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            Abstract
Cooling during most of the past two millennia has been widely recognized1,2 and has been inferred to be the dominant global temperature trend of the past 11,700 years (the Holocene epoch)3. However, long-term cooling has been difficult to reconcile with global forcing4, and climate models consistently simulate long-term warming4. The divergence between simulations and reconstructions emerges primarily for northern mid-latitudes, for which pronounced cooling has been inferred from marine and coastal records using multiple approaches3. Here we show that temperatures reconstructed from sub-fossil pollen from 642 sites across North America and Europe closely match simulations, and that long-term warming, not cooling, defined the Holocene until around 2,000 years ago. The reconstructions indicate that evidence of long-term cooling was limited to North Atlantic records. Early Holocene temperatures on the continents were more than two degrees Celsius below those of the past two millennia, consistent with the simulated effects of remnant ice sheets in the climate model Community Climate System Model 3 (CCSM3)5. CCSM3 simulates increases in â€˜growing degree daysâ€™â€”a measure of the accumulated warmth above five degrees Celsius per yearâ€”of more than 300 kelvin days over the Holocene, consistent with inferences from the pollen data. It also simulates a decrease in mean summer temperatures of more than two degrees Celsius, which correlates with reconstructed marine trends and highlights the potential importance of the different subseasonal sensitivities of the records. Despite the differing trends, pollen- and marine-based reconstructions are correlated at millennial-to-centennial scales, probably in response to ice-sheet and meltwater dynamics, and to stochastic dynamics similar to the temperature variations produced by CCSM3. Although our results depend on a single source of palaeoclimatic data (pollen) and a single climate-model simulation, they reinforce the notion that climate models can adequately simulate climates for periods other than the present-day. They also demonstrate that amplified warming in recent decades increased temperatures above the mean of any century during the past 11,000 years.
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                    Figure 1: Comparison of North Atlantic and global marine-margin temperature reconstructions with our pollen-inferred mean annual temperature reconstruction for North America and Europe.[image: ]


Figure 2: Reconstructed and simulated annual and seasonal temperature changes in North America, Europe and the northern marine margins during the Holocene.[image: ]


Figure 3: The geographic extent of the reconstructed temperature trends during the Holocene.[image: ]


Figure 4: Simulated and reconstructed departures from long-term temperature trends, including forced and unforced variations on centennial scales.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Time series of calendar-adjusted CCSM3-simulated continental and marine AnnTs and pollen-inferred reconstructions of AnnT highlight different long-term trends from the synthesis of marine and coastal temperature reconstructions.
a, Simulated AnnT anomalies are shown for land (black line with solid red smooth lines) and the oceans (black line with solid blue smooth lines), along with the simulated boreal summer (JJA) air-temperature anomalies for ocean grid cells (dashed blue) over the past 11,000 years. Smooth red and blue solid lines indicate the long-term trends in the simulation (6,500-yr loess fits) for comparison with additional millennial-scale variability (captured by 2,500-yr loess fits (thin solid lines) and GAMMs that account for temporal autocorrelation (thick solid lines)). b, Same as a, but for the pollen-inferred (red) and marine synthesis (blue) temperature reconstructions. The histograms in the insets show simulated random correlations of simulated or reconstructed AnnT over land with 1,000 random series with the same autoregressive characteristics as the de-trended ocean simulation in Fig. 4a and the de-trended marine reconstruction in Fig. 4b. The thick vertical line represents the correlations between the time series and the thin vertical lines represent the 95% range of the random correlations. All anomalies are relative to the mean of ad 1450â€“1950. Cal yr before 1950 ce, calibrated years before 1950 of the Common Era.


Extended Data Figure 2 Flow chart for data acquisition, data analyses and data products.
Data files and R code used in the reconstruction process can be found at https://www.ncdc.noaa.gov/paleo/study/22992.


Extended Data Figure 3 Site maps indicating the location of all and significant pollen-inferred temperature reconstructions.
aâ€“c, Maps showing the locations of significant reconstructions (coloured symbols) of AnnT (a), GDD5 (b) and MTCO (c). Grey symbols indicate additional (not significant) pollen records. Circles with a black outline indicate sites with data within the 0.5â€“0?kyr bp base period used in calculating temperature anomalies.


Extended Data Figure 4 Number of pollen sample and age control points over the Holocene.
Number of pollen samples (lightly shaded bars) and dates (dark-shaded bars) remaining after the extraction of significant records.


Extended Data Figure 5 Comparison of the mean of the gridded, significance-screened reconstructions of AnnT with mean reconstructions based on gridding or simply averaging (stacking) all AnnT reconstructions without screening.
The AnnT reconstructions for all sites include even the records (grey symbols in Extended Data Fig. 3a) that were not significantly different from random variables, and were produced either by averaging (black line) or first gridding the reconstructions (blue line). These mean time series compare with the mean of the gridded significant reconstructions (coloured symbols in Extended Data Fig. 3a), which we also use in Figs 1 and 2 (dark red line with uncertainty band). The dark red line represents the median of the 100 individual iterations of the mean in which 50% of grid cells were randomly removed with replacement before the mean was calculated. The underlying red uncertainty band denotes the 2.5%â€“97.5% quantiles of the 100 individual iterations with noise (based on the RMSE of AnnT) added to each grid cell per century before calculating the mean. All anomalies are relative to the mean of ad 1450â€“1950.


Extended Data Figure 6 Time series of mean reconstructed temperatures, based on gridding the significant site-level reconstructions, show long-term warming and millennial-scale changes.
aâ€“c, AnnT (a), GDD5 (b) and MTCO (c) anomalies reconstructed from 415â€“453 fossil pollen sites across North America and Europe. Light red lines indicate 100 individual iterations of the reconstruction of each variable reconstruction over the past 11?kyr bp in which 50% of grid cells were randomly removed with replacement, and the dark red lines represent the median of those iterations. The underlying red uncertainty bands denote the 2.5%â€“97.5% range of 100 additional iterations that degraded the reconstructions for each gridded cell by adding random noise to each time step based on the RMSE of the modern calibration (see Methods). All anomalies are relative to the mean of ad 1450â€“1950.


Extended Data Figure 7 Diagnosing millennial-scale variability from North American and European pollen-inferred AnnTs.
a, AnnT anomalies for North America (black line with red smooth lines) and Europe (black line with blue smooth lines) over the past 11?kyr bp. Smooth blue and red dashed lines indicate a 6,500-yr loess fit. Solid blue and red lines indicate a 2,500-yr loess fit (thin lines) and a GAMM fit (thick lines) to the North American and European temperature reconstructions after accounting for temporally autocorrelated residuals. b, Histograms show correlations of the de-trended North American (red) and European (blue) AnnT reconstructions with 1,000 randomly simulated time series with the same autoregressive characteristics as the de-trended reconstructions (thin lines in d). Vertical black lines indicate the correlation between the two de-trended reconstructions (r?=?0.75). c, Difference between the 6,500-yr loess fits to the North American and European reconstructions. d, Difference between the European and North American means (thin lines) and GAMMs (bold lines) after de-trending by subtracting the 6,500-yr loess fits. e, Same as in d, but removing a 2,500-yr loess fit. The grey bar indicates departures of one standard deviation from zero. All anomalies are relative to the mean of ad 1450â€“1950.


Extended Data Figure 8 Wavelet analysis highlights coherent millennial-scale variability.
aâ€“c, Wavelet decomposition of the marine synthesis (a), the North American AnnT reconstruction (b) and the European AnnT reconstruction (c); the colour scale represents the power spectrum (darker colours represent more power). dâ€“f, Cross-wavelet significance is also shown for North America versus the marine synthesis (d), Europe versus the marine synthesis (e) and North America versus Europe (f); the colour scale indicates whether there is a significant relationship between the cross-wavelets of the datasets (red, no significant relationship; yellow, significant relationship at the 0.9 significance level). The period, in years, is shown on the y axes.


Extended Data Table 1 Modern calibration experiment results for AnnTFull size table


Extended Data Table 2 Sites used in marine synthesisFull size table





Supplementary information
Supplementary Table 1
Taxa used in pollen-based climate reconstructions. Table comprising the specific taxa used in the pollen-based climate reconstructions for North America and Europe. (XLSX 11 kb)


Supplementary Table 2
Significant sites and sites used in modern analog technique analysis. Site table containing all of the details for sites deemed significant by our analysis, and the sites used in our analyses. These include the latitude, longitude, elevation, significance values for each variable for each site, the number of samples the site contains throughout the last 11,000 years, and the age model assigned to the core data. (XLS 185 kb)
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