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a b s t r a c t 

This article describes a suite of global climate model output 

files that provide continental climatic conditions (monthly 

temperatures, precipitation, evaporation, precipitation minus 

evaporation balance, runoff) together with the calculated 

Köppen–Geiger climate classes and topography, for 28 evenly 

spaced time slices through the Phanerozoic (Cambrian to 

Quaternary, 540 Ma to 0 Ma). Climatic variables were sim- 

ulated with the Fast Ocean Atmosphere Model (FOAM), us- 

ing a recent set of open-access continental reconstructions 

with paleotopography and recent atmospheric CO 2 and so- 

lar luminosity estimates. FOAM is a general circulation model 

frequently used in paleoclimate studies, especially in the 

Palaeozoic. Köppen–Geiger climate classes were calculated 

based on simulated temperature and precipitation fields us- 

ing Wong Hearing et al.’s [1] implementation of Peel et al.’s 

[2] updated classification. This dataset provides a unique 

window onto changing continental climate throughout the 

Phanerozoic that accounts for the simultaneous evolution of 

paleogeography (continental configuration and topography), 
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atmospheric composition and greenhouse gas forcing, and 

solar luminosity. 

© 2022 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND 

license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Subject Earth and Planetary Sciences (General) 

Specific subject area Continental climate and Köppen–Geiger climate classes during the Phanerozoic 

(last 540 million years) 

Type of data NetCDF raster files [longitude × latitude ( × time)] and CSV files 

How data were acquired General circulation model simulations conducted on high-performance 

computers of a regional cluster 

Data format Raw 

Parameters for data collection Geographic Coordinate System WGS1984 with 2.8 ° × 1.4 ° longitude-latitude 

spatial resolution 

Description of data collection General circulation model simulations using recent continental reconstructions 

and atmospheric CO 2 estimates and time-varying solar luminosity values 

Data source location Global scale (Entire World) 

Data accessibility Repository name: ZENODO 

Data identification number: doi: 10.5281/zenodo.6620748 

Direct URL to data: https://zenodo.org/record/6620748 

alue of the Data 

• This dataset comprises seasonal continental climatic fields and calculated Köppen–Geiger cli-

mate classes simulated over 28 evenly spaced (20 Myr) time slices covering the last 540

million years (Phanerozoic Eon), using time-evolving continental configurations, atmospheric

CO 2 concentrations and solar luminosity values. 

• The 28 NetCDF files provide valuable raster data for studies investigating long-term changes

in continental climate in the deep time. 

• Published rasters are based on the geodynamic model of Scotese and Wright [3] , which also

includes the rotation files required to calculate (in (py)GPlates) the paleo-coordinates of sam-

pling points based on present-day longitude-latitude values. It is, thus, straightforward to

calculate the paleo-locations of any data points and locate them on our maps of Phanerozoic

environmental parameters. 

• Our dataset is useful to non-climate modelling experts interested in integrating this type of

data into their multidisciplinary studies. 

• These data can be used as input for other models, such as ecological niche models and

species distribution models. Climatic information can also be extracted for key localities and

regions in order to place collected geological / biological data in a broader paleoclimatic con-

text. 

. Data Description 

The dataset comprises 28 files, named following the pattern: “[age]Ma_Pohletal2022_

IB_PhaneroContinentalClimate[extension]”. “[age]” is the age of the considered time slice ex-

ressed in million years before present (Ma), from 540 Ma (Cambrian) to 0 Ma (Quaternary)

both included). “[extension]” is either “.nc” or “.csv”, since files are provided in two file for-

ats. NetCDF (extension “.nc”) is a self-describing file format that can be read using scripting

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.5281/zenodo.6620748
https://zenodo.org/record/6620748
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Table 1 

List of variables included in all files. 

Label Variable description Unit 

topo Topography derived from the continental reconstructions of 

Scotese and Wright [3] 

m above sea level 

tssub1 Top layer soil temperature simulated in the FOAM model °C 
precip Total precipitation (i.e., convective and large-scale, liquid 

and solid) simulated in the FOAM model 

mm day −1 

evp Evaporation simulated in the FOAM model mm day −1 

rnf Runoff simulated in the FOAM model mm day −1 

PmE Precipitation minus evaporation balance simulated in the 

FOAM model 

mm day −1 

koppen Köppen–Geiger climatic zones (see Table 3 ) derived from 

tssub1 and precip following Wong Hearing et al. [1] . 

No unit 

area Grid point area, provided for convenience for the 

computation of area-weighted means 

m 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

languages (Python, Matlab, R etc.) and graphical user interfaces (GIS, Panoply https://www.giss.

nasa.gov/tools/panoply ). CSV (“comma-separated values”) files contain the same data in a for-

mat that can be read using a spreadsheet programme or text editor. Files for all time slices

contain the same variables and can be downloaded individually (i.e., 1 file per time slice) from

https://zenodo.org/record/6620748 . ZIP archives ("All_NC_files.zip” and “All_CSV_files.Zip”), also 

hosted on Zenodo, permit downloading all time slices at once, either as NetCDF or CSV files.

File “figures.pdf” provides a graphical illustration of all variables for every time slice. Fig. 1 pro-

vides an overview of the variables included in each of the 28 files published with this article,

using as an example the data for 120 Ma. Fig. 2 shows the underlying, long-term climatic trend.

Fig. 3 illustrates the 28 Phanerozoic time slices (and continental configurations) included in our

published dataset, using as an example the Köppen–Geiger climate classes. Table 1 describes all

variables included in the dataset. 

2. Experimental Design, Materials and Methods 

2.1. Model description 

We employed the slab version of the Fast Ocean Atmosphere Model (FOAM) version 1.5 [4] ,

which couples an atmospheric general circulation model with a slab mixed-layer ocean model.

The atmospheric component is a parallelized version of CCM2 (National Center for Atmospheric

Research’s Community Climate Model 2) with radiative and hydrologic physics upgraded after

CCM3 version 3.2 [5] . It uses an R15 spectral resolution (4.5 ° × 7.5 °) and 18 vertical levels.

In this study, the atmosphere is coupled to a 50-meter “slab” mixed-layer ocean of resolution

1.4 ° × 2.8 ° (latitude × longitude). To parametrize the effect of ocean circulation on the oceanic

heat transport, the poleward oceanic heat transport is prescribed through a diffusion coefficient

tuned to provide a realistic present-day climate. Although this choice prevents from assessing

the feedbacks of ocean dynamics on continental climate it allows multiple integrations that are

difficult to compute with a fully-coupled model that requires integrations of several thousands

of years to reach steady-state. A third model component, the coupler, ensures the robust ex-

change of energy and mass between the ocean and atmosphere and the simulation of sea-ice.

Sea-ice is simulated using the thermodynamic component of the CSM1.4 sea-ice model, which

is based on the Semtner 3-layer thermodynamic snow/ice model [6] . The coupler runs at the

ocean resolution (1.4 ° × 2.8 °). All climatic variables provided in the dataset published with this

article are derived from the coupler output and thus provided at the coupler resolution. This

setup of the coupled model, FOAM, has previously been used in paleoclimate studies [7 , 8] . 

https://www.giss.nasa.gov/tools/panoply
https://zenodo.org/record/6620748
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Fig. 1. Overview of the variables included in each of the 28 files published with this article, using as an example the 

data for 120 Ma (file “120Ma_Pohletal2022_DIB_PhaneroContinentalClimate.nc”). For variables displayed in panels (b)-(f), 

provided files contain seasonal (monthly) data but mean annual values (derived from the 12 monthly values) are shown 

here for convenience. m a.s.l.: meters above sea level . 
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Fig. 2. Mean annual, globally-averaged continental top-layer soil temperature simulated in the FOAM model for each of 

the 28 Phanerozoic time slices. : Cambrian, O: Ordovician, S: Silurian, D: Devonian, C: Carboniferous, P: Permian, T: 

Triassic, J: Jurassic, K: Cretaceous, P: Paleogene, N: Neogene. 

Table 2 

Boundary conditions used in the FOAM model, including age of the continental reconstruction, associated solar luminos- 

ity calculated after Gough [11] , atmospheric pCO 2 after Krause et al. [10] , and vegetation after refs [21–23] and references 

therein. A null eccentricity-minimum obliquity orbital configuration is used in all simulations. 

Age (Ma) Solar luminosity (W m 

−2 ) p CO 2 (ppm) Vegetation 

540 1307.89 7819 Rocky desert 

520 1310.02 6584 Rocky desert 

500 1312.16 4347 Rocky desert 

480 1314.31 3515 Rocky desert 

460 1316.46 3249 Rocky desert 

440 1318.62 2774 Tundra 

420 1320.79 2306 Tundra 

400 1322.96 2790 Tundra 

380 1325.14 1903 Tundra 

360 1327.33 824 Tropical evergreen, broadleaved forest 

340 1329.53 711 Tropical evergreen, broadleaved forest 

320 1331.73 404 Tropical evergreen, broadleaved forest 

300 1333.94 4 4 4 Tropical evergreen, broadleaved forest 

280 1336.16 507 Tropical evergreen, broadleaved forest 

260 1338.38 575 Tropical evergreen, broadleaved forest 

240 1340.62 1823 Tropical evergreen, broadleaved forest 

220 1342.86 1775 Tropical evergreen, broadleaved forest 

200 1345.1 958 Tropical evergreen, broadleaved forest 

180 1347.36 578 Tropical evergreen, broadleaved forest 

160 1349.62 386 Tropical evergreen, broadleaved forest 

140 1351.89 579 Tropical evergreen, broadleaved forest 

120 1354.17 603 Tropical evergreen, broadleaved forest 

100 1356.46 453 Present-day like, theoretical latitudinal bands 

80 1358.75 235 Present-day like, theoretical latitudinal bands 

60 1361.05 306 Present-day like, theoretical latitudinal bands 

40 1363.36 279 Present-day like, theoretical latitudinal bands 

20 1365.68 235 Present-day like, theoretical latitudinal bands 

0 1368.0 253 Present-day like, theoretical latitudinal bands 

 

 

 

 

 

 

 

 

2.2. Boundary conditions 

We employed the Phanerozoic continental reconstructions of Scotese and Wright [3] , which

can be freely downloaded as digital elevation models, together with the associated plate model,

from https://www.earthbyte.org/paleodem-resource-scotese-and-wright-2018 . A description of 

how the paleoDEMs were constructed can be found in Scotese [9] . The atmospheric partial

pressure of CO 2 was taken from the results of the recent integration of the updated version

of the GEOCARB model of Krause et al. [10] . Solar luminosity was calculated for each time slice

following the solar physics model of Gough [11] . We imposed different terrestrial vegetation

cover types throughout the Phanerozoic to track, to first approximation, the albedo effect of the

successive evolution of non-vascular plants, forests and angiosperms. Table 2 summarizes the

https://www.earthbyte.org/paleodem-resource-scotese-and-wright-2018
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Fig. 3. Overview of the 28 Phanerozoic time slices included in our published dataset, using as an example the Köppen–

Geiger climate classes (variable “koppen”, see Table 1 ). 

i  

fi  

b  

c  
mposed boundary conditions. We applied a null eccentricity-minimum obliquity orbital con-

guration (eccentricity = 0 °, obliquity = 22 °), which provides equal mean annual insolation to

oth hemispheres with minimum seasonal contrasts. Simulations were run for 100 years until

limatic equilibrium and the last 50 years were used to derive the climatic fields published here.
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Table 3 

Köppen–Geiger climate classes, numerical code used in files and definition, after Peel et al. [2] . 

Value displayed 

in NetCDF files Primary climate Secondary climate Long name Thresholds ∗

A Tropical T cold ≥ 18 

13 f fully humid P dry ≥ 60 

12 m monsoon P dry < 60 & P dry ≥ 100–(MAP/25) 

11 w savannah P dry < 60 & P dry < 100–(MAP/25) 

B Arid MAP < 10 ∗P thresh 

10 S steppe MAP ≥ 5 ∗P thresh 

9 W desert MAP < 5 ∗P thresh 

C Temperate T hot ≥ 10 & 0 < T cold < 18 

8 f no dry season Not Cs or Cw 

7 s dry summer P sdry < 40 & P sdry < P wwet /3 

6 w dry winter P wdry < P swet /10 

D Cold T hot ≥ 10 & T cold ≤ 0 

5 f no dry season Not Ds or Dw 

4 s dry summer P sdry < 40 & P sdry < P wwet /3 

3 w dry winter P wdry < P swet /10 

E Polar T hot < 10 

2 F frost T hot ≤ 0 

1 T tundra T hot > 0 

∗ T in °C; P in mm per month; MAP in mm per year. 

Summer/Winter are defined as the warmer/cooler six-month period October to March (austral summer) or April to 

September (boreal summer). 

MAP = mean annual precipitation; MAT = mean annual temperature. 

P dry = precipitation of driest month; P wet = precipitation of wettest month; P sdry = precipitation of driest summer 

month; P swet = precipitation of wettest summer month; P wdry = precipitation of driest winter month; P wwet = precipi- 

tation of wettest winter month. 

T cold = temperature of the coldest month; T hot = temperature of hottest month. If 70 % MAP in winter, P thresh = 2 × MAT; 

if 70% MAP in summer, P thresh = (2 × MAT) + 28; else, P thresh = (2 × MAT) + 14. P thresh is therefore temperature- 

dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Köppen–Geiger classification 

Köppen–Geiger climate classes ( Fig. 3 ) were derived from the simulated monthly temperature

and precipitation fields ( Fig. 1 ) following Peel et al.’s [2] revised classification ( Table 3 ) using

Wong Hearing et al.’s [1] R script. The Köppen–Geiger climate classification scheme has three

levels [12–14] . The first level describes the primary climate class (tropical, arid, temperate, cold,

and polar) defined by temperature thresholds. The second level is a precipitation modifier of the

main climate class, with the exception of arid climates which are subdivided by a second tem-

perature threshold. The third layer describes temperature variation within the main class, and is

only applied to three of the five climate classes (arid, temperate, and cold climates). Because of

the loose constraints on boundary conditions employed here (e.g. median orbital configuration),

we consider it appropriate only to use the first two layers of the Köppen–Geiger climate classi-

fication scheme with these data, though the R script allows implementation of one, two, or all

three levels [1] . 

3. Limitations 

Our paleoclimate reconstructions bear two main sources of uncertainty, namely the model

structural biases and the hypotheses we made regarding the boundary conditions of our simu-

lations. 
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.1. Model limitations 

When compared with present-day climatologies, FOAM-slab depicts near-surface air tem-

eratures that are overestimated over Antarctica, relating to the absence of explicit Antarctic

ircum-polar current. The model also underestimates continental temperatures in the North-

rn Hemisphere at high latitudes, which could be related to too strong snow-albedo feedbacks.

ow these biases translate into past climate remains to be determined, as much of Phanerozoic

eriods considered here are ice-free. Similar to many modern climate models, FOAM-slab also

nderestimates rainfall patterns in the neotropics, and conversely overestimate them over equa-

orial Africa. These patterns are linked to poor water recycling through vegetation feedbacks as

ell as a misplaced intertropical convergence zone (ITCZ), a pattern that also exists with recent

ully-coupled Earth System Models [15] . Biases also occur over topographic areas, as the spatial

esolution of the atmospheric component does not permit representation of fine variations in

errain. 

.2. Uncertainties in the model boundary conditions 

Reconstruction of past atmospheric CO 2 concentrations is uncertain. Here we used values

btained from the GEOCARBSULFOR model [10] . For the Cenozoic, these values are likely un-

erestimated, as most recent reconstructions depict p CO 2 far higher than 400 ppmv from the

aleogene to the late Miocene [16] . Therefore, our reconstructions for the last 80 Myrs are likely

oo cold. 

Another source of uncertainty lies in the choice of the orbital parameters (eccentricity, obliq-

ity and precession), which together define the trajectory of the Earth around the Sun and mod-

late the distribution of incoming solar energy in space (along the latitudes) and time (during

he year). Since there are no numerical solutions for insolation quantities beyond 250 Ma [17 , 18] ,

nd because the 20-Myr time steps are large compared to the timescales of orbital variability,

hoice was made to use the same orbital parameters for all simulations. The null-eccentricity

ow-obliquity configuration induces less marked seasonal cycles as well as overall less energy

eceived yearly by polar regions, and our simulations cannot represent the climatic variability

inked to combined effects of eccentricity, obliquity and precession on the top-of-atmosphere

adiative budget. 

Finally, uncertainties in the position of the landmasses, in the geometry of the coastlines and

lso in the estimation of past topography/bathymetry, increase with geological age [1 , 3 , 19 , 20] .

he impact of this uncertainty on our ensemble of Phanerozoic simulations remains difficult to

uantify. 
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