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Abstract

:

Improved understanding of the drivers of climate variability, particularly over the last millennium, and its influence on Antarctic ice melt have important implications for projecting ice sheet resilience in a changing climate. Here, we investigated the variability in Antarctic climate and sea ice extent during the last millennium (850–1850 CE) by comparing paleoenvironmental reconstructions with simulations from the Community Earth System Model Last Millennium Ensemble (CESM-LME). Atmospheric and oceanic response to external forcing in CESM-LME simulations typically take the form of an Antarctic dipole: cooling over most of Antarctica and warming east of the Antarctic Peninsula. This configuration is also observed in ice core records. Unforced variability and a dipole response to large volcanic eruptions contribute to weaker cooling in the Antarctic than the Arctic, consistent with the absence of a strong volcanic signal in Antarctic ice core records. The ensemble does not support a clear link between the dipole pattern and baseline shifts in the Southern Annular Mode and El Niño-Southern Oscillation proposed by some paleoclimate reconstructions. Our analysis provides a point of comparison for paleoclimate reconstructions and highlights the role of internal climate variability in driving modeled last millennium climate evolution in the Antarctic.
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1. Introduction


Surface temperature trends over the last 50 years are more spatially heterogeneous in Antarctica compared with other continental regions. Much of East Antarctica has cooled since the 1950s despite temperatures rising globally [1]. West Antarctica and the Antarctic Peninsula warmed more than twice as fast as the global average [2] until the early 2000s, when temperature trends there reversed [1]. Regionally heterogeneous fluctuations in temperatures and substantial annual and decadal-scale variability in Antarctica occur, in part, because of the continent’s sensitivity to tropical forcing and the strength and position of the circumpolar westerly winds [1,3,4,5,6]. However, sparse instrumental data is insufficient to characterize the strongly coupled, highly variable Antarctic climate system or conclusively identify an anthropogenic influence [7]. The numerous interconnections between changes in the Southern Hemisphere high-latitude atmosphere, ocean, and sea-ice systems can amplify initial perturbations in non-linear ways that are not yet fully understood or represented by the current generation of Earth system models [8].



High-resolution paleoclimate archives from 850–1850 CE (the Last Millennium, LM hereafter) are an essential source of information to augment the instrumental record. Records from the LM provide an opportunity to study the variability and response of Earth’s climate to small shifts in climate forcings—volcanic eruptions and changes in orbital configuration, solar variability, land use and land cover, and greenhouse gas concentrations—prior to anthropogenic influence. Of particular interest is the Little Ice Age (LIA), a period of relatively cold global temperatures typically defined between 1400 and 1850 CE with a core period between 1600 and 1850 CE [9]. The LIA is often contrasted with the Medieval Climate Anomaly (MCA; 850–1200), which is associated with warmer temperatures [10]. These periods have been used extensively as targets for LM climate reconstruction and climate changes from the MCA to LIA are documented both globally [10,11] and in Antarctica [12,13,14,15,16]. The significance of MCA-LIA differences in paleoclimate records has been questioned in the past [17]; recent LM temperature reconstructions finds no evidence of a globally coherent warmer MCA and only partial evidence for a globally cooler LIA [18,19]. Nevertheless, the LIA and MCA periods provide a useful, and widely used, framework to investigate LM climate evolution.



Ice core temperature reconstructions indicate dipole patterns of temperature change in Antarctica during the LM: cooling over most of mainland Antarctica and a warming trend along the eastern Antarctic Peninsula and in the eastern Ross Sea [20,21,22,23]. These regionally specific temperature changes point to a potential link between LM climate evolution and multi-centennial trends in large-scale modes of climate variability [13]; El Niño Southern-Oscillation (ENSO) and the Southern Annular Mode (SAM) both drive temperature dipoles in the Antarctic, and previous research has suggested that multi-centennial trends in these modes of variability are a dominant control on climate in Antarctica during the LM [13,21,24,25]. Other reconstructions identify external forcing, particularly volcanic eruptions and orbital trends, as the primary environmental driver [16,20,26]. However, the relative importance of external forcings (i.e., volcanic eruptions vs. solar variability) and any connection to mean state shifts in dynamic modes of climate variability (SAM and ENSO) are difficult to parse from the paleoclimate record alone.



Earth system model simulations of the LM are a useful resource to identify the impact of external forcing and internal variability on climate evolution and can be used in conjunction with paleoclimate records to infer drivers of past climate changes [24]. Little Ice Age cooling in the Northern Hemisphere is linked to periods of low solar activity and strong volcanic eruptions amplified through ice-albedo feedbacks and internal variability [25,26]. However, comparatively little research on the drivers of LM climate using Earth system models has been focused on the Southern Hemisphere high latitudes and the robustness of LM cooling in the Antarctic has been a matter of debate [27,28]. Goosse et al. [29] conclude that, while the main driver of LIA cooling in Antarctica is volcanic forcing, more records are needed to resolve the spatial distribution and causes of Antarctic temperature variations during the LM. Though recent studies have identified a last millennium cooling trend [30,31,32,33], large uncertainties remain about the drivers of LM climate evolution in Antarctica.



Here, we provide an updated, circum-Antarctic, perspective on the drivers of LM surface temperature evolution in the southern high latitudes in the Community Earth System Model Last Millennium Ensemble (CESM-LME or LME). The LME expands on the CMIP5 and earlier LM model simulations by providing 32 realizations of the 850–1850 period with all relevant forcings considered both together and individually within a signal modeling framework. The LME has been used extensively to study the drivers of the LIA [26,34], the relationship between volcanic eruptions and a tropical hydroclimate [35,36,37], and LM climate evolution in the Atlantic sector of the Southern Ocean and Antarctic Peninsula [30,31,32,33]. The ensemble nature of LME simulations (referred to in aggregate as the LME) is a particular strength because it quantifies both the variability associated with external climate forcings (ensemble mean) and the range of unforced variability that arises from internal dynamics (referred to as unforced or internal variability; ensemble spread). By contrast, the inter-model spread in other CMIP5 LM simulations, which typically contain only one simulation from each modeling group, is difficult to interpret and attribute correctly to differences in model configuration or internal variability.



Our analysis of LM Antarctic climate evolution aims to address three fundamental questions: (1) How does Antarctic surface temperature evolve in LME simulations? (2) What was the relative importance of climate forcings (volcanic eruptions, and changes in solar intensity, land use and land cover, greenhouse gas concentrations, and orbital configuration) and unforced variability in driving these changes? (3) How does the picture of LM climate from the LME compare to recent compilations of Antarctic paleoclimate reconstructions [13,23] (Figure 1)? The integrated perspective on the drivers of LM climate changes we develop aims to provide a useful point of comparison for future LM paleoclimate reconstructions from the Antarctic.




2. Methods and Data


2.1. Community Earth System Model—Last Millennium Ensemble (CESM-LME)


The CESM-LME employs version 1.1 of CESM with the Community Atmosphere Model version 5 (CESM1-CAM5) [38]. The CESM-LME uses ~2° resolution in the atmosphere (30 levels) and land components and ~1° resolution in the sea ice and ocean (60 levels) components. The sea ice component of CESM1 uses version 4 of the Los Alamos National Laboratory Community Ice Code and the Parallel Ocean Program, version 2 as the ocean model component (see the detailed description in Hurrell et al. [38]). The representation of modern Antarctic climate in the CESM1-CAM5 compares favorably to observations and other CMIP5 generation models [39,40]. The CESM-LME simulations capture about 80% of the observed 20th-century warming globally and reproduce instrumental observations of the observed annual sea ice limit, temperature, and sea level pressure trends in the Antarctic [32,41].



The CESM-LME experiment included a total of 32 simulations forced with reconstructions for the transient evolution of volcanic emissions (n = 5), solar intensity (n = 4), greenhouse gases (n = 3), land use and land cover (n = 3), orbital parameters (n = 3), and all forcings (n = 13) (Figure S1) [41]. Smaller (3–5 simulation) ensembles for individual forcings provide a useful first-order estimate of the range of climate responses to each forcing. However, we note that variability within the 13-member full forcing ensemble suggests that small ensembles do not capture the full range of LM unforced variability in the Antarctic.



The only difference between ensemble members is a small (order 10−14) random roundoff difference in the air temperature field at the start of each simulation. Volcanic forcing is determined by the monthly, zonally resolved distributions of stratospheric aerosols, as estimated by Gao et al. [42] from ice cores. The largest injection, 260 tons of SO2, occurred in 1257 and is associated with the eruption of the tropical Samalas volcano. Other notable sulfate injections took place in 1452, 1600, and 1815, resulting from the tropical eruptions of Kuwae, Huaynaputina, and Tambora. Changes in total solar irradiance (TSI) were prescribed using the Vieira et al. [43] reconstruction. This forcing is characterized by multidecadal perturbations that predominantly correspond to the Wolf (1280–1350), Sporer (1460–1550), and Maunder (1645–1715) sunspot minima. The concentrations of greenhouse gases, such as CO2, CH4, and N2O, were obtained from Schmidt et al. [44]. Pongratz et al. [45] and Hurtt et al. [46] reconstructions were used for land use and land cover changes (LULC). Seasonal and latitudinal distribution of the orbital modulation of insolation was obtained from Berger [47]. During the last millennium, high southern latitudes experienced a decrease in insolation in November and early December (>5 W/m2/kyr) and a weaker increase (3 W/m2/kyr) in insolation in February, with an overall annual trend of −0.5–1 W/m2/kyr (Figure S1).



Large-scale climate patterns are critical features of the climate system. The simulated annual Southern Annular Mode (SAM), Pacific South America Pattern (PSA1), and El Niño-Southern Oscillation (Niño3.4) indices in LME full forcing simulations were calculated using the Climate Variability Diagnostics Package (CVDP) [48]. The SAM and the PSA1 were defined as the first and second principal components of the normalized pressure over the Southern Hemisphere (20–90° S). ENSO was quantified through the Nino3.4 index, a measure of sea surface temperature in the Tropical Pacific (5° N to 5° S, 170–120° W). ENSO has a realistic spread in the frequency domain in CESM-LME simulations, although its amplitude is overestimated compared with observations [41].



Spurious long-term changes unrelated to changes in external forcing and internal low-frequency variability (model drift) are common in CMIP5-generation models [49]. Model drift is a particularly important consideration when analyzing LM simulations from the Antarctic because the magnitude of external forcing is relatively small and the southern high latitudes are highly sensitive to the initial state of the Southern Ocean [49,50,51]. All CESM-LME simulations were branched from year 850 of an 850 CE control simulation to minimize model drift. An unforced control simulation allowed us to remove any trends still present in the LME prior to our analysis [41]. Though globally averaged drift in LME simulations is negligible, previous studies have identified spurious changes in Southern Ocean frontal boundaries between 850 and 1050 CE [30,31]. Substantial cooling trends persisted in the West Antarctic (−0.35 °C/kyr) and Weddell Sea (−0.41 °C/kyr) sectors in the control simulation between 850 and 1850 CE (Figure 2). We linearly detrend simulations at each grid point using the control prior to analysis to isolate the Antarctic response to LM external forcing. We also considered the impact of model drift and choice to detrend in our analysis; all results from LME simulations presented here are detrended unless otherwise stated.




2.2. Paleoclimate Records


Paleoclimate records inferred from proxy-based reconstructions and model simulations are complimentary sources of information about past climate conditions: paleoclimate records reflect the impact of climate evolution and ensembles of model simulations can provide process-based insights. We compared simulations from the CESM-LME to a database of quantitative isotopic (δ18O) ice core temperature reconstructions compiled by the PAGES Antarctica2k working group [23] and paleotemperature records derived from a diverse array of paleoclimate archives (e.g., marine, ice, lake and peat sediments, tree-rings, glacial dynamics) complied and qualitatively assessed by Lüning et al. [13] (Figure 1).



The PAGES Antarctica2k working group database consists of 112 ice core records; paleotemperatures are reconstructed based on the statistical relationship between δ18O and surface air temperature [23]. A total of 11 records cover the full LM (850–1850 CE). Most of the records have a data resolution ranging from 0.025 to 5 years but were 5-year-averaged data for reconstructing the last 200 years, and 10-year-averaged data for reconstructing the last 2000 years to mitigate the influence of decadal-scale age model uncertainty. In addition to ice core records, the Lüning et al. [13] database (60 records) contains paleoclimate records that provide qualitative insight into past climatic conditions (e.g., the formation of glacial moraines and the ecological preferences of marine algae). Lüning et al. [13] assessed anomalies (warm, neutral, or cold) for four time-windows (500–900, 950–1250, 1250–1500, and 1500–1800 CE) following the methodology used to interpret the record in the original publication. This qualitative approach synthesizes heterogeneous, low-resolution proxy data that lacks an established quantitative relationship with temperature to facilitate intercomparison.





3. Results


3.1. Full Forcing Simulations


The average 2-m air temperature in southern high latitudes (60 to 90° S) cools by −0.37 ± 0.5 °C/kyr in the full forcing ensemble mean (Figure 3). The first 350 centuries of the simulation (850–1200) are warmer and more stable; the next four centuries are punctuated by cooling following the Samalas (1258) and Kuwae (1450) and Huaynaputina (1600) volcanic eruptions; and the final 250 years (1600–1850) are 0.30 ± 0.5 °C cooler than the period between 850 and 1200 CE. Last millennium cooling in the Antarctic is greater than the global mean but less than the Arctic, particularly after 1600 CE. Asymmetry between the Antarctic and the Arctic is largest (>1.5 °C) following large volcanic eruptions (Figure 4). The regionally heterogenous and eruption-specific impact of volcanic aerosols on the Southern Hemisphere contrasts with a cooling trend in most regions of the Northern Hemisphere mid and high latitudes (Figure 5).



A continent-wide LM Antarctic cooling trend masks significant regional heterogeneity in both ensemble members and the ensemble mean (Figure 3 and Figure 4; Figures S2 and S3). Forced (ensemble mean) cooling is greater over East Antarctica (−0.42 ± 0.7 °C/kyr) than West Antarctica (−0.25 ± 14 °C/kyr) and more significant relative to the variability within the ensemble (Figure 6). The Dronning Maud land sector of East Antarctica cools by −0.54 °C ± 0.9 °C/kyr; regions of coastal Dronning Maud Land cool by up to −1 °C/kyr. The ensemble mean temperature change in the Weddell Sea sector is not significant (−0.08 ± 0.11 °C/kyr). However, a slight forced warming trend (>0.2 °C/kyr) is evident in parts of the western Weddell Sea and the mean surface temperatures between 1600 and 1850 CE are up to 0.5 °C warmer than the mean surface temperatures between 850 and 1200 CE in some ensemble members. However, warmer temperatures between 1600 and 1850 CE are not statistically significant in 9 out of 13 ensemble members (Figure S2).



The pattern of forced temperature change in the CESM-LME simulations is also seasonally heterogeneous (Figure 7). Maximum cooling over land occurs during austral summer (December, January, and February; DJF). Temperatures over the Southern Ocean also cool by −0.25 °C/kyr during DFJ; cooling over the ocean is greatest during March, April, and May (MAM) and June, July, and August (JJA), with >1.5 °C of cooling in the Atlantic and Pacific sectors of the Southern Ocean. The seasonal contrast is particularly evident in the Droning Maud Land sector of the Southern Ocean, where simulated cooling of >1.5 °C in MAM and JJA contrasts with <0.6 °C in DJF.



The most pronounced LM cooling occurs in areas of the Southern Ocean where the sea ice concentration increases, consistent with local amplification by simulated sea ice–ocean interactions and the ice–albedo feedback (Figure 7). A trend towards higher sea ice concentrations around the continent during MAM indicate earlier sea ice advance while increases at the northern limit during austral spring (SON) indicate later retreat. The greatest increases in sea ice concentration occur in the Droning Maud land sector of the Southern Ocean.



Analysis of the ensemble standard deviation allows us to assess the relative importance of internal variability and forced trends (Figure 3 and Figure 6). Low ensemble spread in East Antarctica (±0.07 °C/kyr) indicates that this region is primarily responding to forcing rather than internal variability. By contrast, a weaker forced trend in West Antarctica (−0.25 °C/kyr) is less significant relative to unforced variability (±0.14 °C/kyr) (Figure 6). Ensemble spread in the Amundsen Sea and Bellingshausen Sea regions is particularly high (standard deviation of up to 0.35 °C/kyr); one ensemble member simulates warming of >0.5 °C/kyr while others simulate weak (−0.1 °C/kyr) cooling (Figure S2).




3.2. Single Forcing Simulations


Single forcing ensembles isolate the relative influence of orbital, solar, volcanic, land use and land cover (LULC), and greenhouse gas (GHG) forcing on the LM climate in Antarctica (Figure 3 and Figure 4; Figure S2). The average surface temperature in the southern high latitudes (60–90° S) cools in ensembles forced by solar (−0.17 ± 0.04 °C/kyr), volcanic (−0.19 ± 0.05 °C/kyr), and orbital (−0.23 ± 0.05 °C/kyr) changes, with a smaller (−0.12 ± 0.02 °C/kyr) contribution from LULC forcing (Figure 3 and Figure 4b). Increased volcanism after 1200 CE cools average surface temperatures in the Antarctic, particularly following the Samalas (1258), Huaynaputina (1600), and Tambora (1815) volcanic eruptions. Orbital, solar, and LULC forcing result in a more monotonic decrease in the mean Antarctic temperature (Figure 3). The response to greenhouse gas forcing varies across the three-simulation ensemble (Figure 3 and Figure S2).



Individual forcings drive a heterogeneous pattern of temperature change around the Antarctic landmass during the LM (Figure 3 and Figure 4). Forced cooling in the volcanic and orbital ensembles is concentrated in the Ross Sea and Dronning Maud Land sectors of the Southern Ocean; the cooling response in solar and LULC-forced ensembles is most pronounced (>0.4 °C/kyr) in the Ross Sea region. Weak warming (~0.4 °C/kyr) in the Weddell Sea is evident in the orbital, LULC, and greenhouse gas-forced ensembles. Warmer Weddell Sea temperatures between 1600 and 1850 CE relative to 850–1250 CE are statistically significant in all orbitally forced simulations (Figure S2). Cooling in the Dronning Maud Land region of the Southern Ocean is weaker than cooling in the Ross Sea region in the individually forced ensembles. The reversal of this pattern in the full forcing ensemble indicates that the combined influence of all forcings, rather than any individual external factor, cools coastal Dronning Maud Land.





4. Discussion


4.1. Drivers of Antarctic Temperature Evolution in the CESM-LME


External forcing drives cooling in the southern high latitudes in the CESM-LME. Analysis of the LME simulations shows LM cooling in the Antarctic driven by solar, orbital, and volcanic forcing, with a small contribution from land use and land cover changes (Figure 3). Antarctic temperature evolution in the LME simulations can be divided into three main periods: the three and a half centuries (analogous to the Medieval Climate Anomaly, 850–1200), characterized by warmer, more stable, temperatures; the following 400 years that correspond to the initial period of colder temperatures punctuated by cooling in the aftermath of the Samalas (1258) and Kuwae (1450) and Huaynaputina (1600) volcanic eruptions; and the two and a half centuries that follow (1600–1850), where temperatures are even colder during the core period of the Little Ice Age [11] (Figure 4).



A dipole pattern, with cooling around most of continental Antarctica juxtaposed against warming in the Weddell Sea region, is a statistically significant feature of the single and full forcing LME simulations detrended using the control simulation. A trend towards warmer surface temperatures in western Weddell Sea is evident in the full forcing ensemble members but is greatest (>0.5 °C/kyr) in ensembles forced by orbital changes, greenhouse gases, and LULC. However, we note that the warming trend in the Weddell Sea is the result of detrending to account for a cooling trend in the unforced control simulation (Figure S4). The presence of a cooling trend in the Weddell Sea (−0.41 °C/kyr) and WAIS (−0.35 °C/kyr) sectors in the LME control simulation despite the 850-year spin-up period and its significance relative to forced changes underlines the importance of considering model drift when analyzing simulations from the LME and other CMIP5-generation LM simulations.



The sensitivity of LM temperature evolution to a small random roundoff (order 10−14 °C) difference in the air temperature field at the start of each simulation highlights the role of internal variability, with implications for both paleoclimate reconstructions and future projections in the Antarctic. The magnitude of ensemble spread in West Antarctica indicates that internal variability, rather than external forcing, is a dominant control on LM climate in that region (Figure 3 and Figure 6). Temperature evolution in West Antarctica associated with model drift (−0.35 °C/kyr) and internal variability (±0.14 °C/kyr) is more significant than the forced trend (−0.25 °C/kyr). Notably, one ensemble member simulates >0.5 °C warmer conditions during the LIA than the MCA while another simulates ~0.4 °C of cooling (Figure S2). The influence of unforced variability and the initial state of the Southern Ocean in the Amundsen and Bellingshausen regions is relevant to future projections of the West Antarctic Ice Sheet [52]. Additional paleoclimate records will be particularly useful to constrain the range of ensemble estimates of LM climate evolution in this region and inform reconstructions of pre-industrial climate used to initialize future projections.




4.2. Polar Asymmetry


The forced (ensemble mean) LM cooling trend is weaker in the Southern Hemisphere high latitudes (60–90° S) (−0.37 ± 0.05 °C/kyr) than in the Northern Hemisphere high latitudes (60–90° N) (−0.70 ± 0.09 °C/kyr) (Figure 4). The pattern of warming and cooling in response to LM external forcing is heterogeneous in the Antarctic. The non-linear response of the Antarctic to external forcing (e.g., the dynamic response to volcanic eruptions [53]) and the deeply penetrating Antarctic circumpolar current, which isolates the continent from the mid and low latitudes [54], dampen the regional cooling trend. By contrast, the Arctic cools in both the full and single forcing ensembles. Polar asymmetry is most pronounced following volcanic eruptions and between 1600 and 1850 CE, a period with the greatest negative excursion of radiative forcing during the last millennium primarily due to the combined influence of solar minima and volcanic eruptions [41].



The contrasting behavior of the simulated Arctic and Antarctic air temperatures during the last millennium in the LME simulations is consistent with the differing importance of radiative and non-radiative feedbacks in the polar regions. Polar amplification of external forcing is mainly a consequence of positive feedbacks involving snow cover and sea ice [55], and it emerges more robustly in the Northern than in the Southern Hemisphere [56]. Arctic sea ice, formed at the pole in the semi-enclosed Arctic Ocean, persists from year to year. Arctic sea ice responds quickly to (and amplifies) changes in northward heat transport and associated shifts in surface temperature through positive ice–ocean feedbacks. Antarctic sea ice, by contrast, forms each year around the Antarctica landmass in the open Southern Ocean; its northern boundary is set by the circumpolar system of southern midlatitude westerly winds, bathymetry, and ocean currents [57]. The regionally heterogeneous impact of external forcing on Antarctica during the LM in the LME and significant contribution of internal variability, particularly in the Amundsen and Bellingshausen seas, illustrates that dynamic feedbacks and regional processes in the Antarctic can yield unforced temperature changes of similar, or greater, magnitude to the LM forced trend [6] (Figure 3 and Figure 6).




4.3. Comparison to Proxy Records


The CESM-LME full forcing ensemble members simulate an Antarctic dipole pattern of LM temperature evolution that is consistent with ice core and other paleoclimate records. The LM temperature trends in most regions of Antarctica are of a similar sign and magnitude to a database of ice core temperature reconstructions compiled by the PAGES Antarctica2k working group, Stenni et al. [23] (Figure 1, Figure 5 and Figure S3), though only 11 records span the full LM. The LME is also broadly in agreement with an LM cooling trend identified in qualitative paleotemperature reconstructions compiled by Lüning et al. [13] (Figure 8). Some discrepancies remain between paleoclimate records and the LME ensemble mean (Figure 8a), particularly on the western side of the Antarctic Peninsula [32], which may be related to the role of internal variability in West Antarctica (Figure 6 and Figure 8b). A weak (~0.2 °C/kyr) warming trend in parts of the Weddell Sea in detrended full forcing LME ensemble members is consistent with an ice core temperature reconstruction from James Ross Island [22] and a terrestrial record from the Eastern Antarctic Peninsula [58] and evidence of enhanced meltwater discharge from Eastern Antarctic Peninsula Ice Shelves during the LM inferred from a marine sediment core [59]. Few proxy reconstructions are available from coastal Dronning Maud Land, the region of maximum LM cooling in the full forcing LME simulations. Ice core records from interior Dronning Maud Land record a weak LM cooling trend and the only available coastal records, terrestrial lacustrine sediment cores [31,60,61], do not have a straightforward relationship with temperature [13]. More marine and coastal ice core records from this region would be particularly useful to validate results from the LME.



The LME ensemble members underestimate cooling relative to the ice core records, particularly in West Antarctica (Figure 5 and Figure S3). The LM ensemble mean temperature trend of −0.43 ± 0.7 °C/kyr in East Antarctica is consistent with an estimate of −0.50 °C/kyr from ice cores [23]; however, the cooling of −0.25 ± 0.14 °C/kyr in West Antarctica is weaker than the composite ice core estimate of −0.58 °C/kyr. Weaker cooling in West Antarctica in the LME ensemble mean may be related internal variability in the WAIS sector and model bias. However, the seasonality of ice core reconstructions and the statistical methodology used to infer paleotemperatures from ice cores also may contribute to this discrepancy. The WAIS Divide core [14], a paleotemperature record from the interior of West Antarctica that records a robust LM cooling trend, is given higher weight in the continental reconstruction than the Roosevelt Island Ice Core [21], an ice core from the eastern Ross Sea that records a warming trend [23]. In addition, statistically based ice core estimates of past temperatures, such as Stenni et al. [23], are limited by a short instrumental calibration interval and the complicated link between isotope records from ice cores, local climate, and regional climate [62]. Though outside the scope of this study, analysis of isotope-enabled LM simulations [36] will allow for a more sophisticated, direct comparison between modeled climate and ice core reconstructions [62].



The forced response of Antarctic air temperatures to volcanic aerosols in the LME is consistent with the variable regional response to large LM volcanic eruptions inferred from ice core temperature reconstructions [23] (Figure 5). Changes in atmospheric and ocean dynamics and regional feedbacks, rather than direct radiative forcing, drive a heterogenous pattern of warming and cooling in Antarctica in the years after a large volcanic eruption [63,64]. Using observational data from the 1991 Mt. Pinatubo eruption and the LME, Verona et al. [53] showed that volcanism alters Southern Hemisphere wind patterns, weakens subsurface outflow in the Weddell Sea, and warms sea surface temperatures along the East Antarctic Peninsula in the first year after a large volcanic eruption. Taken together, observational data and results from the LME and show that the absence of a response to volcanic eruptions in Antarctic ice cores [23] and warming along the Eastern Antarctic Peninsula [22] are likely features of the climate system, rather than a result of age model uncertainty or bias in ice core records [53].



Results from the LME full forcing simulations provide a dynamic explanation for a weaker response to volcanism and more varied MCA and LIA periods in networks of paleoclimate records from the Southern Hemisphere mid and high latitudes [23,60]. Regional heterogeneity and a substantial component of unforced variability in the Antarctic in LME simulations are consistent with the lack of an identifiable cooler LIA period in some Antarctic records [31,65,66] (Figure 3, Figure 8, and Figure S3). LME ensemble members also simulate weaker cooling during the summer (Figure 7), the season preferentially recorded by terrestrial and marine sediment core records, underlining the importance of exploring seasonality when interpreting paleoclimate reconstructions [50].




4.4. Role of Large-Scale Modes of Climate Variability (SAM and ENSO)


The LME simulates a dipole pattern of Antarctic temperature change during the LM. However, the heterogeneous pattern of warming and cooling in ensemble members does not have a direct link to mean-state shifts in large-scale modes of Southern Hemisphere climate variability, as has been previously proposed [13,21,24,25]. The LME does not reproduce the negative mean state of the Southern Annular Mode (SAM) recorded in proxy reconstructions between 1400 and 1700 CE [61,67,68,69] as a forced response (Figure 9); furthermore, a prolonged (200 year) negative phase of the SAM is outside the range of low-frequency SAM variability in the LME (Figure 9); The LME also does not simulate mean state changes in ENSO or the Pacific South America pattern, which is the impact of ENSO on the southern high latitudes [70], between the MCA and LIA (Figure S5). Cooler tropical Pacific sea surface temperatures in LME ensemble members between 1600 and 1850 CE (a more La Niña-like mean state) reflect globally colder conditions rather than a shift in ENSO dynamics. Instead of mean state shifts in the modes of climate variability, external forcings interact with local feedbacks in the LME to produce heterogenous temperature and sea ice trends in the southern high latitudes [53] against the backdrop of a regional cooling trend in response to volcanic, solar, orbital, and LULC forcing.



The absence of multi-centennial trends in SAM and ENSO in the LME is consistent with previous work: the current generation of climate models do not simulate the low-frequency dynamic variability inferred from proxy reconstructions of LM climate [17,61,66,71,72,73]. A multi-model analysis of last millennium simulations from CMIP5 models identified a more negative SAM mean state between 1450 and 1850; however, the trend was not statistically significant [74]. CMIP5-generation Earth system models also do not simulate a low-frequency (multi-decadal) shift to more El Niño- or La Niña-like conditions in the Tropical Pacific or a change in the ENSO amplitude during the MCA and LIA [17]; shifts in sea surface temperatures in the Niño3.4 region of the Tropical Pacific and forced changes in the relative frequency of El Niño and La Niña events in CESM-LME simulations track global temperature trends (Figure S5).




4.5. Considerations When Comparing Paleoclimate Records and Model Simulations


Both paleoclimate records and model simulations have limitations that may contribute to the mismatch between the drivers of LM climate evolution inferred from proxy records [13,21,24,25] and simulations from the LME. Paleoclimate records have been shown to overestimate low-frequency variability and the a priori interpretation of a given paleoclimate time series should be that it represents local information rather than hemispheric-scale shifts in climate [17,18,75]. Though there is proxy evidence of a negative SAM between 1400 and 1700 CE [61,65,67,68] (Figure 9), evidence for low-frequency LM shifts in the ENSO mean state is inconclusive (see the discussion in Henke et al. [76] and references therein). Further, significant unforced temperature variability in the LME demonstrates that LM temperature change in the Antarctic may be the result of stochastic climate variability interacting with a local process. For instance, the LME does not recreate a warming trend inferred from an ice core in the Eastern Ross Sea [21] as a forced response; however, some ensemble members simulate >0.1 °C/kyr warming in the region (Figure S2), which may be exaggerated in the Roosevelt Island Ice Core due to local polynya processes (see the discussion in Bertler et al. [21]). More and better resolved paleoclimate records from the ENSO-sensitive region of the Tropical Pacific, SAM-sensitive region of the Southern Hemisphere mid-latitudes, and Antarctica are necessary to improve current reconstructions of paleoenvironmental evolution and infer climate drivers.



The absence of a link between modeled large-scale modes and Antarctic climate variability in the LME may also be related to known model biases: CMIP5-generation ESMs struggle to simulate realistic patterns of decadal climate variability [77,78,79,80]. Earth system model simulations operating over multi-centennial timescales need to make substantial approximations. Sub-grid-scale processes and missing feedbacks impact both the simulated internal variability and the model response to external forcing [7]. The coarse resolution of the upper atmosphere and ocean components of the LME and uncertainties in the last millennium forcing reconstructions have important implications for model representation of the low-frequency variability in the Southern Hemisphere. Fluctuations in solar irradiance have been shown to impact the SAM through changes in the mean flow in the stratosphere [81]. Thus, both large uncertainties in the magnitude of LM solar variability [82] and the low-top configuration of the LME, which does not capture the “top-down” effect of changes in solar irradiance [83], impact the representation of Southern Hemisphere circulation [83]. In addition, Earth system models that do not resolve mesoscale eddies, such as the CESM-LME, have been shown to systematically underestimate multidecadal variability [78]. Updated solar forcing files in CMIP6 [81] and LM simulations with high-top chemistry and improved eddy parameterizations are necessary to isolate the source of the mismatch between model and proxy perspectives on low-frequency SAM and ENSO variability during the LM and associated impacts on the Antarctic climate. In addition, new paleoclimate data assimilation products that combine networks of paleoclimate records with the physical constraints of a climate model [19,65] will be useful to assess this mismatch in the future.





5. Conclusions


Isolating the relative importance of radiative forcing, regional feedbacks, and centennial trends in global modes of climate variability in the Antarctic climate during the LM has important implications for the future of the Antarctic in changing climate. Simulations from the CESM-LME show that orbital changes, solar variability, and a greater frequency of volcanic eruptions acted to cool both the northern and the southern high latitudes during the LM, with a smaller contribution from LULC changes. However, a regionally heterogenous response and a damped overall cooling trend in the Antarctic contrasts with the Arctic, where external forcing drove widespread cooling. The contrast between the polar regions’ responses to changes in orbital configuration, solar intensity, and volcanic eruptions during the LM is consistent with differing sensitivity to radiative and non-radiative forcings and resembles the modern response to rising greenhouse gas concentrations, despite the different nature of the forcing.



Results from the LME show that the dipole pattern of LM climate evolution in Antarctic paleoclimate records—cooling over mainland Antarctica and warming in the Weddell Sea—is consistent with the impact of external forcing on the southern high latitudes during the last millennium. When detrended for drift in the control simulations, full forcing ensemble members simulated a weak warming trend in the Weddell Sea, agreeing with evidence of warming from the James Ross Island Ice core [22]. Further, the simulated impact of volcanic aerosols in the decades following a major volcanic eruption is heterogenous, indicating that the absence of a pan-Antarctic temperature response to LM volcanic eruptions in ice cores reconstructions [23] is linked to climate dynamics [53] rather than proxy bias. Substantial (±>0.5 °C) unforced temperature variability in the Antarctic in the LME also shows that that regional feedbacks during the LM can drive a heterogeneous pattern of warming and cooling in the Antarctic, consistent with the absence of an identifiable LIA period in some Antarctic paleoclimate records [27]. LME simulations do not reproduce a proposed link between LM environmental trends in the Antarctic and baseline shifts in Southern Hemisphere modes of dynamic variability (SAM and ENSO) [13,21,24,25,71]. Models may underestimate low-frequency climate variability [63,71,72,73,78] while paleoclimate records may overestimate past changes in SAM and ENSO [17]. Taken together, our analysis provides a useful point of comparison for future LM paleoclimate reconstructions from the Antarctic and highlights an important difference between the drivers of LM climate evolution in Antarctica inferred from some proxy records and those simulated by Earth system models.



The sensitivity of West Antarctica to unforced variability and the initial state of the Southern Ocean in the LME has implications for both paleoclimate reconstructions and projections of ice sheet stability; the Amundsen and Bellingshausen regions of the Western Antarctic Ice sheet are vulnerable to collapse in a warming climate [52]. Ensemble spread in the LME shows that that divergent trends in LM simulations are consistent with internal variability. Inter-model spread and proxy-model disagreement in the CMIP LM simulations of the West Antarctic climate are particularly difficult to interpret and attribute correctly to model structural uncertainty, model drift, or internal variability because many models only contributed one realization and a single control simulation. Though uncertainty associated with unforced variability is irreducible in model projections of future climate evolution, it must be accounted for to produce accurate estimates of future AIS behavior [52]. Proxy records can also be used in conjunction with model simulations to improve estimates of actual climate behavior over the LM [19]. More well-resolved LM paleoclimate records from the Amundsen and Bellingshausen regions would be a particularly useful constraint on the estimates of pre-industrial climate evolution used to initialize future projections of West Antarctic Ice Sheet stability.
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Figure 1. Map of Antarctica highlighting the location of paleoclimate records referenced in the text and climatic regions. The boundaries between East and West Antarctica (solid lines, bold text), and subregions (Antarctic Peninsula, Weddell Sea, Dronning Maud Land, Wilkes Land, Ross Sea; dashed lines, bold and italicized text) follow those defined in Stenni et al. [23]. 
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Figure 2. Antarctic annual surface temperature anomalies (°C) in the 850 CE control simulation; (a) average temperature between 60° and 90° south relative to the base period of 850–1200 CE (highlighted in beige). A 10-year rolling mean was applied; (b) linear trend (°C/kyr years) for the full control simulation (850–1850 CE, top), and the last 800 years (1050–1850 CE, bottom). 
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Figure 3. Antarctic (60–90° S) annual 2-m air temperature anomalies (°C) for the full forcing, volcanic, orbital, solar, land use and land cover, and greenhouse gas simulations. Timeseries of the temperature anomalies for each ensemble member (grey) and ensemble mean (black) were computed relative to the base period of 850–1200 CE (highlighted in beige), and a 10-year rolling mean was applied (left). Maps show the ensemble mean full LM (850:1850) linear trend (center) and standard deviation of the temperature trend (right); stippling indicates areas where the ensemble standard deviation is greater than the linear trend. 
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Figure 4. Comparison between Antarctic and Arctic temperature evolution during the LME; (a) average Antarctic, Arctic, and global temperature evolution highlighting the timing of the core periods of the MCA (850–1200 CE) and LIA (1600–1850 CEE). Anomalies were computed relative to the base period of 850–1200, and a 10-year rolling mean was applied. Black bars indicate the timing of the 10 largest LM volcanic eruptions; (b) LIA-MCA temperature anomaly in the Arctic (north of 60° N) and Antarctic (south of 60° S) in full and single forcing simulations; (c) ensemble mean LIA-MCA temperature difference in full and single forcing simulations. Stippling indicates differences that were not statistically significant at the 95% level using a Students t-test. 
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Figure 5. LM average Antarctic (60–90° S) air temperature evolution LME full forcing ensemble mean compared to composite ice core temperature reconstructions from Antarctica compiled in Stenni et al. [23]. Anomalies were computed in 10-year bins relative to the 850–1200 CE mean (highlighted in beige) to facilitate comparison to ice core reconstructions. Black bars highlight the timing of the 13 largest LM volcanic eruptions (peak global-mean aerosol mass mixing ratios above 1 × 108). Map insets (top) show the average temperature anomaly (°C) and sea ice area anomaly (%) in the 5 years after the five largest LM volcanic eruptions (bottom, shown in red). Anomalies were computed relative to the prior 50-year mean. Stippling indicates differences that were not statistically significant at the 95% level using a Students t-test. 
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Figure 6. Regional temperature evolution in West Antarctica (WAIS), East Antarctica (EAIS), and the Wedell Sea (WS) and Dronning Maud Land (DML) sectors of EAIS in LME full forcing simulations. Timeseries of ensemble mean (grey) temperature anomalies for each region were computed relative to the base period of 850–1200 CE (highlighted in beige), a 10-year rolling mean was applied, and the ensemble standard deviation is shaded in light grey. Map (center) shows the full ensemble mean LM (850:1850) linear trend; stippling indicates areas where the ensemble standard deviation is greater than the trend. 
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Figure 7. Seasonal temperature (°C per kyr) and sea ice concentration trends (ice area % per kyr) in the full forcing ensemble mean. 
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Figure 8. LM surface temperature anomaly (1500–1850 CE relative to 950–1250 CE) in the LME full forcing ensemble mean (a) and individual ensemble members (b) compared to qualitatively assessed paleotemperature records assembled in Lüning et al. [13]. A full list of paleoclimate records and the LM temperature trend is included in Table S1. 
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Figure 9. Last millennium trends in the Southern Annular Mode in (a) paleoclimate reconstructions and (c) the CESM-LME. (a) Reconstructed SAM index from Abram et al. [61] (annual), Dätwyler et al. [67] (DJF), Tardiff et al. [65] (annual), and Villallba et al. [69] (DJF). All indices were normalized and a 30-year rolling mean was applied to mitigate the influence of uncertainties in the paleoclimate records. Dashed lines denote a trend towards a more negative SAM in proxy records between 1400 and 1700 CE, with a core period of 1450 to 1650 CE (highlighted in grey). Colored bars denote the 200-year period with the lowest average SAM index; the average SAM index for each 200-year minimum period is shown in (b). (c) Same as in (a), but for the annual SAM index in LME full forcing simulations; the ensemble mean is shown in black; ensemble member 2 is highlighted in red to illustrate the modeled SAM variability in the individual ensemble members (shown collectively in grey) and; (d) same as in (b), but for LME full forcing simulations. 
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