potential role of orbital forcing to generate large-amplitudein climate variability.  218 

 219 

 220 

Figure 2. (a) Annual cycle of temperature anomalies relative to (from their annual mean) (a), with black, red and blue 221 
lines representing baseline, NSI_max and NSI_min simulations, respectively. Solid lines denote the PI climate, and dashed 222 
lines denote the Miocene climate. (b) Latitude profile of temperature response to orbital forcing, shown as anomalies to 223 
their baseline simulation and using the same color scheme as in (a). The locations of modern Antarctic Ice sheet (AIS), 224 
major monsoon regions and the Last glacial maximum Ice sheets are indicated in (b). 225 

 and their latitude profile of temperature response to orbital forcing (b). 226 

Compared withto the PI climatecontext, the MCOI-3x simulation exhibits weaker seasonality and a dampened 227 

orbital response (Fig. 2a). The annual cycle is smaller in MI-3x than in PI, reflecting reduced July warming and 228 

January cooling. The GMAT response to orbital forcing is diminished by approximately ~ 0.1 ℃ in both 229 

MCOi_orbNSImin and MCO_IorbNSImax simulations, yieldleading to ~10 % weaker changes in seasonal 230 

amplitude changes. This diminished Miocene temperature response is also evident in the latitudinal profile, showing 231 

differences of up to 1 ℃ at high latitudes (Fig. 2b). Because comparable analyses are not yet available for other 232 
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warm climate intervals, it remains uncertain whether the  reduced orbital response  identified here is specific to the 233 

MCO or reflect a more general feature of warm climate states. This question requires further investigation.  234 

This reduced Miocene seasonality is consistent with proxy-based evidence for weakerindicating lower seasonality 235 

during the warming Miocene in Europe (Harzhauser et al., 2011), the Mediterranean (Utescher et al., 2009), and N 236 

America (Reichgelt et al., 2023). Variation in Miocene’s seasonal response to identical orbital forcing can alter the 237 

relationship between growing-season and annual mean temperatures, potentially biasing proxy-based climate 238 

reconstructions. This highlight the importance of applying seasonality adjustments that account for different 239 

paleoclimate backgroundcontexts, rather than relying solely on modern analogues, when addressing well-240 

documented seasonal biases in proxies (Bova et al., 2021; Marsicek et al., 2018; Laepple and Lohmann, 2009; 241 

Laepple et al., 2022). 242 

3.2 Spatially varied Miocene temperature responses  243 

The NISorbmax and NSIorbmin simulations show overall anti-phased annual mean temperature responses (Fig. 3). 244 

Compared to the MCOI-3x and PI baselines, NSIorbmax simulations show a dipole pattern, with polar warming but 245 

cooling in the tropics and subtropics of both hemispheres. Conversely, NSIorbmin simulations show high-latidue an 246 

opposing dipole: cooling at high-latitudes and extratropical and tropical warming in the tropicsthat, extending up to 247 

~60°N and 40°S. Similar high versus -low- latitude contrasts have been reported in simulations of interglacials 248 

characterized by high obliquity and precession, such as Mid-Holocene (Brierley et al., 2020; Dai et al., 2024) and 249 

other interglacials [Yin and Berger, 2012; Herold et al 2012]. These patterns are primarinly related to the change in 250 

obliquity and precession, and are further amplified by feedback including high-latitude albedo changes and shifts in 251 

the tropical hydrological cycle (Fig. S5 & S6). 252 
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 254 

Figure 3. Annual- mean air temperature response (°C). Upper panel: Anomalies of NSImax and NSImin 255 

simulations relative to the baseline simulation (a, b) and the difference between NSImax and NSImin simulations 256 

(c), all for the PI. Cross marked regions indicate where precipitation increased (red) or decreased (blue) by more 257 

than 0.6 mm/day. Hatching indicates regions where albedo increase (magenta) or decrease (green) by over 5%. 258 

Middle panel:Same as upper panel but for the Miocene. Lower panel: Differences between the Miocene and PI 259 

baseline simulations for the NSImax (g) and for the NSImin (h).Blue horizontal and purple vertical hatching regions 260 

indicate where the sign of anomalies is reversed—shifting from negative in PI to positive in Miocene, and vice versa 261 

to orbital forcing, with anomalies relative to baseline simulations displayed in the top two panels. Crosses 262 

mark areas where precipitation increased (red) or decreased (blue) by more than 0.6 mm/day. Hatching 263 

indicates regions where albedo increase (magenta) or decrease (blue) by over 5%. The last column 264 

summarized orbmax-orbmin differences. The bottom panel highlights differences between PI and Miocene 265 

response;  blue horizontal and purple vertical hatching marking regions where the sign of anomalies is 266 

reversed —shifting from negative in PI to positive in Miocene, and vice versa.  267 

3.2.1 Reduced High-latitude Orbital Response in the Miocene 268 

Compared to PI, the Miocene orbital response is notably weaker at high northern latitudes (Fig. 3). Under the PI 269 

conditiontext, the strongest warming in PINSIorbmax warming (~4.8 ℃) occurs over northeast Canada and the 270 

Labrador Sea, whereas the MCO_NSIIorbmax warming is less than half as largestrong (Fig. 3b). Similarly, cooling 271 

in the PINSIorbmin simulation reaches `4.4 ℃ over Western Siberia, but only `1 ℃ in MCO_IorbNSImin (Fig. 3a, 272 

3c). The strongest Miocene orbital response —2.8℃ over the Chukchi Sea—remainis still weaker than itsin PI 273 

counterpart.  274 

The EBA results show that much of the weaker Miocene temperature responses in NH high-latitudes can be 275 

attributed to smaller changes in surface albedo (Fig. 4). In the Miocene, the albedo contribution is roughly half of 276 

that in the PI. For example, albedo-driven warming reaches  6°C in PINSIorbmax but only ~3°C in MINSIorbmax. 277 

Similarly, MCONSIIorbmin shows poleward- shifted and weaker albedo-driven cooling than PINSIorbmin. This 278 
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reduced albedo feedback dampens the Miocene temperature responses to orbital forcing, with temperature changes 279 

closely matching the spatial pattern of albedo response  variations (Fig. 3). Further analysis  (Fig. S6) shows reveals 280 

that strong albedo changes inunder the PI simulationcontexts coincides with ice sheets and sea ice, where ice–albedo 281 

feedbacks amplifyenhance the climate’s response to orbital forcing. By contrast, the warmer Miocene climate, 282 

characterized by widespread vegetation, limited sea ice, and lower surface albedo, is less sensitive to orbital 283 

perturbationsforcing.  284 

 285 

 286 

Figure 4. Zonal mean surface temperature responses (to orbital forcing frominsolation) of the EBM decomposition. 287 
various components from energy balance analysis. Total response is decomposed into contributions from the surface albedo 288 
(albedo), water vapor’s greenhouse (GHG), meridional heat transport (trans), and cloud  effects (cloud).  289 

The above strong albedo response is further reinforced by water- vapor’s greenhouse effect but partly offset is 290 

counteracted by cloud changesover. Water- vapor contributions largely follow albedo patterns, reflecting their 291 

dependence on surface energy availability, whereas clouds exert an opposing influence. Further decomposition into 292 

shortwave and longwave components reveal that shortwave cloud radiativeon effects dominates, yieldindicating a 293 

generally weaker net negative feedback in the Miocene (Fig. S4).  294 
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These results are consistent with previous studies suggesting weaker climate sensitivity during warm periods [De 295 

Vleeschouwer et al., 2017; Levy et al., 2019; Naish et al., 2009](Reichgelt et al., 2023; De Vleeschouwer et al., 296 

2017; Levy et al., 2019; Naish et al., 2009). For example, proxy reconstruction indicates muted Miocene climate 297 

variability in eastern North America compared to the modern era (Reichgelt et al., 2023). The larger and more 298 

regular temperature variations in the PI simulation point tosuggest an enhanced sensitivity to orbital forcing, 299 

consistent with the development of pronounced NH glacial-interglacial cycles. In contrast, the Miocene’s dampened 300 

response implies weakened climate response to orbital forcing and thus possibly reduced amplitude of that climate 301 

variability was likely less periodic or characterized by a more prolonged cycle under warmer backgroundclimate 302 

conditions.  303 

3.2.2 Enhanced tropical North Africa cooling in the MCOINSIorbmax simulation 304 

An exception to the weaker Miocene response is the enhanced tropical North Africa cooling in the 305 

MCO_NSIMIorbmax simulation (Fig. 3d). Here, annual-mean temperature decrease bywhich shows a 4.4 °C 306 

decrease—greater than the 3.8 °C in PI_orbNSImax—and the anomaly extends farther north. Seasonal 307 

decomposition indicates that this cooling persists even during boreal summer, despite increased insolation (Fig. S1 308 

& S7). It coincides with intensified precipitation, indicatingpointing to a dominant role of insolation-driven 309 

hydrological changes in controllmodulating temperature.  310 

These enhanced Miocene cooling effects under MCO_NSImax are consistent with increased precipitation. The EBM 311 

results show that the stronger cooling in the MSIorbmax simulation arises from larger water- vapor and cloud 312 

contributionhanges (-0.34 and -1.12℃ in Miocene vs. 0.28 and 0.94℃ in PI). These enhanced Miocene cooling 313 

effects align with increased precipitation. Additional analysis of mositurewater flux divergence suggests that more 314 

moisture is from the Tethys Sea during the Miocene, feedings this region’s precipitation over tropical North Africa 315 

(Fig. S8). This highlights that a A wider Tethys Sea provides an efficient moisture source, while a warmer climate 316 

accelerates the hydrological cycle (Fig. S8) (Sarr et al., 2022; Huntington, 2006). These findings are in linealign 317 

with proxy evidence for intensified hydrological cycle and increased precipitation under warm climate, such as the 318 

“green Sahara” during the mid-Holocene (Hoelzmann et al., 2001; Kutzbach and Liu, 1997; Liu et al., 2024), and 319 

supporting the interpretationconclusion that MCONSIIorbmax cooling is driven by hydrological intensification. 320 

Similar deep-time sensitivity to orbital forcing has been noted in early Cenozoic simulationprevious studies, which 321 

show found substantial precipitation responses comparable to monsoon signalsduring the early Cenozoic, 322 

comparable to monsoon signals (Zhang et al., 2024).   323 

3.2.3 Disrupted Southern Ocean warming orbital signal in the MCO_NSIminMiocene 324 

In the Southern Ocean, the Miocene response to orbital forcing deviates from the expected anti-phase pattern 325 

observed in PI that roughly follows insolation change. In MCO_NSImin simulation,Specifically, unexpected 326 

warming occurs over the Ross Sea and Weddell Sea despite reduced local annual-mean insolation,in response to 327 

overall reduced local annual mean insolation in the MIorbmin simulation, in contrasted to  with the cooling 328 
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simulatedobserved  in PINSIorbmin. This Miocene response deviates from the the near-symmetric responses 329 

observed in PI, which broadly follows local insolation changes. 330 

This anomalous warming is particularly evident duringin the austral winter (Fig. S10), disrupting the expected anti-331 

phase signal and generating an out-of-phase responsepattern. According to EBM analysis indicates that, the reversed 332 

temperature response in MCONSIIorbmin (1.1℃ warming at 71°S instead of cooling) is mainly attributed to albedo 333 

and water- vapor effects (Fig. 4). During the Miocene, the maximum sea- ice edge lies closer to the pole (~extended 334 

polarward around 70°S), where significant winter insolation anomalieschanges (Fig. S9) promotefacilitated 335 

increased austral winter insolation to trigger positive ice-albedo feedback:— reducing sea ice and enhanced ocean-336 

atmosphere heat exchange,warming (Fig. 3 & S10) — and additionalgenerating more atmospheric water vapor (Fig. 337 

3 & S10). In contrast, PI sea ice extendsed into lower latitudes, where insolation changes were smaller, 338 

limitreducing sensitivity to the  seasonal change of orbital forcing (Fig. S10).  339 

These results support geological evidence that ocean-atmosphere-ice sheet interactions amplified Antarctic ice- 340 

sheets sensitivity to orbital forcing during their Miocene ice-sheet growthexpansion [De Vleeschouwer et al., 2017; 341 

Levy et al., 2019; Naish et al., 2009]. Sediment records further indicate a stronger and more stable climate response 342 

aswith growth of ice sheets and sea ice expanded,(De Vleeschouwer et al., 2017; Levy et al., 2019; Naish et al., 343 

2009; Reichgelt et al., 2023), compared withto warmer periods, such aslike the Early Eocene,, when intensified 344 

carbon-climate coupling played a dominant roledominated  (De Vleeschouwer et al., 2017; Levy et al., 2019; Naish 345 

et al., 2009; Reichgelt et al., 2023),(Setty et al., 2023). Overall, these findings underscore strong background-state 346 

control on how Southern Ocean sea- ice feedbacks are strongly modulated by the background climate state (Bloch‐347 

Johnson et al., 2021).  348 

3.3 Spatially divereIrregulate Miocene responses to orbital forcing and reduced weakened internal climate 349 

variability   350 

Beyond differences in magnitude, the spatial extent of warming and cooling response also differs notably between 351 

the PI and Miocene simulation. UnderIn the PI conditions, high-latitude temperature responses are largestrictly 352 

sysmetricanti-phased between NSImax and NSImintwo insolation cases. In contrast, the Miocene simulations show 353 

warming in both MCONSIIorbmin and MCO_IorbNSImax over Siberia and Alaska, resulting in distinct regional 354 

responses across 60-70°N, spanning Eurasia, Alaska and North America continent (Fig. 3e, blue line). Similarly, the 355 

Weddell Sea and Ross Sea exhibitin the Southern Ocean show overall warming in both Miocene orbital simulations, 356 

deviating from the expected anti-phasedsymatric PI behaviorchanges observed in the PI (Fig. 3 & S11). These 357 

deviations suggest a less systematic and less predictable Miocene climate responsesystem,, likely consistent with 358 

proxy evidence for reflecting the dominance of longer-period orbital variability periodicities (, such ase.g. the 400-359 

kyra) cycle, rather than the 40 kyra and 100 kyra cycle characteristic of the Pleistocene, as suggested by proxy 360 

records [Holbourn et al., 2007; Tian et al., 2013; Westerhold et al., 2020; Liu et al., 2024]. This also implies that 361 

simpley comparing NSIorbmax minus NSIorbmin, without examining spatial patterns in detail, canrisks 362 

missingobscure nonlinear responses—particularly under warmer background conditionslimate conditions.  363 
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In addition to meanseasonal changes, internal temperature variability is crucial for assessingprovides insight into 364 

climate stability (Harzhauser et al., 2011). We thereforeTo investigate this, we  examine deseasonalised variability 365 

(expressed as the (standard deviation) across aboveover key high-latitude regions where major of active glacial 366 

dynamics occur. Results show that mMid-latitude Eurasia and North America exhibit higher internal temperature 367 

variability in the PI simulation, which is further amplified inunder both PINSIorbmin and PINSIorbmax, reflecting 368 

such aenhanceds ice-albedo interactions and land-atmosphere coupling. By contrast, the Miocene showed lower 369 

variability is lower and in those regions, further reduced in the MCONSIIorbmin simulation (Fig. 5), suggesting a 370 

more stable high-latitude climate with dampened feedbacks under warmer background conditions. Reduced eEastern 371 

Pacific variability in the Miocene likely reflects enhanced inter-basin exchange through an open Panama Seaway, 372 

which buffers regional responses. The Sstronger and more regular PItemperature variability in the PI simulations 373 

indicatessupports greater orbital sensitivity and support the development of pronounced NH glacial-interglacial 374 

cycles, whereas, whereas the dampened and irregular Miocene response suggests weaker or less periodic orbital 375 

pacingcycles under warm conditions. 376 

 377 

 378 

Figure 5. Standard deviation of deseasonalized temperature, and their its responses to orbital forcing.  379 
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4 Conclusions and Implications  380 

The Miocene, particularly the interval following the Miocene Climatic Optimum (MCO), shows strong orbital 381 

pacing in geological records despite warm boundary conditions, limited Northern Hemisphere ice, and reduced 382 

meridional temperature gradients. However, the mechanisms linking orbital forcing to climate variability during this 383 

warm epoch are not well understood. By conducting parallel orbital sensitivity experiments under mid-Miocene and 384 

pre-industrial (PI) conditions, we evaluate how background climate state modulates the expression of orbital-driven 385 

temperature change. Orbital insolation drives glacial-interglacial cycles through complex feedbacks involving 386 

continental ice sheets. While most studies have focused on the Quaternary—when large continental ice sheets 387 

presented in both hemispheres—the climate response to orbital forcing during warm periods, such as during the 388 

Miocene, remains less well understood. This study addresses that gap by conducting and comparing two sets of 389 

orbital sensitivity simulations under pre-industrial (PI) and mid-Miocene conditions, each forced with minimum 390 

(orbmin) and maximum (orbmax) boreal summer insolation.  391 

In general, The simulations revealboth climates exhibitan broadly overall anti-phased temperature responses 392 

between maximum and minimum boreal summer insolation, each characterized by a meridional high-to-low latitude 393 

dipole,between. the two orbital scenarios: Orbmax leads to high-latitude warming and tropical cooling, 394 

However,whereas  the Miocene response is ~1℃ weaker, withorbmin produces the opposite pattern. However, 395 

compared to PI, the Miocene exhibits a weaker global temperature response (~1℃ smaller) regionally dependent 396 

contrasts and and  reduced symmetric between two orbital casesless stable anti-phased behavior among orbmax and 397 

orbmin. Three Kkey differences emergeinclude: (1) Weaker Reduced temperature response over Northern 398 

Hemisphere continental sensitivitys in the Miocene, caused by reducedreflecting weaker surface- albedo, feedbacks 399 

primarily due to different vegetation and ice cover, along with contributions from water- vapor, and greenhouse 400 

effect and cloud radiative effects in a warmer, low-ice, vegetation-modified climate—consistent with proxy evidence 401 

for diminished high-latitude climate sensitivity after the MCOcover; (2) Stronger hydrologicalco cooling (4.4℃) 402 

over in North Tropical Africa in the MCONSIIorbmax simulation, compared to 3.8℃ in PIorbmax driven by 403 

enhanced ,precipitation, cloud, and moisture-feedbacks within an intensifieddriven by enhance Miocened 404 

hydrological cycle supported by changes due to more moisture from a wider Tethys Sea u—nder the warmer 405 

background climateindicating amplified hydrological sensitivity to orbital forcing in warm climates; and (3) a Out-406 

of-phasereversed  temperature response in the Southern Ocean warming in the MCONSIIorbmin under lower 407 

insolation, where poleward-restricted Miocene sea ice allows simulation, driven by increased austral winter 408 

insolation anomalies to trigger positive ice-albedo feedbacks, sea ice reduction, and subsequent positive ice-albedo 409 

feedbacksmatching proxy evidence for heightened Antarctic obliquity sensitivity.  410 

These differences highlight that the strength and structure of orbital responses depend strongly on background 411 

climate state. The Miocene’s weaker seasonal amplitude and reduced internal variability imply diminished and less 412 

periodic orbital pacing relative to the PI climate, consistent with dominant 400-kyr eccentricity variability in 413 

Miocene proxy records. This has two key implicationsdistinct responses have two major climate implications: First, 414 

Miocene proxy reconstructions may overestimate annual mean temperatures if modern seasonal analogues are 415 
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applied, underscoring the need for context-specific seasonality corrections; andthe weaker Miocene seasonal 416 

response alters the difference between growing-season and annual mean temperatures. This mismatch may lead to 417 

overestimates of annual mean temperature reconstruction based on some proxy records, highlighting the need for 418 

context-specific seasonality corrections rather than reliance on modern analogs (Bova et al., 2021; Marsicek et al., 419 

2018; Laepple and Lohmann, 2009; Laepple et al., 2022). Second, the stronger and more sysmatic PI response 420 

reflects the emergence of high-latitude cryosphere feedbacks central to Quaternary glacial–interglacial cycles., the 421 

larger and more regular temperature variability in the PI context indicates stronger sensitivity to orbital forcing and 422 

supports the presence of well-developed NH glacial–interglacial cycles. In contrast, the Miocene’s subdued and 423 

irregular climate variability suggests weaker and less periodic orbital pacing under warmer conditions, consistent 424 

with proxy evidence [Holbourn et al., 2013; Holbourn et al., 2018; Steinthorsdottir et al., 2021; Westerhold et al., 425 

2020]. 426 
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