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The SI contains (a) a summary of the boundary conditions for the Mid-Holocene (MH, ca 6 15 

ka) and Last Glacial Maximum (LGM, ca 21 ka) experiments, (b) descriptions about the data 16 

sets available for the Mid-Holocene (MH, ca 6 ka) and Last Glacial Maximum (LGM, ca 21 17 

ka) for model evaluation and benchmarking in CMIP5, and (c) estimates of shortwave forcing 18 

and feedbacks at the Last Glacial Maximum (LGM, ca 21 ka). 19 

 20 

 21 

Boundary conditions for the MH and LGM experiments in PMIP1, PMIP2 and PMIP3  22 

 23 

Mid-Holocene (MH) and Last Glacial Maximum (LGM) simulations are equilibrium 24 

experiments, presenting a “snapshot” of climate at a specific time.  The table S1 shows the 25 

boundary conditions used for MH and LGM experiments during the various phases of the 26 

Palaeoclimate Modelling Intercomparison Project (PMIP). The ultimate external forcing (or 27 

driver) of climate is change in incoming solar radiation (insolation) as determined by changes 28 

in the Earth’s orbit. These changes can be specified precisely 1. Due to the slow variations of 29 

Earth’s orbital parameters, the seasonal and latitudinal distribution of MH insolation was 30 

different from present (1950 C.E), enhancing the magnitude of the seasonal contrast in the 31 

Northern Hemisphere by about 60Wm-2. Insolation forcing at the LGM was very similar to 32 

present. When models do not explicitly simulate slow processes such as the build up of ice 33 

sheets, concomitant changes in land-sea distribution, or the evolution of atmospheric 34 
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composition, all of which lead to changes that have to be considered as climate forcings on 1 

shorter timescales, then these boundary conditions (hereafter forcings) have to be prescribed 2 

in the MH and LGM experiments. As models have evolved in complexity, so the set of 3 

forcings that has to be prescribed has also evolved. In the first phase of the Palaeoclimate 4 

Modelling Intercomparison Project (PMIP1), the experiments were performed with 5 

atmospheric general circulation models and the state of the ocean was prescribed as a forcing. 6 

In the second phase of PMIP (PMIP2), some models incorporated vegetation dynamics but 7 

vegetation cover and albedo still had to be specified for the coupled ocean-atmosphere general 8 

circulation models (OAGCMs). Some processes, such as those associated with the terrestrial 9 

and marine carbon cycle, have been ignored in the earlier PMIP experiments, but will be 10 

included as interactive components of some of the models used in PMIP3. In all experiments 11 

the atmospheric composition is prescribed using results from ice-cores 2,3,4,5.  12 

 13 

Table S1: Evolution of the boundary conditions prescribed in the different phase of the PMIP 14 

project. Boundary conditions that remain the same between different sets of simulations are 15 

highlighted in yellow; blue highlighting shows boundary conditions that are not included in a 16 

given set of experiments. More details of the protocols to be used in PMIP3 can be found on 17 

the PMIP3 web site (see http://pmip3.lsce.ipsl.fr/), which also provides links to the webpages 18 

detailing the protocols used in PMIP1 and PMIP2. Note that in the MH experiment the CO2 19 

concentration is the pre-industrial one. CO2ctrl refers to the CO2 concentration of the control 20 

simulation.  21 

 22 
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 PMIP1 PMIP2 PMIP3 
Mid Holocene (6000 years BP)* 
*In this experiment ice-sheet, coastline, solar constant and aerosols are prescribed as in the PI simulation.  
Insolation  eccentricity = 0.018682  

obliquity = 24.105°  
perihelion-180° = 0.87° 

eccentricity = 0.018682  
obliquity = 24.105°  
perihelion-180° = 0.87° 

eccentricity = 0.018682  
obliquity = 24.105°  
perihelion-180° = 0.87° 

Trace gases  CO2 = 280 ppm  
Or 280/345* CO2ctrl 
CH4 = 650 ppb 
N2O = 270 ppb  
CFC = 0 
O3 = not considered 

CO2 = 280 ppm 
CH4 = 650 ppb 
N2O = 270 ppb  
CFC = 0 
O3 = not considered 

CO2 = 280 ppm 
CH4 = 650 ppb 
N2O = 270 ppb 
CFC = 0 
O3 = same as in CMIP5 PI  

Vegetation and land 
surface  

Prescribed to be the same as 
modern vegetation 

Either prescribed to be the same 
as modern vegetation or 
computed using a dynamical 
vegetation module 

Computed using a dynamical 
vegetation module, 
or prescribed as in PI, with 
phenology computed for 
models with active carbon 
cycle or prescribed from data 

Carbon cycle  Not considered Not considered  Interactive, with atmospheric 
concentration prescribed and 
ocean and land carbon fluxes 
diagnosed as recommended in 
CMIP5 

Last Glacial Maximum (21000 years BP) * 
* In this experiment solar constant and aerosols are prescribed as in the PI simulations.  
Insolation  eccentricity = 0.018994  

obliquity = 22.949°  
perihelion-180° = 114.42° 

eccentricity = 0.018994  
obliquity = 22.949°  
perihelion-180° = 114.42° 

eccentricity = 0.018994  
obliquity = 22.949°  
perihelion-180° = 114.42° 

Trace gases CO2 = 200 ppm  
or (200/280) * CO2ctrl  
CH4 = 350 ppb 
N2O = 190 ppb 
CFC =0 
O3 = same as in PI 

CO2 = 185 ppm 
CH4 = 350 ppb 
N2O = 200 ppb 
CFC =0 
O3 = same as in PI 

CO2 = 185 ppm 
CH4 = 350 ppb 
N2O = 200 ppb 
CFC =0 
O3 = same as in PI 

Ocean  SST prescribed from 
CLIMAP (1981) 
Or SST computed using a 
slab ocean model  

3D Ocean model and sea-ice 3D ocean model and sea-ice 

Ice sheet Peltier et al (1994) 6 Peltier et al (2004) 7 Blended ice sheet  
Land-sea mask - 105 m sea level Prescribed following Peltier 

(2004) 7 land-sea mask  
-120 m  

Prescribed from the blended 
ice-sheet land-sea mask. Sea-
level change consistent with 
the change in land-sea mask.  

Freshwater   Excess LGM freshwater added 
to the ocean in 3 different 
regions 

Excess LGM freshwater 
added to the ocean  

Ice sheet ice streams Not considered  Not considered Not considered  
River runoff  Not considered As in CTRL or river pathway 

modified  
As in PI or river pathway 
modifier according to PMIP 
protocol 

Mean ocean salinity Not considered  Not considered +1 PSU everywhere 
Carbon cycle Not considered  Not considered  Interactive, with atmospheric 

concentration prescribed and 
ocean and land carbon fluxes 
diagnosed as recommended in 
CMIP5 
For PCMIP: fully interactive 
with atmospheric 
concentration computed by 
the model 
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Data syntheses for the mid-Holocene and the Last Glacial maximum  1 

 2 

The focus of PMIP (and other palaeoclimatic modelling efforts) on the MH and LGM has 3 

motivated both regional and global syntheses of palaeoenvironmental and palaeoclimatic data, 4 

and the development of benchmark data sets. Here we illustrate the global subset of these data 5 

sets.  6 

 7 

The Global Lake Status Data Base   8 

 9 

The Global Lake Status Data Base (GLSDB) 8 was the product of an international effort to 10 

compile the geomorphic and biostratigraphic data for changes in lake status (a measure of 11 

relative changes in lake level, water depth or lake volume through time), in order to document 12 

changes in regional water balance during the last 30,000 years. The change in lake status 13 

provides a qualitative estimate of the change in water balance (precipitation minus 14 

evaporation, P-E) over the lake and its catchment 9 and can be compared to simulated P-E 10. 15 

The MH lake status map shows large-scale increases in P-E compared to present in regions 16 

affected by the northern hemisphere monsoons 8 (Figure S1a). Smaller-scale regional patterns, 17 

such as the drier condition around the Baltic Sea, have also been interpreted as reflecting 18 

changes in regional water balance consequent on changes in atmospheric circulation patterns 19 
11. The LGM lake status map shows conditions drier than present almost everywhere (Figure 20 

S1b), except in those regions such as western North America and the circum-Mediterranean 21 

which were subject to increased precipitation in consequence of the southward displacement 22 

of the westerlies by the Laurentide ice sheet 8.  23 
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Figure S1: Differences in lake status between (a) the mid-Holocene and (b) the LGM, and the 1 

present-day lake status of an individual lake. For mapping purposes, the relative lake status 2 

through time is classified into three categories (high, intermediate, low – which includes 3 

intervals when the lake was dry), which following Street-Perrott and Harrison 12 represents a 4 

roughly equal proportion of the history of an individual lake. The map uses a Robinson 5 

projection centred on 0°, 0°; the grid lines are every 30°. 6 

 7 
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The BIOME 6000 project.  1 

 2 

The BIOME 6000 project is a long-standing initiative of the International Geosphere-3 

Biosphere Programme (IGBP)13 to map past vegetation patterns based on fossil-pollen and 4 

plant-macrofossil samples. The taxa represented in each pollen or macrofossil assemblage are 5 

assigned to plant functional types (PFTs) on the basis of current information about the life 6 

form, phenology and physiology of the constituent species; major vegetation types (biomes) 7 

are defined in terms of the presence/absence of PFTs; scores of the affinity of each pollen or 8 

macrofossil assemblage to each biome are calculated based on these two classifications and 9 

the sample is then assigned to the biome with which it has the greatest affinity 14. This method 10 

has been applied to construct regional biome maps 15,16,17,18,19. During the MH, woody 11 

vegetation expanded into areas now occupied by deserts in response to the orbitally-induced 12 

expansion of the northern hemisphere monsoons; northward expansion of forests in eastern 13 

Canada and Eurasia reflects high latitude warming (Figure S2). At the LGM, forests 14 

disappeared over much of Eurasia as a consequence of colder condition (Figure S2). The 15 

BIOME 6000 maps provide targets for evaluation of coupled models that include vegetation 16 

dynamics 20, but they can also be compared to the output of vegetation models driven by 17 

output from coupled climate models 21 22. 18 
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 1 

 2 

 3 

Figure S2: The latest update of the BIOME 6000 data set, showing vegetation reconstructions 4 

for (a) MH (Harrison and Prentice, unpublished data) and (b) LGM 23. In order to construct 5 

global maps, the PFT and biome terminology used in each region has been standardised. 6 

 7 
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Sedimentary charcoal records  1 

 2 

Sedimentary charcoal records from e.g. lakes, bogs, and marine cores provide a record of 3 

biomass burning, which approximates the amount of biomass lost in wildfires 24. The IGBP-4 

sponsored Global Palaeofire Working Group (GPWG) has assembled charcoal records from 5 

nearly 800 sites globally. Charcoal is obtained from a wide range of depositional 6 

environments, at varying temporal resolution or sampling intervals, and is quantified using a 7 

variety of different metrics. For comparison between sites, the data are therefore standardized 8 

using a standard procedure which involves (1) transforming non-influx data (e.g. 9 

concentration expressed as particles/cm3) to influx values (i.e. particles/cm2/yr) or quantities 10 

proportional to influx, by dividing the charcoal values by sample deposition times, (2) 11 

homogenising the variance using the Box-Cox transformation, (3) rescaling the values using a 12 

minimax transformation to allow comparisons among sites, and (4) rescaling values once 13 

more to z-scores using a base period of 21 to 0.2 ka 25. Analyses of the impacts of each of 14 

these procedures on the records have shown that the relationship between the original and 15 

standardized record from a site is linear or monotonic 25,26.  Figure S3b shows that at the 16 

LGM, biomass burning was generally reduced compared to present; the Holocene (Figure 17 

S3a) was characterised by increased fire activity, although at sub-continental scales these 18 

patterns are complicated by regional climate controls (see Power et al. 24, for further 19 

discussion of these patterns).  As with the vegetation data (Figure S2), the biomass-burning 20 

reconstructions provide targets for coupled models that include fire disturbance impacts on 21 

dynamic vegetation 27 but they can also be compared to the output of fire-enabled vegetation 22 

models 28 driven by output from coupled climate models. 23 
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 1 

 2 

 3 

Figure S3: Changes in biomass burning at (a) the MH and (b) the LGM, expressed as z-4 

scores of transformed charcoal influx (see text for details), from the Global Palaeofire 5 

Working Group Database (Version 2, unpublished data). 6 

 7 
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The DIRTMAP database 1 

 2 

Changes in dust affect the radiation budget, and account for about -1Wm-2 in the radiative 3 

perturbation of the LGM 29,30. This forcing is not currently included in the PMIP3 simulations, 4 

but sensitivity experiments will be run by a subset of PMIP modelling groups. The 5 

DIRTMAP (Dust Indicators and Records from Terrestrial and MArine Palaeoenvironments) 6 

database contains records of dust accumulation rates (g/m2/yr) from ice and marine cores, and 7 

terrestrial deposits. Dust deposition, and hence atmospheric dust loading, was between 2-5 8 

greater at the LGM than today with largest increases associated with the expansion of arid 9 

lands in Africa and Asia (Figure S4). This map serves as a target for coupled models that 10 

explicitly simulate dust transport and deposition, but can also be compared to the output of 11 

offline dust models 31 driven by output from coupled climate models to test if the changes in 12 

the atmospheric circulation produced for the LGM is compatible with observed changes in 13 

dust accumulation. 14 

 15 

 16 

Figure S4: Changes in dust deposition at the LGM, expressed as the ratio compared to 17 

present deposition, from version 2 of the DIRTMAP dataset 32,33. 18 

 19 
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Reconstruction of bioclimatic variables over land  1 

 2 

Pollen and plant macrofossil data are an important resource from which climatic (e.g. mean 3 

annual temperature) or bioclimatic (e.g. the accumulated temperature during the growing 4 

season) variables can be estimated using different statistical and inverse-modelling methods. 5 

A global synthesis of various regional data sets for the MH and LGM has been assembled by 6 

a PMIP working group (Bartlein et al 34) and provides reconstructions of six variables: mean 7 

temperature of the warmest month (MTWA), the accumulated temperature sum during the 8 

growing season (growing degree days above a baseline temperature for the growth of woody 9 

plants of 5°C: GDD5), mean temperature of the coldest month (MTCO), mean annual 10 

temperature (MAT), mean annual precipitation (MAP) and  the ratio of equilibrium to 11 

potential evapotranspiration (α) for each period. This dataset also include uncertainties arising 12 

from data resolution and sampling, age scale uncertainties, analytical uncertainties and 13 

calibration model uncertainty. To facilitate comparison with climate-model outputs, the 14 

variables are presented as gridded anomalies on a regular latitude/longitude grid of 2° by 2° 15 

(comparable to the typical grid size of the PMIP models). The grid-cell value of the anomaly 16 

was obtained by simple averaging and that for the uncertainty as a pooled estimate of the 17 

standard error. Analyses of these data have shown that methodological uncertainties have 18 

little impact on the reconstructions: the reconstructed climate variables show large, spatially 19 

coherent patterns that are consistent with plausible responses to known climate forcing. Figure 20 

S5 shows MAT anomalies for the MH and LGM, as an example of this data set,. 21 
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 1 

 2 

 3 

Figure S5: Changes in mean annual temperature (°C) for (a) the MH and (b) the LGM, 4 

compared to present, from pollen and plant macrofossil data34. The size of the circles shows 5 

the statistical confidence attached to the individual grid-cell reconstructions, with small 6 

circles showing that the cell values are not individually statistically significant. The spatial 7 

coherence of the patterns shown, however, makes it clear that standard measures of 8 

significance are too conservative. 9 
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Temperature reconstruction over the ocean 1 

 2 

Reconstructions of seasonal sea-surface temperatures (SST) and seasonal sea-ice cover have 3 

been developed by the paleoceanographic community using biological and geochemical 4 

evidence from deep-sea sediments. The MARGO (Multiproxy Approach for the 5 

Reconstruction of the Glacial Ocean surface group has focused on reconstructions for the 6 

LGM35. As is the case for other reconstructions, MARGO initially produced data sets for 7 

different types of records and for different regions (see ref 35 and other papers in this special 8 

issue) and subsequently provided gridded data sets at 5° by 5° resolution by averaging 9 

individual site-based reconstructions that fall into the same cell, weighted by an index of 10 

reliability 36. Thus the MARGO gridded product contains both reconstructions and uncertainty 11 

estimates for these reconstructions. The GHOST project has produced site-based 12 

reconstructions of mean annual SST based on alkenone and magnesium/calcium 13 

palaeothermometry techniques for the MH 37.  14 
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 1 

 2 

 3 

Figure S6: Changes in mean annual sea surface temperature (°C) at the (a) MH and (b) LGM 4 

from the GHOST37 and the MARGO36 projects respectively.  5 

 6 
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Ice cores  1 

 2 

Land and ocean datasets are complemented by temperature estimates from Antarctic ice cores. 3 

LGM (from 20.5 to 21.5 ka) temperature changes (with respect to the mean values of the last 4 

millennium) have been estimated from Vostok, EDC, EDML, TALDICE and Dome F ice 5 

cores, in East Antarctica 38,39,40,41,42. Ice cores were synchronized on a common age scale 43. 6 

Temperature estimates are based on the use of the present-day isotope-temperature gradient 7 

(0.8 ‰ per °C for 18O), the validity of this approach being supported by isotopic GCM 8 

simulations (see supplementary material in ref40). Uncertainties linked with changes in slope 9 

by ±0.1 ‰ result in uncertainties in LGM temperature change by approx. 2°C. Ice core 10 

isotopic data from each site were corrected for changes in sea water isotopic composition 11 

using  estimates based on data compilation 44. Estimates of changes in elevation (with a lower 12 

LGM central Antarctic ice sheet by approx. 100-125 m) were used to estimate the magnitude 13 

of the correction required to produce a fixed-elevation temperature estimate (enhancing the 14 

change between LGM and the present by 1 to 1.25°C). Corrections for colder LGM moisture 15 

sources (indicated by deuterium excess data) are not available for all ice cores. For EDC and 16 

EDML ice cores, this correction reduces the magnitude of LGM temperature cooling by 17 

approximately 1°C. Altogether, taking into account inter-core variability (1.4°C) and the 18 

uncertainties linked with slope (2°C), elevation (1°C) and moisture source effects (1°C), the 19 

most likely range of LGM Antarctic fixed-elevation temperature change is –10 to –6°C. 20 

 21 

 22 
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Estimates of shortwave forcing and feedbacks at the LGM 1 

 2 

Figure 3 (main text) provides estimates of the forcing and feedbacks for different PMIP 3 

simulations (Table S2). The shortwave forcing and feedbacks were estimated using the Taylor 4 

et al. 45 approximate partial-radiative perturbation method that can be easily applied to 5 

standard model output. The method is based on a simplified shortwave radiative model of the 6 

atmosphere. Surface absorption, atmospheric scattering and absorption are represented by 7 

means of three parameters that are diagnosed at each grid cell from surface and top-of-the-8 

atmosphere fluxes and albedo. These parameters are different in each model and simulation, 9 

and reflect the properties of the radiative code in the individual models, and the variations of 10 

these terms over different time periods. To quantify the effect of the change of each of these 11 

parameters, the parameters in the simple model are perturbed individually by the amount that 12 

they change in the climate response in order to compute the corresponding radiative change. 13 

Here, a two-sided approach is adopted, in which two estimates of the radiative change are 14 

made, considering in turn the control simulation and the paleo simulation as a reference. The 15 

average value is plotted in Figure 3.  16 

The method is only valid for shortwave estimates and provides results in good agreement with 17 

more sophisticated approaches at the global scale (less than 7% difference) 45. It is not 18 

possible to find a similar decomposition for longwave radiation; consequently we use a bulk 19 

estimate of the greenhouse effect computed as the difference between the surface longwave 20 

emission (which is a function of surface temperature), and the outgoing longwave radiation at 21 

the top of the atmosphere (which is attenuated relative to surface emission by greenhouse 22 

gases, water vapour and clouds). Ice-sheet and sea-level forcing values incorporate the albedo 23 

changes in regions affected by the presence of the ice-sheets at the LGM or by changes in the 24 

land-sea mask resulting from the lower sea level then. The estimate of the forcing induced by 25 

trace gases from Yoshimori et al. 46 is adopted, because the Taylor et al (2007) method does 26 

not allow a direct estimate to be made from model outputs. Therefore we consider that all the 27 

models have the same trace-gas forcing. However, the estimate of the trace-gas forcing varies 28 

by 0.4-0.6 Wm-2 among models in doubled-CO2 experiments 47 which is a good 29 

approximation for the CO2 forcing uncertainty that can be expected for the LGM simulations. 30 

The total forcing is considered as the sum of the shortwave ice sheet plus sea level forcing and 31 

trace-gas forcing, and can be compared to other estimates using an earlier version of the 32 

PMIP2 database 48 or results from one particular model 46. The changes in topography due to 33 
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the presence of the ice-sheet, lower the surface temperature, which imposes a reduction of 1 

surface emission that can also be considered as a forcing. 2 

 The different feedbacks considered in the table concern the changes in albedo resulting from 3 

climate change, the changes in cloud cover and atmospheric absorption, and the changes in 4 

water vapor, lapse rate and clouds that affect longwave emission. For the latter we estimated 5 

the longwave feedback from the change in greenhouse effect from which we subtracted the 6 

forcing and effect of ice-sheet elevation. Each direct estimate has an error bar of about 0.2 to 7 

0.5 Wm-2, so these last numbers are only an order-of-magnitude estimates to compare 8 

different models. Changes in cloud cover account for a large fraction of the variation among 9 

the feedbacks estimated for the different models.  10 

Table S2. Estimate of the different LGM forcing and feedback factors (Wm-2) for the 6 11 

PMIP2 models for which the necessary variables are available in the PMIP2 database. Model 12 

references can be found in Braconnot et al. 49 and on the PMIP website 13 

(http://pmip2.lsce.ipsl.fr/).  14 

Model name  CCSM CNRM HadCM3M2 HadCM3M2 v IPSL-CM4 MIROC3.2 
FORCING 
Ice-sheet and see level -2.59 -2.66 -3.23 -3.41 -3.48 -2.88 
All trace gases -2.85 -2.85 -2.85 -2.85 -2.85 -2.85 
Total forcing  -5.44 -5.51 -6.08 -6.26 -6.33 -5.73 
Planck emission due to 
orography -3.22 -3.44 -3.21 -3.223 -3.25 -3.48 
FEEDBACKS 
Surface albedo -1.08 0.28 -1.42 -2.41 0.11 -0.26 
Atmospheric absorption 
and scattering  -1.809 -1.09 -0.93 -0.99 -4.41 -0.06 
Long wave -2.55 -4.70 -3.72 -2.86 -2.03 -5.40 

 15 

 16 

 17 
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