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Abstract. Although orbital signal is widely identified in
Miocene proxy records, the climate mechanisms linking in-
solation changes to regional temperature within this warm,
low-ice period remains not well known. Here we use fully
coupled climate model simulations to assess temperature
response to maximum and minimum boreal summer in-
solation under Miocene and pre-industrial (PI) conditions.
Under both conditions, temperature exhibits broadly anti-
phased responses to increased and decreased insolation, but
the Miocene response is overall weaker, with regionally de-
pendent contrasts and reduced symmetry between two or-
bital cases. Three notable Miocene-PI differences emerge:
(1) reduced boreal continental sensitivity in the Miocene due
to dampened albedo, water-vapor and cloud feedbacks in a
warmer, low-ice climate; (2) stronger Miocene cooling over
tropical North Africa under high insolation, driven by inten-
sified hydrological and moisture-feedbacks supported by a
wider Tethys Sea; (3) reversed Southern Ocean anomalies
under low insolation, where poleward-restricted Miocene sea
ice enables winter insolation changes to trigger positive ice-
albedo feedbacks. These results demonstrate that background
climate state strongly modulates orbital-scale responses and

provide important context for interpreting Miocene proxy
records and long-term changes in Earth’s climate sensitivity
through the Neogene.

1 Introduction

The Miocene ( ~ 23-5.3 Ma) marks a pivotal stage in Earth’s
long-term Cenozoic cooling trajectory, characterized by ma-
jor reorganization of the cryosphere, monsoon systems and
global climate (Steinthorsdottir et al., 2021). The warmest in-
terval of this epoch, the Miocene Climatic Optimum (MCO,
~ 17-14Ma), was marked by globally elevated temper-
atures, reduced meridional temperature gradients, limited
Antarctic sea ice, and intensified hydrological activity in the
tropics and subtropics (Holbourn et al., 2013; Steinthorsdot-
tir et al., 2021; Acosta et al., 2024; Goldner et al., 2014,
Burls et al., 2021). Following the MCO, the climate transi-
tioned toward cooler conditions, accompanied by stepwise
expansion of Antarctic sea ice and intensified monsoons cir-
culation (e.g., Steinthorsdottir et al., 2021; Holbourn et al.,
2013, 2018; Westerhold et al., 2020; Frigola et al., 2021; Hal-
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berstadt et al., 2021). These large-scale reorganizations have
been widely interpreted as responses to changes in external
forcing acting on an evolving climate background state.

A growing body of evidence links these Miocene climate
changes to orbital forcing, through mechanisms involving
Antarctic ice-sheet dynamics (Levy et al., 2019; Naish et al.,
2009) and eccentricity-paced variations in the marine carbon
cycle associated with an intensified tropical hydrological cy-
cle (Holbourn et al., 2007; Liu et al., 2024; Tian et al., 2013).
Long-term marine records further indicate that the sensitiv-
ity of Antarctic ice sheets to obliquity forcing intensified
from the Miocene onward and persisted into the Pliocene and
Pleistocene (Levy et al., 2019; Van Peer et al., 2024). Spectral
analyses of benthic /80 and §'3C records show dominatant
400 kyr eccentricity pacing during the Miocene, followed by
the emergence of stronger 100 and 40 kyr variability later in
the Neogene (Holbourn et al., 2007; Tian et al., 2013; West-
erhold et al., 2020; Liu et al., 2024).

Orbital variation in eccentricity, obliquity, and precession
regulate the seasonal and latitudinal distribution of incom-
ing solar radiation, thereby influencing the climate system
such as monsoon strength, cryosphere dynamics, and ocean—
atmosphere coupling (Berger, 1978; Hays et al., 1976; Mi-
lankovié, 1941). Specifically, summer insolation in the high
latitudes of the Northern Hemisphere (NH) has been sug-
gested as a key driver of Quaternary glacial-interglacial cy-
cle (Milankovié, 1941). Elevated NH summer insolation en-
hances land—sea thermal contrast, shifts convection inland,
strengths rainfall from Africa to Southeast Asia (Battisti
et al., 2014; Bosmans et al., 2018; Dai et al., 2024; Herold
et al., 2012; Yin and Beger, 2012). In the Southern Hemi-
sphere, orbital forcing modulates Antarctic ice-sheet sensi-
tivity, with geological records indicating enhanced obliquity
responses from the Miocene onwards (Levy et al., 2019;
Naish et al., 2009; Van Peer et al., 2024). Eccentricity-paced
variations in the marine carbon cycle and tropical hydrologi-
cal processes further point to a strong imprint of long-period
orbital forcing during this interval (Holbourn et al., 2007;
Tian et al., 2013; Liu et al., 2024).

However, the climate expression of orbital forcing is not
stationary through time. Miocene 8'30 and §'3C records
are dominated by 400kyr eccentricity variability, whereas
stronger 100 and 40 kyr cycles emerge later in the Neogene
(Holbourn et al., 2007; Westerhold et al., 2020). Compara-
ble shifts during the Mid-Pleistocene transition (MPT) and
the Mid-Brunhes Transition (MBT) occurred without major
changes in orbital parameters, suggesting an important role
for background climate state, threshold behavior, or inter-
nal feedbacks related to the Southern Ocean ventilation and
Antarctic ice dynamics (Kemp et al., 2010; Yin, 2013). Re-
cent analyses further emphasize changes in the relative in-
fluence of precession and obliquity across these transitions
(Berger et al., 2024). Collectively, these observations imply
a state-dependent orbital-climate relationship rather than a
simple linear response to insolation forcing.
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Although geological archives document pervasive orbital
pacing during the Miocene, the mechanisms by which
orbital-scale insolation variations translate into regional cli-
mate responses — particularly in warm climates lacking large
Northern Hemisphere ice sheets — remain poorly constrained.
Proxy records alone cannot isolate the respective roles of
forcing, feedbacks, and internal variability, while climate
modeling studies explicitly targeting orbital effects under re-
alistic Miocene boundary conditions remain scarce.

Here, we use fully coupled climate model simulations
to evaluate the climate response to orbital-driven insolation
changes in the Miocene framework. We assess the sensi-
tivity of high-latitude climate, tropical hydrological cycle,
and ocean-cryosphere interactions to orbital forcing, and how
these responses differ from those under the pre-industrial
(PD) condition. By comparing these responses with those pat-
terns inferred from proxy records, we assess how background
climate state modulates orbital-scale climate variability and
to provide context for evaluation of orbital-climate coupling
through the Neogene.

2 Climate model and simulation setup

2.1 FGOALS-g3 climate model and simulation setup

We use the fully coupled general circulation model
FGOALS-g3, which is part of CMIP6. It has been widely
applied to both present-day climate studies (Li et al., 2020;
Lin et al., 2022; Wang et al., 2020) and paleoclimate simu-
lations from the Miocene to the mid-Holocene (Wei et al.,
2023; Zheng et al., 2020). A detailed description of model
components and evaluation is provided in Sect. S1 in the
Supplement.

Two baseline experiments were conducted: a pre-
industrial (PI) simulation and a Miocene simulation (MCO).
The PI simulation is performed with standard pre-industrial
climate forcing. The MCO simulation adopts the MioMIP2
protocol and incorporates reconstructed Miocene boundary
conditions, including paleogeography, vegetation, ice sheet,
and an atmospheric CO; concentration three times the PI
level (Burls et al., 2021). The solar constant, orbital parame-
ters, and aerosol concentration in MCO are kept identical to
those of the PI simulation.

To examine the climate response to orbital forcing, we
conducted sensitivity simulations by modifying orbital pa-
rameters in each baseline experiment. For both the PI and
MCO climate, we performed minimum (NSImin) and max-
imum (NSImax) boreal summer insolation simulations, cor-
responding to winter- and summer-perihelion configurations
with perihelion longitudes of 281 and 68°, respectively. (Ta-
ble 1). These orbital simulations are designed to represent
mid- to late Miocene intervals characterized by pronounced
813C excursions and widespread carbon burial associated
with the Monterey events (Holbourn et al., 2018; Wester-
hold et al., 2020). Specifically, we selected two representative
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Table 1. Model simulation setup.
Simulation Geography Setting ~ pCO; Orbital forcing Duration of TOA! GMAT?
(ppm)  Eccentr Obliquity (rad) Long. Perih  simulation (years) (W m~2) °O)
PI Modern 280  0.0167 0.4091 102.040° 1700 —0.04 15.61
PINSImax 0.0508 0.4208 281.387° 300 0.05 15.75
PINSImin 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
MCONSImax 0.0508 0.4208 281.387° 400 0.28 22.47
MCONSImin 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
1 Top-of-Atmosphere (TOA) radiation imbalance. 2 Global Mean Air Temperature.
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Figure 1. Orbital-induced insolation changes (W m_z) of the NSImin (a) and NSImax (b) simulations from the baseline simulation (marked
as NSI|, and NSI1 in turn), and their latitude profile of annual-mean insolation (c¢) and globally averaged annual insolation cycle (d).

time slices at 10.777 Ma (NSImax) and 10.767 Ma (NSImin)
(Fig. S1). This orbital sensitivity framework has been widely
applied in previous Pleistocene studies (Battisti et al., 2014;
Bosmans et al., 2018; Dai et al., 2024). The main differences
between these configurations are primarily driven by preces-
sion, whose amplitude is modulated by eccentricity.

The June insolation contrast between NSImax and NSImin
is substantial, reaching 130 Wm~2 at 65°N and 90 Wm—2
at 20°N (Figs. 1, S1 and S2 in the Supplement). In NSI-
max, enhanced boreal summer insolation and reduced win-
ter insolation amplify the globally averaged annual insola-
tion cycle by ~ 80Wm™?2 relative to the baseline, whereas
NSImin weakens the annual cycle by 60 Wm~2 (Fig. 1d).
Meridionally, NSImax increases annual-mean insolation at
high latitudes while slightly reducing it in the tropics due
to its higher obliquity, with the opposite pattern in NSImin
(Fig. 1c). Applying these orbital forcings yields two pairs
of experiments: PINSImax/PINSImin for the pre-industrial
and MCONSImax/MCONSImin for the Miocene. It’s worth
noting that although these specific configurations are chosen
for the Miocene, similar orbital patterns recur throughout the
Pleistocene (Fig. S3).
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Both PI and MCO baseline simulations were each run
for 1700 years to reach quasi-equilibrium. The orbital sim-
ulations were then branched from the year 1601th of the
corresponding baseline runs and integrated for additional
300 (PINSImax, PINSImin) and 400 years (MCONSImax,
MCONSImin), respectively. Over the final 100 years of each
experiment, the global mean top-of-Atmosphere (TOA) radi-
ation imbalance within £0.34 Wm~2 (Table 1).

We note that the MCO runs have not fully reached quasi-
equilibrium. However, as this study focuses primarily on the
atmospheric and upper-ocean response, the remaining drift
does not affect the interpretation of the results. Monthly
means from these equilibrated periods are used for all sub-
sequent analysis. The PI simulation reasonably captures the
spatial pattern and magnitude of present-day seasonal tem-
perature variations relative to the CMIP5 multi-model mean
and ERAS, with a minor cold bias in Arctic Eurasia linked to
excessive sea ice (see Sect. S2 for more details).

2.2 Diagnostic analysis

To diagnose the processes controlling the temperature re-
sponse to orbital forcing, we apply a one-dimensional Energy

Clim. Past, 22, 879-889, 2026
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Figure 2. (a) Annual cycle of temperature anomalies relative to the annual mean, with black, red and blue lines representing baseline,
NSImax and NSImin simulations, respectively. Solid lines denote the PI climate, and dashed lines denote the Miocene climate. (b) Latitude
profile of temperature response to orbital forcing, shown as anomalies to their baseline simulation and using the same color scheme as in (a).
The locations of modern Antarctic Ice sheet (AIS), major monsoon regions and the Last glacial maximum Ice sheets are indicated in (b).

Balance Model ananlysis (EBM) following Heinemann et al.
(2009) and Wei et al. (2023). The EBM balances net incom-
ing shortwave radiation against outgoing longwave radiation
and meridional heat transport, using radiative fluxes from the
coupled general circulation model (GCM) as input. Temper-
ature differences between simulations are decomposed into
contributions from surface albedo, water-vapor greenhouse
trapping, cloud radiative effects, and meridional heat trans-
port. Cloud effects are further decomposed into shortwave
and longwave components.

The EBM components reproduce the zonal-mean tempera-
ture responses simulated by the GCM, with deviations gener-
ally within 0.1-0.9 °C (Fig. S4). Slight underestimates occur
in the NH subtropics and polar regions, while overestimation
appears near 70-80° N (Fig. S4), consistent with previous
studies and mainly reflecting nonlinear processes associated
with seasonal and zonal averaging (Lunt et al., 2012). The
EBM decomposition is used to interpret the relative roles of
albedo, water vapour, clouds, and heat transport in shaping
the spatial structure of orbital-scale temperature changes.

3 Results and Discussion

3.1 Weaker seasonality of temperature response during

the Miocene

The annual temperature cycle in the MCO is 3.2 °C, smaller
than the 3.7 °C in PI, reflecting reduced July warming and
weaker January cooling (Fig. 2a). The MCO-1x simulation
shows an intermediate amplitude of ~ 3.5°C (Fig. S5), sug-
gesting both elevated CO, and Miocene boundary conditions
contribute to the reduced seasonality, with the latter exerting
a slightly larger influence.
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Orbital forcing substantially modulates the amplitude of
the seasonal temperature cycle. Reduced boreal summer in-
solation weakens the seasonal cycle by 1.9 °C in MCON-
SImin, and by 2.0-1.6°C in PI_NSImin. Conversely, in-
creased boreal summer insolation intensifies seasonality,
raising it to 5.4 °C in MCONSImax and 6.4 °C in PI_NSImax
(Fig. 2). Consequently, seasonal global-mean air tempera-
ture (GMAT) variations rise by more than 2 °C in the NSI-
max simulations and decline by a similar magnitude in the
NSImin simulations relative to their respective baselines. The
JJA temperature differences between NSImax and NSImin
exceed 2.5 °C (Fig. 2), comparable to the ~ 3 °C global cool-
ing during the late Miocene (Westerhold et al., 2020), un-
derscoring the potential of orbital forcing to generate large-
amplitude temperature variability.

Compared with the PI climate, the MCO simulation ex-
hibits weaker seasonality and a dampened orbital response
(Fig. 2a). The GMAT response to orbital forcing is dimin-
ished by ~ 0.1°C in both MCONSImin and MCONSImax
simulations, yielding ~ 10% weaker changes in seasonal
amplitude. This diminished Miocene temperature response
is also evident in the latitudinal profile, showing differences
of up to 1°C at high latitudes (Fig. 2b). Because compara-
ble analyses are not yet available for other warm climate in-
tervals, it remains uncertain whether the reduced orbital re-
sponse identified here is specific to the MCO or reflect a more
general feature of warm climate states. This question requires
further investigation. A detailed analysis of the ocean circu-
lation response will be presented in a separate study focusing
on Miocene ocean—atmosphere dynamics.

This reduced Miocene seasonality is consistent with proxy
evidence indicating weaker seasonality in Europe during
the warming Miocene (Harzhauser et al., 2011), and a re-
duced meridional temperature gradient in North America

https://doi.org/10.5194/cp-22-879-2026
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Figure 3. Annual-mean air temperature response (°C). Upper panel: Anomalies of NSImax and NSImin simulations relative to the baseline
simulation (a, b) and the difference between NSImax and NSImin simulations (c), all for the PI. Cross marked regions indicate where
precipitation increased (red) or decreased (blue) by more than 0.6 mm d—1. Hatching indicates regions where albedo increase (magenta) or
decrease (green) by over 5 %. Middle panel:Same as upper panel but for the Miocene. Lower panel: Differences between the Miocene and
PI baseline simulations for the NSImax (g) and for the NSImin (h) Teal green horizontal and orange vertical hatching regions indicate where
the sign of anomalies is reversed — shifting from negative in PI to positive in Miocene, and vice versa.

(Reichgelt et al., 2023). Variation in Miocene seasonal re-
sponse to identical orbital forcing can alter the relationship
between growing-season and annual mean temperatures, po-
tentially biasing proxy-based temperature reconstructions.
This highlight the importance of applying seasonality adjust-
ments that account for different paleoclimate background,
rather than relying solely on modern analogues, when ad-
dressing well-documented seasonal biases in proxies (Bova
et al., 2021; Marsicek et al., 2018; Laepple and Lohmann,
2009; Laepple et al., 2022).

3.2 Spatially varied Miocene temperature responses

The NSImax and NSImin simulations show overall anti-
phased annual mean temperature responses (Fig. 3). Com-

https://doi.org/10.5194/cp-22-879-2026

pared to the MCO and PI baselines, NSImax simulations
show a dipole pattern, with polar warming but cooling in
the tropics and subtropics of both hemispheres. Conversely,
NSImin simulations show high-latidue cooling, alongside ex-
tratropical and tropical warming that extending up to ~ 60° N
and 40°S. Similar high versus low-latitude contrasts have
been reported in simulations of interglacials characterized by
high obliquity and precession, such as Mid-Holocene (Brier-
ley et al., 2020; Dai et al., 2024) and other interglacials (Yin
et al., 2012; Herold et al., 2012). These patterns are primar-
ily related to the change in obliquity and precession, and are
further amplified by feedback including high-latitude albedo
changes and shifts in the tropical hydrological cycle (Figs. S7
and S8).

Clim. Past, 22, 879-889, 2026
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Figure 4. Zonal mean surface temperature responses to orbital forcing from the EBM decomposition. Total response is decomposed into
contributions from the surface albedo (albedo), water vapor’s greenhouse (GHG), meridional heat transport (trans), and cloud effects (cloud).

3.2.1 Reduced High-latitude Orbital Response in the

MCO

Compared to PI, the Miocene orbital response is notably
weaker at high northern latitudes (Fig. 3). Under PI condi-
tions, the strongest PINSImax warming (~ 4.8°C) occurs
over northeast Canada and the Labrador Sea, whereas the
MCONSImax warming is less than half as large (Fig. 3b).
Similarly, cooling in the PINSImin simulation reaches 4.4 °C
over Western Siberia, but only 1 °C in MCONSImin (Fig. 3a
and c). The strongest Miocene response — 2.8 °C over the
Chukchi Sea — remains weaker than its PI counterpart.

EBM results show that much of the weaker Miocene tem-
perature responses in NH high-latitudes can be attributed to
smaller changes in surface albedo (Fig. 4). In the Miocene,
the albedo contribution is roughly half of that in the PIL
For example, albedo-driven warming reaches 6 °C in PINSI-
max but only ~ 3 °C in MINSImax. Similarly, MCONSImin
shows poleward-shifted and weaker albedo-driven cooling
than PINSImin. This reduced albedo feedback dampens the
Miocene temperature responses to orbital forcing, with tem-
perature changes closely matching the spatial pattern of the
Miocene albedo response (Fig. 3). Further analysis (Fig. S7)
shows that strong albedo changes in the PI simulations coin-
cides with ice sheets and sea ice, where ice—albedo feedbacks
amplifies the climate response to orbital forcing. By contrast,
the warmer Miocene climate, characterized by widespread
vegetation, limited sea ice, and lower surface albedo, is less
sensitive to orbital perturbations.

The strong albedo response is further reinforced by water-
vapor greenhouse effect but partly offset by cloud changes.
Water-vapor contributions largely follow albedo patterns,
reflecting their dependence on surface energy availability,
whereas clouds exert an opposing influence. Further de-
composition into shortwave and longwave components re-
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veal that shortwave cloud radiative effects dominate, yield-
ing a generally weaker net negative feedback in the Miocene
(Fig. S4).

These results are consistent with previous studies sug-
gesting a reduced meridional temperature gradient in east-
ern North America during the warm Miocene relative to the
modern era (Reichgelt et al., 2023). The larger temperature
variations in the PI simulation point to enhanced sensitiv-
ity to orbital forcing, consistent with the development of
pronounced NH glacial-interglacial cycles. In contrast, the
Miocene’s dampened response implies weakened tempera-
ture response to orbital forcing and thus possibly reduced
amplitude of orbital-scale climate variability under warmer
background conditions.

3.2.2 Enhanced tropical North Africa cooling in the
MCONSImax

An exception to the weaker Miocene response is the en-
hanced tropical North Africa cooling in the MCONSImax
simulation (Fig. 3d). Here, annual-mean temperature de-
creases by 4.4 °C — greater than the 3.8 °C in PINSImax —
and the anomaly extends farther north. Seasonal decompo-
sition indicates that this cooling persists even during boreal
summer, despite increased insolation (Figs. S1 and S8). It co-
incides with intensified precipitation, indicating a dominant
role of hydrological changes in controlling temperature.
These enhanced Miocene cooling effects under MCON-
SImax are consistent with increased precipitation. EBM di-
agnostics further reveal a stronger cooling contribution from
water-vapor and cloud in Miocene (—0.34 and —1.12°C), in
contrast to warming contributions in PI (0.28 and 0.94 °C).
Additional analysis of moisture flux divergence suggests that
more moisture is from the Tethys Sea during the Miocene,
feeding precipitation over tropical North Africa (Fig. S9). A

https://doi.org/10.5194/cp-22-879-2026
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Figure 5. Standard deviation of deseasonalized temperature (°C), and its responses to orbital forcing.

wider Tethys Sea provides an efficient moisture source, while
a warmer climate accelerates the hydrological cycle (Fig. S8)
(Sarr et al., 2022; Huntington, 2006). These findings are in
line with proxy evidence for intensified Miocene hydrologi-
cal cycle and increased precipitation over the Mediterranean
and North African region (Hoelzmann et al., 2001; Liu et al.,
2024; Acosta et al., 2024; Zhang et al., 2014), supporting the
interpretation that the cooling in MCONSImax is associated
with enhanced hydrological feedbacks.

3.2.3 Disrupted Southern Ocean warming in the
MCONSImin

In MCONSImin simulation, unexpected warming occurs
over the Ross and Weddell Sea despite reduced local annual-
mean insolation, in contrast to the cooling simulated in
PINSImin. This Miocene response deviates from the near-
symmetric responses observed in PI, where broadly follows
local insolation changes.

This anomalous warming is particularly evident during
Austral winter (Fig. S11), disrupting the expected anti-phase
signal and generating an out-of-phase response. EBM anal-
ysis indicates that the reversed temperature response in
MCONSImin (1.1 °C warming at 71° S instead of cooling) is
mainly attributed to albedo and water-vapor effects (Fig. 4).
During the Miocene, the maximum sea—ice edge lies closer
to the pole (~ 70°S), where significant winter insolation
anomalies (Fig. S10) promote positive ice-albedo feedback:
reducing sea ice and enhanced ocean—atmosphere heat ex-
change, and additional atmospheric water vapor (Figs. 3 and
S4). In contrast, PI sea ice extends to lower latitudes, where
insolation changes were smaller, limiting sensitivity to sea-
sonal orbital forcing (Fig. S11). It is worth noting that land
ice-sheet is prescribed in the model and therefore exerts a
one-way influence on the climate system; associated feed-

https://doi.org/10.5194/cp-22-879-2026

back would like amiply the response. A full assessment of
this effect, however, would require coupling with an interac-
tive ice-sheet model (Halberstadt et al., 2021).

These results support geological evidence that ocean—
atmosphere—ice sheet interactions amplified Antarctic ice-
sheets sensitivity to orbital forcing during Miocene ice-
sheet growth (De Vleeschouwer et al., 2017; Levy et al.,
2019; Naish et al., 2009). Sediment records further indicate
a stronger and more stable climate response as ice sheets
and sea ice expanded, compared with warmer periods such
as the Early Eocene, when carbon-climate coupling domi-
nated (De Vleeschouwer et al., 2017; Levy et al., 2019; Naish
et al., 2009; Reichgelt et al., 2023; Setty et al., 2023). Over-
all, these findings underscore strong background-state con-
trol on Southern Ocean sea—ice feedbacks (Bloch-Johnson
etal., 2021).

3.3 Spatially diverse Miocene responses to orbital
forcing and weakened internal temperature
variability

Beyond differences in magnitude, the spatial extent of warm-
ing and cooling response also differs between the PI and
Miocene simulation. Under PI conditions, high-latitude tem-
perature responses are largely symmetric between NSI-
max and NSImin. In contrast, the Miocene simulations
show warming in both MCONSImin and MCONSImax over
Siberia and Alaska, resulting in distinct regional responses
across 60—70° N spanning Eurasia, Alaska and North Amer-
ica continent (Fig. 3e, green line). Similarly, the Weddell Sea
and Ross Sea exhibit overall warming in both Miocene or-
bital simulations, deviating from the symmetric PI behavior
(Figs. 3 and S11). These deviations suggest a less symmet-
ric and less predictable Miocene response, likely consistent
with proxy evidence for dominance of longer-period orbital

Clim. Past, 22, 879-889, 2026
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variability (e.g. the 400 kyr) rather than 40 and 100 kyr cycle
characteristic of the Pleistocene (Holbourn et al., 2007; Tian
et al., 2013; Westerhold et al., 2020; Liu et al., 2024). This
also implies that simple NSImax minus NSImin, without ex-
amining spatial patterns in detail, can obscure nonlinear re-
sponses — particularly under warmer background conditions.

In addition to mean changes, internal temperature vari-
ability provides insight into climate stability (Harzhauser
et al., 2011). We therefore examine de-seasonalised variabil-
ity (standard deviation) over key high-latitude regions of ac-
tive glacial dynamics. Mid-latitude Eurasia and North Amer-
ica exhibit higher variability in the PI simulation, which is
further amplified in both PINSImin and PINSImax, reflecting
enhanced ice-albedo interactions. By contrast, Miocene vari-
ability is lower and further reduced in MCONSImin (Fig. 5),
suggesting a more stable high-latitude climate with damp-
ened feedbacks under warmer conditions. Reduced east-
ern Pacific variability in the Miocene likely reflects en-
hanced inter-basin exchange through an open Panama Sea-
way, which buffers regional responses (Lunt et al., 2008).
The stronger PI variability supports pronounced NH glacial—
interglacial cycles, whereas the dampened Miocene response
suggests weaker orbital pacing.

4 Conclusions and Implications

The Miocene, particularly the interval following the Miocene
Climatic Optimum (MCO), shows strong orbital pacing in
geological records despite warm boundary conditions, lim-
ited Northern Hemisphere ice, and reduced meridional tem-
perature gradients. However, the mechanisms linking orbital
forcing to climate variability during this warm epoch are not
well understood. By conducting parallel orbital sensitivity
experiments under mid-Miocene and pre-industrial (PI) con-
ditions, we evaluate how background climate state modulates
the expression of orbital-driven temperature change.

In general, both temperature exhibit broadly anti-phased
temperature responses between maximum and minimum bo-
real summer insolation, each characterized by a meridional
high-to-low latitude dipole. However, the Miocene response
is ~ 1 °C weaker, with regionally dependent contrasts and re-
duced symmetry between two orbital cases. Three key differ-
ences emerge: (1) reduced Northern Hemisphere continental
sensitivity in the Miocene, reflecting weaker surface-albedo,
water-vapor, and cloud radiative effects in a warmer, low-
ice, vegetation-modified climate — consistent with proxy ev-
idence for diminished high-latitude climate sensitivity after
the MCO; (2) stronger hydrological cooling in North Trop-
ical Africa in MCONSImax, driven by enhanced precipi-
tation, cloud, and moisture-feedbacks within an intensified
Miocene hydrological cycle supported by a wider Tethys
Sea — indicating amplified hydrological sensitivity to or-
bital forcing in warm climates; and (3) a reversed South-
ern Ocean warming in MCONSImin under lower insolation,
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where poleward-restricted Miocene sea ice allows winter in-
solation anomalies to trigger positive ice-albedo feedbacks,
matching proxy evidence for heightened Antarctic obliquity
sensitivity.

These differences highlight that the strength and pattern
of orbital impact depend strongly on background climate
state. The Miocene’s weaker seasonal amplitude and reduced
internal variability imply diminished orbital pacing relative
to the PI climate, consistent with dominant 400 kyr eccen-
tricity variability in Miocene proxy records. This has two
key implications: first, Miocene proxy reconstructions may
overestimate annual mean temperatures if modern seasonal
analogues are applied, underscoring the need for context-
specific seasonality corrections; and second, the stronger and
more symmetric PI response reflects the emergence of high-
latitude cryosphere feedbacks central to Quaternary glacial—-
interglacial cycles.
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