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Abstract. The unique alignment of orbital precession and obliquity during the Marine Isotope Stage 11 (MIS-11) interglacial 

produced perhaps the longest period of planetary warmth above pre-industrial conditions in the past 800 kyr. Reconstructions 

point to a significantly reduced Greenland ice sheet volume during this period as a result, although the remaining extent and 10 

volume of the ice sheet are poorly constrained. A series of time-slice simulations across MIS-11 using a coupled climate model 

indicates that boreal summer was particularly warm around Greenland and high latitudes of the Atlantic sector for a period of 

at least 20 kyr. This state of reduced atmospheric baroclinicity, coupled with an enhanced and poleward-shifted intertropical 

convergence zone and North African monsoon, favored weakened high-latitude winds and the emergence of a single, unified 

midlatitude jet stream across the North Atlantic sector during boreal summer. Consequent reductions in lower-tropospheric 15 

meridional eddy heat flux over the North Atlantic therefore emerge as a negative feedback to additional warming over 

Greenland. The relationship between Greenland precipitation and the state of the North Atlantic jet is less apparent, but slight 

changes in summer precipitation appear to be dominated by increases during the remainder of the year. Such a dynamic state 

is surprising, as it bears stronger resemblance to the unified-jet state postulated as typical for glacial states than to the modern-

day interglacial state. 20 

1 Introduction 

The Marine Isotope Stage 11c interglacial (approximately 424 ka to 395 ka; hereafter MIS-11) is likely the longest and one of 

the warmest interglacials of the past million years (e.g., Lisiecki and Raymo, 2005; Raymo and Mitrovica, 2012). Its 

climatological significance lies in the extent to which sea levels rose during this period, estimated at around 6-13 meters above 

that of the present day (Dutton et al., 2015). A substantial percentage of this rise is attributed to the melt of the Greenland ice 25 

sheet (GrIS), which may have contributed as much as 4 m to 7 m of its estimated 7.4 m of present-day sea-level equivalent 

water content (Morlighem et al., 2017; Robinson et al., 2017). Antarctica has recently been estimated to have contributed 

another 6.7-8.2 m (Mas e Braga et al., 2021). The prolonged warmth of this period therefore is of direct relevance to 

understanding the processes that cause GrIS melt, a highly pertinent question as planetary warming is likely to continue in the 

near future. 30 

As suggested by the wide range in sea-level rise estimates, considerable uncertainty exists with regards to both the degree of 

melt of the GrIS and the global and regional temperature anomalies during MIS-11. Pollen records indicate the development 

of some boreal coniferous forest around the margins of southern Greenland at some point during MIS-11 (de Vernal and 

Hillaire-Marcel, 2008; Willerslev et al., 2007), indicating both the prevalence of ice-free ground and sufficient summer warmth 

to support tree growth. Peak temperatures during this time remain poorly constrained, however. While some ice-core data (e.g., 35 

Masson-Delmotte et al., 2010) and SST reconstructions (Dickson et al., 2009) suggest global temperatures 1-2°C warmer than 

pre-industrial, with Arctic anomalies potentially several degrees higher (Melles et al., 2012), orbital parameters and 

greenhouse-gas (GHG) measurements are broadly similar to those of the Holocene (Berger and Loutre, 2003). As such, climate 
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models have historically struggled to replicate the temperature anomalies implied by both the limited paleo-temperature 

records and the implied degree of GrIS melt (e.g., Robinson et al., 2017; Reyes et al., 2014).  40 

A mechanism invoked as potential means for achieving and sustaining higher temperatures during MIS-11, particularly in the 

Arctic during boreal summer, is a strengthened Atlantic meridional overturning circulation (AMOC; Rachmayani et al., 2017). 

The authors of that study ascribed this strengthening primarily to salinity increases in the North Atlantic, in turn a product of 

favorable alterations of the surface wind and pressure fields inducing stronger ocean surface currents. The extent to which 

factors related to atmospheric transports of heat and moisture are involved is left as a question for future research, and one that 45 

we attempt to address further in our analysis. 

Multiple modelling approaches have been utilized to attempt to refine understanding of the MIS-11 interglacial climate. 

Computing resources are a major limitation to simulating multi-millennial timescales with modern complex climate models. 

Researchers typically choose between using simplified or low-resolution models such as Earth-system models of intermediate 

complexity (EMICs; e.g., Yin and Berger, 2012; Ganopolski and Calov, 2011) or simulating shorter ñsnapshotsò of the climate 50 

state at representative key periods (e.g., Herold et al., 2012; Stone et al., 2013; Milker et al., 2013; Rachmayani et al., 2016, 

2017). The latter approach is often referred to as the time-slice method, and is frequently adopted when utilizing complex 

coupled atmosphere-ocean global climate models (AOGCMs). A complex AOGCM such as the Community Earth System 

Model (CESM; Hurrell et al., 2013; Gent et al., 2011) would require many months of computation time to complete a transient 

simulation of the MIS-11 interglacial even on a high-performance computer; thus the time-slice approach is more practical for 55 

capturing the evolution of the climate over such a long period.  

Still others have utilized a combined approach, running both an EMIC and an AOGCM over several time slices to compare 

with each other and reconstructions. Kleinen et al. (2014) produced broadly similar estimates of the climate state in MIS-11 

with both CLIMBER2 (an EMIC) and CCSM3 (an AOGCM), though the increased resolution of CCSM3 enabled much better 

identification of regional climate features, such as the enhanced African summer monsoon during the 410 ka and 416 ka periods 60 

of MIS-11. Verifying such climatic signals is difficult due to the limited spatial and temporal resolution of proxy records during 

MIS-11 (e.g., Milker et al., 2013), but are important to identify to the extent possible. Robust regional climatic changes, 

especially in the tropics, are known to contribute to remote changes in middle- and high-latitude climate via teleconnection 

mechanisms (e.g., Yuan et al., 2018). 

A key aspect of replicating the regional distribution of temperature changes under different climate forcing regimes is 65 

adequately capturing feedback mechanisms internal to the climate system. Orbital forcing in particular has widespread 

consequences, as different distributions and intensities of surface heating cause the atmospheric and oceanic circulations to 

respond in different ways (e.g., Merz et al., 2015; Fischer and Jungclaus, 2010). Despite relatively modest changes in the 

magnitude of seasonal insolation values throughout most of MIS-11, the latitudinal distribution of insolation is still notably 

different relative to the pre-industrial period. The high Northern Hemisphere summer insolation during a long interval of MIS-70 

11 was responsible for both enhancing the African monsoon and weakening the mean hemispheric lower-tropospheric 

baroclinicity (Rachmayani et al., 2016; Mohtadi et al., 2016; Wu and Tsai, 2021). Both weakened midlatitude baroclinicity in 
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the atmosphere and enhanced tropical forcing have been identified as mechanisms for shifting the preferred state of the North 

Atlantic upper tropospheric jet stream from a split regime (separate subtropical and polar front jets) to a unified hybrid jet 

regime (Lee and Kim, 2003; Son and Lee, 2005; Andres and Tarasov, 2019). Altered jet regimes in turn have consequences 75 

for the development and propagation of atmospheric eddies, thus affecting a major source of atmospheric heat at high latitudes 

(e.g., Nakamura and Oort, 1988; Overland and Turet, 1994; Serreze et al., 2007). 

Internal climate system mechanics contributing to the pronounced melt of the GrIS during MIS-11 remain largely unidentified. 

In the present study, we utilize some of the highest-resolution climate simulations performed to date under MIS-11 conditions 

in order to parse these mechanisms further. In particular, our interest lies in identifying the atmospheric changes across the 80 

North Atlantic sector that were most consequential for mass balance changes in the Greenland ice sheet. We therefore explore 

the extent to which insolation-induced changes in the jet stream may have led to feedbacks affecting the poleward transport of 

atmospheric heat and moisture. 

2 Methods 

2.1 Model configuration 85 

The climate model chosen for this study is the Community Earth System Model (CESM) v1.2.2, a fully-coupled atmosphere-

ocean general circulation model with sea ice, land, and runoff components. The CESM and Community Climate System Model 

(CCSM) family has been widely utilized in paleoclimate studies. Our particular configuration utilizes the Community 

Atmosphere Model version 5 (CAM5). The land and atmosphere models have an approximate resolution of 1.9° latitude by 

2.5° longitude with 30 sigma-hybrid coordinate vertical layers in the atmosphere. The ocean and sea-ice grids are comprised 90 

of an orthogonal curvilinear grid at nominally 1° resolution with the north pole displaced over Greenland to avoid singularities 

in flux calculations in the Arctic Ocean. 

Fixed present-day ice sheet topography was assumed for all MIS-11 time-slice experiments, and therefore the land ice model 

component was disabled. This is perhaps the largest assumption of these simulations, but enables isolation of the effects of 

changing orbital and greenhouse gas (GHG) forcings on the simulated climate. Options for applying different ice sheet 95 

configurations were also severely limited by the sparse Greenland ice-core data extending back through MIS-11, and only a 

small number of modelling studies have produced transient reconstructions (e.g., Robinson et al., 2017). CESM version 1 and 

CAM5 do have a well-documented high-latitude cold bias due to a combination of anomalously strong high-latitude circulation 

features and radiative effects (e.g., Wang et al., 2018); however, our simulations are internally consistent, as the same core 

model configuration is merely compared with different parameters. 100 

A control run was conducted which adheres to the standards set forth by the Paleoclimate Modelling Intercomparison Project 

4 (PMIP4) for a pre-industrial baseline (Otto-Bliesner et al., 2017). This simulation was integrated for 2500 years to enable 

full equilibration of the surface climate and quasi-equilibration of deep-ocean temperatures. The experimental MIS-11 runs 

were branched from year 1500 of the control integration, with only orbital and GHG parameters altered as described below. 
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2.2 Experimental design and parameters 105 

The ñtime sliceò technique (see e.g., Stone et al., 2013; Rachmayani et al., 2017) was utilized in this study, as transient 

simulations of 20 kyr duration or more remain prohibitively expensive in a relatively high-resolution AOGCM. Each selected 

slice is integrated for 1000 years at constant forcing conditions, enabling effective equilibrium of the surface climate (entire 

atmosphere and upper portion of the oceans) at conditions representative of the selected time. This time scale is insufficient 

for complete equilibration of the deep oceans. However, as the Greenland ice sheet does not have large ice shelves grounded 110 

at or below sea level, this is judged unimportant for our study (c.f., Varma et al., 2016). Temperature trends in the deep ocean 

are also modest in our simulations, with typical drift being on the order of 0.05°C century-1 below 1000 meters depth. The 

1000 years of each experiment consist of 900 years of spin-up time, then the final century is treated as the equilibrated period. 

All results presented are therefore 100-year time series or averages from the end of each simulation. The time slices were 

chosen to align approximately with minima and maxima in precession (which has a powerful modulating effect on the seasonal 115 

distribution of insolation) during the warm interglacial period of MIS-11. Intermediate 5 kyr steps were also selected to ensure 

fuller coverage of the period of interest. The characteristic parameters of each time slice and the preindustrial control run are 

detailed in Table 1. 

Experiment Long. of 

Perihelion (°) 

Eccentricity Obliquity (°) CO2 (ppm) CH4 (ppb) N2O (ppb) 

piCtrl 100.3 0.016764 23.46 284.7 791.6 275.7 

423 ka 12.2 0.011374 23.79 268.9 652.8 284.8 

418 ka 102.6 0.013295 24.22 273.3 677.0 272.9 

413 ka 190.6 0.014836 24.17 273.7 705.3 273.4 

408 ka 278.5 0.015795 23.69 280.3 726.1 279.8 

403 ka 7.2 0.016067 23.04 279.8 675.4 285.7 

398 ka 97.9 0.015498 22.55 276.7 623.4 285.8 

 

Table 1: Orbital parameters and greenhouse gas values used as fixed inputs into each simulation. 120 

For each experimental simulation, orbital parameters were calculated following Laskar et al. (2004) at the representative time 

period. Greenhouse-gas concentrations were obtained from the European Project for Ice Coring in Antarctica (EPICA) record, 

primarily consisting of data from Dome C (Siegenthaler et al., 2005; Luethi et al., 2008). Following the experimental setup 

detailed in Otto-Bliesner et al. (2017), a nominal +23 ppb adjustment was applied to Antarctic CH4 values, accounting for the 

fact that methane persistently exists in higher concentrations in the Northern Hemisphere during interglacials. GHG values 125 

represent means of a 5 kyr window around the representative time (i.e., 423 ka GHG values are given by a mean of all values 
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between 425.5 ka and 420.5 ka), which accounts for the inherent uncertainty in GHG values due to short-term variability 

(centennial and millennial scale) and analysis techniques. 

A sensitivity experiment was also conducted to ensure that the results of the time slice experiments were not dependent upon 

initialization. To this end, additional simulations for 418 ka were conducted, branching from year 500 of the pre-industrial 130 

control run and from year 500 of the 423 ka run. A comparison of the equilibrated periods (final 100 years of each integration) 

showed no statistically significant differences existed between them.  

2.3 Statistical techniques 

A number of correlation plots are presented in the results section. These present Pearsonôs r values, 95% confidence intervals 

of the r values, and p-values. Pearsonôs r is calculated with respect to the mean values of given quantities for each particular 135 

time slice. On interannual timescales, regional temperatures, eddy heat fluxes, etc. are noisy and influenced by a number of 

different factors. The most prudent comparison is therefore between the long-term mean patterns in each time slice simulation. 

When correlating 2 m air temperature and precipitation for all MIS-11 experiments, for example, the values correlated consist 

only of the six mean seasonal precipitation values from the time slices and the six mean seasonal temperature values from the 

time slices. The n for these correlations is therefore only six, and the degrees of freedom just four. In reality, 600 total seasonal 140 

values likely have a much greater number of degrees of freedom, although each time sliceôs 100 years of data is best classified 

as a red-noise time series and therefore does not have a full 100 degrees of freedom (Thomson, 1982). Significance of 

correlations presented are therefore conservative. 

Studentôs t-tests are also employed to determine whether climatological changes between the time slice simulations and the 

preindustrial simulation are significant. For all variables tested, the seasonal values at each grid point and in each time slice 145 

are treated as an independent time series (n = 100). This necessarily assumes spatial independence of each grid point. Critical 

values and p-values are then obtained based on the effective degrees of freedom of each time series, reduced from 100 based 

on the lag-1 autocorrelation. The inherent assumption of normally distributed, spatially independent variables is not fully 

applicable for spatially coherent, non-normal variables like wind, eddy heat flux, and precipitation, but degrees of freedom are 

sufficiently large in all cases to ensure that t-testing retains some explanatory power (Decremer et al., 2014). The 95% 150 

confidence threshold presented in all figures here should not be considered as absolute, but an approximate representation of 

where anomalies are noteworthy. 

3 Results 

3.1 Surface temperature response 

The surface temperature response is the most obvious effect of the varying orbital and GHG conditions throughout MIS-11 155 

(Fig. 1). Global-mean 2 m air temperatures were at or modestly above pre-industrial levels for each of the 423-408 ka 

simulations (dark blue). As expected, the temperature pattern is considerably amplified over Greenland, with positive 
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anomalies reaching 2-3°C above pre-industrial during the warmest period (413 ka). This result generally aligns well with the 

temperature anomalies over Greenland from two other recent studies utilizing EMICs for transient simulations of MIS-11. 

First, an ensemble of coupled REMBO-SICOPOLIS simulations with transient ice sheets was performed by Robinson et al. 160 

(2017), depicted in the grey line and shading in Fig. 1. Their simulations in turn rely on temperature anomalies derived from 

a transient climate simulation from the CLIMBER2 EMIC (Ganopolski and Calov, 2011). Our simulations deviate significantly 

from the these at the first time slice (423 ka), and to a lesser extent at 418 ka. This is most likely a result of our simulations 

assuming a fixed ice modern-day Greenland ice sheet, whereas the transient simulations still had greater Greenland and North 

American ice coverage from the previous glaciation. This is affirmed by further comparing our simulations to those of Yin et 165 

al. (2021), who utilized LOVECLIM1.3 with transient orbital and GHG forcing, but fixed present-day ice sheets. Near-surface 

air temperatures from their simulations (light red in Fig. 1) averaged around Greenland match our results very closely, 

including at 423 ka. Except for the discrepancies at 423 ka, differences between the fixed ice and fully  transient simulations 

are otherwise minimal during MIS-11. 

 170 

 

Figure 1: (Left) Orbital parameters and high-latitude summer insolation during the MIS-11 interglacial. (Right) Mean boreal 

summer global and area-weighted mean Greenland (55-85°N, 280-350ÁE) 2 m air temperature anomaly ñpseudo-time seriesò relative 

to the pre-industrial control simulation are given by the dark blue (global) and light-blue (Greenland) curves. The pseudo-time series 

depict seasonal-mean boreal summer (June-July-August; JJA) values from the final 100 years of each simulation; the time x-axis is 175 
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therefore not to scale for these curves and the discontinuities are larger than depicted. The grey curve is the time series of JJA mean 

temperatures over Greenland from Robinson et al. (2017), which is based on an ensemble of transient, coupled REMBO-

SICOPOLIS simulations. Surrou nding grey shading represents the 95% confidence interval for temperatures based on this 

ensemble, whilst the grey purple curve represents the likeliest estimate. The light red curve is the temperature time ser ies for  the 

Greenland region from the fixed-ice LOVECLIM simulation of Yin et al. (2021). The green dots in the right panel indicate the 180 
radiative forcing anomaly based on the combined effects of CO2, CH4, and N2O, after IPCC (2001).  
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Figure 2: Mean JJA 2 meter temperature anomalies for the final 100 years of each CESM simulation corresponding to the listed 

timeslices. Regions with stippling pass a Studentôs t-test at the 95% significance level. The green box in the 423 ka panel indicates 185 
the averaging region for the mean temperature values used in Fig. 1 and in the correlation plots (Fig. 4 and 7), 55-85°N and 280-

350°E. The mean anomaly value listed beneath each panel is a cosine-weighted mean value of the complete shaded area (0-87°N, 

270°E-40°E). 
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The spatial distribution and magnitude of boreal summer temperature anomalies across the North Atlantic sector also varied 

notably throughout the analysis period (Fig. 2). Anomalies as high as 4-5°C above pre-industrial are evident around northern 190 

Greenland and the Canadian Arctic during the peak warmth of 413-408 ka due to the combined effects of high insolation and 

regional feedbacks, including reduced sea-ice cover (not shown). More modest and relatively uniform warming is present 

across much of the rest of the Atlantic basin, with the exception being areas immediately surrounding the Mediterranean Sea. 

A narrow but stark band of 1-2°C cool anomalies stands out in sub-Saharan Africa during the 423 ka and 413-408 ka 

simulations, the result of increased cloud cover and surface cooling induced by evaporation associated with enhanced 195 

monsoonal and intertropical convergence zone (ITCZ) convection. Also evident is the abrupt return of surface air temperatures 

to near-pre-industrial conditions by 403 ka and substantial cool anomalies by 398 ka, consistent with conditions potentially 

favorable for renewed glaciation. 

Inevitably, these results contain some bias introduced by using a fixed modern-day Greenland ice sheet in the simulations. In 

addition to the aforementioned warmth at 423 ka, temperature anomalies are likely somewhat underestimated over Greenland 200 

itself for later analysis periods, as the lowering and partial removal of ice surfaces would have enabled even warmer conditions. 

Additionally, changes in Greenland topography may also induce further warming on local to regional scales due to katabatic 

winds (Merz et al., 2014). These potential biases are particularly relevant for the 413-398 ka time slices, when the ice sheet 

was likely smaller than present day. 

Regardless of the exact magnitude of summer warming during MIS-11, the signal for large, statistically significant warming 205 

at high latitudes is robust. One clear consequence of strong warming at high latitudes, especially when paired with tropical 

surface cooling over Africa, is the reduction of the mean equator-to-pole surface temperature gradient, and thus the contribution 

of the thermal wind balance to the geostrophic flow. A dynamic adjustment of baroclinic processes is therefore to be expected, 

including attendant changes in jet stream and baroclinic eddy behavior.  

  210 
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Figure 3: Mean lower-tropospheric (700 hPa) total eddy heat flux anomalies over the North Atlantic. Black contour values indicate 

the mean JJA total eddy heat flux from the final  century of the piCtrl run (baseline climatology). Shaded values shown are boreal 

summer mean anomalies over the final 100 years of each designated simulation, stippled where the difference is statistically 

significant at the 95% level. The green box in the 423 ka panel shows the area (40-80°N, 290-0°E) over which area-mean values are 215 
computed for correlations in Fig. 4 and 8.  


