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a b s t r a c t
Life on Earth radiated dramatically during the Ordovician Period (485–444 Ma) at all taxonomic levels during an
evolutionary episode known as the ‘Great Ordovician Biodiversiﬁcation Event’. Abundant scientiﬁc literature has
documented the pattern of biodiversiﬁcation for numerous organism groups. However, fully understanding this
event also requires detailed knowledge about the spatial distribution of the organisms. The full potential of the
palaeobiodiversity patterns remains under-explored due to the lack of knowledge about past ocean circulation.
Surface circulation signiﬁcantly conditions the dispersal of organisms, in creating preferential ocean migration
pathways or, in contrast, by isolating speciﬁc regions and thus establishing major physical barriers. These uncertainties persist because neither direct observational data, nor proxy data independent from the fossil record, are
available to reconstruct the ocean surface circulation. Here we present new maps of Ordovician ocean surface circulation based on simulations using the general circulation model FOAM. This is a coupled ocean-atmosphere
general circulation model and represents a methodological improvement over previously published work. In addition, we use the most up-to-date palaeogeographical reconstructions to increase compatibility with recent
palaeontological databases. In providing clear, synthetic maps of ocean surface circulation in addition to raw
model outputs, we aim to facilitate data-model comparison, to assist in interpretation of palaeontological
datasets, and to promote renewed discussion about Ordovician biogeography. Finally, we investigate the
sensitivity of the circulation pattern to the atmospheric CO2 content, which remains poorly constrained in the
Ordovician, potentially ranging from more than 15 times the preindustrial atmospheric CO2 level (PAL) to ~5
PAL. Maps are systematically constructed for a high (16 PAL), medium (8 PAL) and low (4 PAL) CO2 value. We
show that the circulation pattern is much more sensitive to CO2 than previously suggested.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The Ordovician Period was characterised by major changes in
marine faunal communities. Following the appearance of numerous animal phyla during the ‘Cambrian explosion’ (e.g., Zhuravlev and Riding,
2001), the Early and Middle Ordovician reﬂected their rapid diversiﬁcation, notably at genus and species levels, during the ‘Great Ordovician
Biodiversiﬁcation Event’ (Webby et al., 2004), followed by one of the
largest mass extinction events of the Phanerozoic during the Hirnantian
(Sheehan, 2001).
International scientiﬁc networks – in particular a series of the
International Geoscience Programmes (IGCPs) – ﬁrst focused on
documenting these biodiversiﬁcation signals (IGCP No. 410; 2000 –
2004), and built a large, global Ordovician palaeontological database
(Webby et al., 2004). Follow-up IGCPs 503 (2005 – 2010) and 591
⁎ Corresponding author.
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(2011 – 2016), have concentrated their efforts on understanding and
explaining the causes and context of these palaeodiversity patterns
(e.g., Servais et al., 2010; Vandenbroucke et al., 2010; Harper et al.,
2013; Rasmussen, 2013; Cramer et al., 2015; Vandenbroucke et al.,
2015). To obtain this goal, a much better understanding of regional vs.
global biodiversity, faunal migrations and pathways, spatial distribution
of sample points, and other aspects of palaeobiogeography is required. A
major advance towards these goals consists of the compilation of
palaeobiogeographical data by Harper and Servais (2013), using the
state-of-the-art basemaps of Torsvik and Cocks (2009; 2013a),
and representing an important update of the 1990 compilation of
McKerrow and Scotese (1990). However, a major lacuna in the interpretation of these data is our relatively poor understanding of Ordovician
ocean surface circulation (Servais et al., 2014).
Biogeography also constitutes a major tool to reconstruct continental conﬁgurations in deep time (Cocks and Fortey, 1982; McKerrow
and Scotese, 1990; Lees et al., 2002; Torsvik and Cocks, 2013a). In
particular, palaeontological afﬁnities conveniently complement
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palaeomagnetism by providing information about the longitudinal position of the continents (Lees et al., 2002; Schmachtenberg, 2011). Some
difﬁculties, however, remain, notably in detangling the inﬂuences of
physical distance, the potential presence of major oceanic migration
pathways, and physical barriers on the faunal similarity of two localities.
In the case where two areas with signiﬁcant faunal afﬁnities were not
necessarily close to each other, it is important to constrain how
continental masses and oceanic pathways were connected. Here,
again, our poor understanding of ocean surface circulation hampers
our overall understanding.
Neither direct observational data, nor proxy data independent of the
fossil data discussed, are available to reconstruct Ordovician ocean
surface circulation patterns, but climate modelling provides an unparalleled opportunity to advance our understanding. Wilde (1991) and
Christiansen and Stouge (1999) were the ﬁrst to suggest conceptual
models. Based on the fundamental laws of physical oceanography,
they postulated the position of the main Ordovician ocean currents.
The advent of supercomputers marked a step forward by allowing
numerical modelling of paleocean circulation. Interestingly, the results
obtained by numerical modelling by Poussart et al. (1999) and
Herrmann et al. (2004) are mutually consistent and rather similar to
the conceptual model suggested by Wilde (1991).
Here, we present new maps of Ordovician ocean surface circulation
based on simulations run with the coupled ocean-atmosphere general
circulation model FOAM (Jacob, 1997). We use up-to-date continental
reconstructions (Torsvik and Cocks, 2009), which represent a signiﬁcant
update compared to Poussart et al. (1999) and Herrmann et al. (2004),
who used land-sea distributions respectively from Crowley and Baum
(1995), and from Scotese and McKerrow (1990, 1991) and Scotese
(1997). As such, our models are the ﬁrst to use the same basemaps as,
and to be fully compatible with, the recent and exhaustive
palaeobiogeographical compilation of Harper and Servais (2013). In addition, we also investigate the sensitivity of the circulation pattern to the
atmospheric CO2 content, which remains uncertain due to a lack of
Ordovician proxy data (e.g., Yapp and Poths, 1992; Berner, 2006; Nardin
et al., 2011). Our main goal is to provide synthetic maps of ocean surface
circulation that can be used to help interpret palaeontological datasets
and to promote discussion about Ordovician biogeography. Early
Palaeozoic deep-sea environments are rarely preserved, so our
discussion will necessarily focus on shelf and slope settings, i.e., on the
upper one to two hundred metres of the water column.
2. Methods
2.1. The coupled climate model FOAM
We used a general circulation model (GCM) with coupled components for ocean and atmosphere: the Fast Ocean-Atmosphere Model
(FOAM) version 1.5 (Jacob, 1997). The atmospheric component is a
parallelised version of the National Center for Atmospheric Research's
(NCAR) Community Climate Model 2 (CCM2) including the upgraded
radiative and hydrologic physics from CCM3 version 3.2 (Kiehl et al.,
1998). It was run at a R15 spectral resolution (4.5° × 7.5° × 18 vertical
levels). The ocean component is the Ocean Model version 3 (OM3). It
is a 24-level z-coordinate ocean GCM providing a 1.4° × 2.8° resolution.
The OM3 explicitly resolves ocean dynamics, which is crucial to investigate climate of deep-time periods when the continental conﬁguration
was much different from today (Pohl et al., 2014). FOAM also includes
a sea-ice module. It uses the thermodynamic component of the
CSM1.4 sea-ice model, which is based on the Semtner 3-layer thermodynamic snow/ice model (Semtner, 1976). The coupled model, FOAM,
is well designed for palaeoclimate studies. It has no ﬂux corrections
and its quick turnaround time allows for long millennium-scale integrations. FOAM has been widely used in palaeoclimate studies (Poulsen
and Jacob, 2004; Donnadieu et al., 2009; Zhang et al., 2010; Nardin
et al., 2011; Dera and Donnadieu, 2012; Lefebvre et al., 2012; Ladant

et al., 2014a,b; Licht et al., 2014) including for palaeoceanographic
purposes (Zhang et al., 2010; Dera and Donnadieu, 2012; Lefebvre
et al., 2012; Ladant et al., 2014a).
2.2. Experimental setup
Simulations were carried out on three time slices, i.e., the Early,
Middle, and Late Ordovician. Continental reconstructions from Torsvik
and Cocks (2009) are available at 5 Ma increments, and we used their
reconstructions at 480 Ma (Early Ordovician – Tremadocian), at
460 Ma (Middle Ordovician – Darriwilian) and at 440 Ma (Silurian
Llandovery – Aeronian), the latter serving as an approximation for the
Late Ordovician Hirnantian (~445–444 Ma). These reconstructions were
selected for maximal compatibility with recent palaeobiogeographical databases in the compilation volume of Harper and Servais (2013), where
they served as basemaps for the majority of contributions. Reconstructions from Torsvik and Cocks (2013a), also used by some authors in
Harper and Servais (2013), represent an update of the same maps but
are not substantially different, except for the position of modern Asia on
the Early and Middle Ordovician conﬁgurations (Cocks and Torsvik,
2013). The reconstructions from Torsvik and Cocks (2009) show the position of the ancient continental blocks together with the boundaries of
most of the modern continents (Fig. 1), facilitating the localisation of
ﬁeld-data. However, no information about ocean palaeo-bathymetry
was provided. We reconstructed bathymetry based on speciﬁc studies
for Gondwana (Torsvik and Cocks, 2013b), Laurentia (Cocks and
Torsvik, 2011), Baltica (Cocks and Torsvik, 2005), Siberia (Cocks and
Torsvik, 2007) and for modern Asia (Cocks and Torsvik, 2013). These regional reconstructions distinguish between land, shallow shelves, deep
shelves and open ocean. In our study, we prescribed bathymetric classes
as follows: (i) we deﬁned shallow shelves as photic zone, wave-agitated
shoreface environments and consequently used a water depth of
–100 m, as a mean value for fair weather wave base; (ii) in the same
way, the deep shelf was deﬁned to include offshore environments, and
water depth was set to −200 m; and (iii) in the absence of documented
Ordovician ocean ridges, the ocean model bathymetry was deﬁned as a
ﬂat-bottom ocean, which is a choice known not to critically impact
ocean surface circulation (Losch and Wunsch, 2003). Its depth was set
to present-day mean seaﬂoor depth, i.e., −4000 m. Ordovician land topography is uncertain, especially given that the rare palaeogeographical
maps that reconstruct topography do not necessarily concur with each
other (e.g., Blakey, 2015 and Scotese, 2015). We adopted a conservative
view of what could have been land relief during the Ordovician. We
mainly followed published global reconstructions, with additional information from selected regional studies, for major continents including
Laurentia (Miall and Blakey, 2008; Wise and Ganis, 2009; Murphy
et al., 2010; Cocks and Torsvik, 2011), Baltica (Torsvik and Rehnström,
2001; Cocks and Torsvik, 2005; Torsvik and Cocks, 2005), Avalonia
(Cocks et al., 1997; Torsvik and Rehnström, 2003; Murphy et al., 2008),
Siberia (Cocks and Torsvik, 2007), Gondwana (Cocks, 2000; Stampﬂi
et al., 2002; Finney et al., 2003; Cocks and Torsvik, 2006; Torsvik
and Cocks, 2013b), and Asia (Metcaﬂe, 1998, 2002; Cocks and Torsvik,
2013). We distinguished peneplained shields and recently uplifted
areas from younger sediments, and assigned constant elevations of
respectively 1200 m and 200 m to these terrains. Only active orogens –
along subduction zones and the well-documented Caledonian
Orogen – were given a higher elevation of 4200 m. The resulting
palaeomaps are shown in Fig. 1. The numerical maps used as input to
the FOAM model are displayed in Fig. 2.
The nature of the land surface affects climate through albedo feedbacks. Continental vegetation was restricted to early, non-vascular
plants during the Ordovician (Steemans et al., 2009; Rubinstein et al.,
2010). Because the biomass of these pioneer plants and consequently
their albedo effect cannot be estimated, we followed Nardin et al.
(2011) and Pohl et al. (2014) in imposing a uniform bare soil (rocky
desert) cover on the continents. Alternative vegetation styles with
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(a) 480 Ma

(b) 460 Ma

(c) 440 Ma

Fig. 1. Reconstructed palaeomaps showing present-day continental blocks boundaries and associated palaeoenvironments on the continental conﬁgurations for the Early (a), the Middle
(b) and the Late (c) Ordovician (see Section. 2.2 for references). Emerged lands are in dark grey, shallow-water environments in light grey and deep-water environments are in white.
These palaeomaps were secondly converted to the FOAM ocean grid resolution (Fig. 2). No continent was situated beyond 45° N.

associated albedo feedbacks cannot be excluded and range from
continents partially covered by land plants to a fully vegetated world.
However, sensitivity tests show that even the extreme case of an
Ordovician continental surface that is completely covered by nonvascular plants would not critically impact our ﬁndings. Global annual
mean surface air temperature modelled at 440 Ma and 8 PAL is
21.20 °C (Table 1) with a rocky desert-like albedo (0.24). Using a
tundra-like albedo (0.1) – a reasonable estimate for early Palaeozoic
lichen and bryophytes – leads to a warmer climate (22.49 °C) but
ocean surface circulation remains stable between these experiments.
Model runs using an Ordovician land surface completely colonised by
land plants would shift our pCO2–temperature relationship towards
slightly warmer values. In no circumstance, however, should our simulation outputs be taken at face value. For instance, the CO2 levels used

here (i.e., 16 PAL, 8 PAL and 4 PAL) are strictly indicative, and we encourage the reader to consider them as representative of upper, intermediate and lower estimates for Ordovician pCO2 rather than exact
values.
The climate boundary conditions of the Ordovician are not known
with certainty. The solar constant for the Ordovician was decreased by
3.5% compared to its present value according to the model of solar physics provided by Gough (1981). This value is slightly lower than the 4.5%
reduction in solar luminosity used by Herrmann et al. (2004), though
both estimates remain in the range of 3.5% to 5% proposed by Endal
and Soﬁa (1981). The orbital conﬁguration was chosen to bring an
equal amount of energy to each hemisphere throughout a year
(eccentricity: 0, obliquity: 22°, longitude of perihelion: 90°). There are
no precise constraints on the Ordovician atmospheric carbon dioxide
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(a)
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(b)
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(c)

478

Active orogeny (4200 m)
Ancient orogeny (1200 m)
Peneplane continent (200 m)

485

Epicontinental sea (-100 m)
Continental shelf (-200 m)
Abyssal plain (-4000 m)

Fig. 2. Continental reconstructions converted to the FOAM ocean grid resolution for the 440 Ma (a), 460 Ma (b) and 480 Ma (c) time slices. The colour code gives the topographic classes
used in this study. The Ordovician chronostratigraphic chart is adapted from the International Chronostratigraphic Chart v2014/10 (Cohen et al., 2013 updated). Dap.: Dapingian;
H.: Hirnantian; Rh.: Rhuddanian; Aer.: Aeronian; Telyc.: Telychian.

partial pressure (pCO2). Climate proxies and continental weathering
models provide estimates ranging from more than 15 times the preindustrial atmospheric CO2 level (PAL, 1 PAL = 280 ppm) (Yapp and
Poths, 1992; Tobin and Bergström, 2002; Berner, 2006; Young et al.,

Table 1
Globally-averaged, annual mean surface air temperature for each simulation discussed in
this study.
Time slice (Ma)

pCO2 (PAL)

Global temperature (°C)

440
440
440
460
460
460
480
480
480

16
8
4
16
8
4
16
8
4

24.3
21.2
12.1
24.7
21.3
9.7
25.5
22.4
11.2

2008) to ~ 5 PAL (Rothman, 2002; Vandenbroucke et al., 2010). In
order to cover every possibility in this wide spectrum, and to investigate
the sensitivity of the ocean surface circulation to atmospheric forcing,
simulations were run for each time slice at 16 PAL, 8 PAL and 4 PAL.
FOAM was systematically integrated over 2000 years to reach deepocean equilibrium. During the last 100 years of each model run, no
apparent drift is observed in the upper-ocean temperature (between
the surface and 300 m depth), and globally averaged ocean temperature
variations are less than 0.002 °C/year.
2.3. From raw GCM outputs to synthetic ocean circulation maps
Water ﬂow directions computed by the GCM were available at every
oceanic grid point from the surface to the bottom of the ocean. We
averaged the ocean currents over the ﬁrst 100 m of the water column,
taking into account the effect of Ekman transport (Ekman, 1905). The
resulting maps (Figs. S2–S10) effectively represent patterns of water
ﬂow among shallow-water environments (epicontinental seas,
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continental shelves). To improve readability, the main ocean currents
were summarised in synthetic maps (Figs. 4–6).
In line with our objectives and anticipated palaeontological applications, where sea surface temperature is an essential constraint on the
dispersion of marine organisms (e.g., Vandenbroucke et al., 2009,
2013), we set a threshold on the seawater temperature at 18 °C averaged over the top 100 m of the water column. Above this threshold,
‘warm’ currents were drawn in red, below it, ‘cold’ currents were
drawn in blue (Figs. 4–6). The 18 °C threshold is a critical temperature
for marine organisms: it marks the shift from mixed photozoanheterozoan to heterozoan-dominated carbonate producers (Lees,
1975; James, 1997), and it also corresponds to the thermal boundary between modern subtropical and transitional foraminifer provinces
(Kucera, 2007).
3. Climate results
Pohl et al. (2014) investigated the response of Ordovician climate to
a CO2 decrease. Using the general circulation model FOAM, they demonstrated major nonlinearities in the responses of the Ordovician climate
system. They showed that there is a threshold CO2 value, below which
climate abruptly shifts from a warm climatic equilibrium with no sea
ice in the Northern Hemisphere, to a much colder state with sea ice extending down to the mid-latitudes. They attributed this climatic instability to the particular ocean dynamics developing in the mainly
oceanic Ordovician Northern Hemisphere. The same climatic response
is observed in our simulations (Table 1; Fig. S1). For each time slice,
the simulations with high (16 PAL) and medium (8 PAL) CO2 levels
are above the threshold CO2 value for the climatic instability whereas
the simulations conducted at 4 PAL belong to the colder climatic state.
The response of the atmospheric forcing to a changing CO2 concentration is logarithmic. In a present-day continental conﬁguration, similar global temperature changes are thus expected for any CO2 halving,
be it from 16 PAL to 8 PAL, or from 8 PAL to 4 PAL. The cooling associated
with a halving of CO2 (i.e., the climatic sensitivity) was calculated, using
various climate models in different time slices, to vary between 2.1 and
4.8 °C (PALAEOSENS Project, 2012; IPCC, 2013). In our Ordovician study,
decreasing CO2 from 16 PAL to 8 PAL causes a ~3 °C cooling (in line with
predictions), while the particular Ordovician climatic response results
in the crossing of the CO2-threshold with a CO2 decrease from 8 PAL
to 4 PAL, actually leading to a ~ 11 °C cooling (Table 1). We refer to
Pohl et al. (2014) for an in-depth discussion of the causal mechanisms
for this climatic instability.
4. Ordovician ocean surface circulation
4.1. Terminology
Fig. 3 introduces the main terms employed hereafter throughout the
discussion. We follow the terminology deﬁned by Poussart et al. (1999)
and later used by Herrmann et al. (2004). The ocean situated between
Gondwana, Baltica, Asia and Siberia has taken many names in the
literature, but we here use the common term Palaeo-Tethys, following
Scotese (2015).
Global Ordovician circulation is driven by easterlies at the Equator
and westerlies at the mid-latitudes (~ 40° N and 40° S), with large
ocean gyres in between. Poussart et al. (1999) deﬁned four ocean
gyres (No. 1 to 4 in Fig. 3a–c): (1) the north Panthalassic convergence,
(2) the south Panthalassic convergence, (3) the south Palaeo-Tethys
convergence and (4) the north Palaeo-Tethys convergence. Gyres No.
1 and 4 display a clockwise circulation whereas gyres No. 2 and 3 are anticlockwise, following the fundamental principles of oceanography
(Wilde, 1991). We use these terms, and we introduce a high-latitude
austral clockwise gyre south of the 40° S westerlies (No. 5) that we
term the Rheic convergence. Poussart et al. (1999) also introduced
names for ocean currents: the Iapetus Current (IC) between Laurentia,
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Avalonia and Baltica; the Antarctica Current (AC) along the eastern
coast of Gondwana from East Antarctica down to South America; the
Panthalassic Circumpolar Current (PCC) in the Northern Hemisphere;
and the North and South Equatorial Currents (NEC and SEC). In addition,
we introduce the Gondwana Current (GC) along the southern margin of
Gondwana (northwestern Africa), the Southern Laurentia Current (SLC)
along the coast of southwestern Laurentia, and the Southern Westerlies
(SW) at ~40° S.
Below, we provide a description of the ocean surface circulation
modelled with FOAM. The main features of each continental conﬁguration (or time slice) are ﬁrst explained, and then the inﬂuence of the
pCO2 is investigated as we highlight speciﬁcities for each model run.
We do not wish to provide an exhaustive discussion. Instead, we aim
to help the readers to interpret the maps and to guide their attention
to some key features. Further information can be derived for speciﬁc
case studies, regions and time slices, and details of the patterns are provided on the raw FOAM output maps (Figs. S2–S10).

4.2. Early Ordovician (480 Ma)
In general for this time slice (Fig. 4), because of the absence of continental masses in the Northern Hemisphere mid- and high-latitudes, the
Panthalassic Circumpolar Current is well developed at 30° N. By contrast, in the Southern Hemisphere, the presence of Baltica obstructs
the Southern Westerlies at 40° S. Between 30° N and 40 °S, two regions
have to be considered separately: (i) between 0° and 30° N, the ocean
circulation is mainly zonal. Intense equatorial currents are observed between western Laurentia and eastern Gondwana; (ii) between 0° and
40° S, the circulation is much more complex due to the presence of
numerous landmasses. In the east, the latitudinal position of Gondwana,
and especially of South America, prevents the Antarctica Current
from descending further south, and the Antarctica Current merges
with the Southern Westerlies, thus establishing communication between eastern Gondwana and northern Baltica through the Iapetus
Ocean. At higher latitudes (N40° S), Baltica tends to isolate the water
masses in the Rheic–Iapetus–Tornquist region from those of the
southern Palaeo-Tethys.
At 16 PAL in the Northern Hemisphere (Fig. 4a), the surface circulation is essentially zonal: beyond 30° N, the eastward Panthalassic Circumpolar Current prevails, whereas at lower latitudes westward zonal
currents establish a one-way communication around the world. Eastward currents appear only at low latitudes from eastern Australia to
western Laurentia, as the North Equatorial Current counter-ﬂow. In contrast, in the Southern Hemisphere, between 0° and 40° S, meridional
currents prevail, reﬂecting the deviation of zonal ﬂow by Laurentia,
Baltica and Siberia. In the west, in particular, the Southern Laurentia
Current conveys warm waters along the western and southern coasts
of Laurentia before merging with the Southern Westerlies. Between
Laurentia, Baltica and Siberia, water masses are efﬁciently exchanged
through an anticlockwise circulation that develops from northern Siberia to Laurentia and then to northern Baltica. An additional ﬂow links
eastern Laurentia to southwestern Siberia. In the Palaeo-Tethys, water
masses emerging from North Australia reach India via eastward ﬂows
along South China or turning south of North China and Annamia. Between 20° S and 40° S, most of the circulation is eastward. At ~ 40° S,
the Southern Westerlies are inhibited by Baltica, and undergo a northward deﬂection into the Aegir Ocean that allows them to reach the
Palaeo-Tethys realm and continue to eastern Gondwana. Along their
way to Gondwana, they gather water masses coming from Laurentia
and Siberia. Just before reaching the Gondwana coastline, they split
into two independent limbs, a warm one going north to Annamia, and
a colder one going further south to eventually join the Gondwana
Current. Beyond 40° S, the circulation is characterised by a large and relatively well-developed Rheic convergence (gyre No. 5 in Fig. 2)
favouring water exchanges between Baltica and northwestern Africa.
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Fig. 3. Terminology used for the description of the ocean circulation at 480 Ma (a), 460 Ma (b) and 440 Ma (c). Each potential component of the ocean circulation is displayed without
considering any precise CO2 level. These components may or not be actually observed in the various simulations. Emerged lands are represented in dark-grey, shallow-water environments
in light-grey and deep-water environments are in white. Ordovician continental blocks names are in bold: Gondwana, Laurentia (L), Baltica (B), Siberia (S), Avalonia (A), Arctic Alaska–
Chukotka (AAC), Kolyma–Omolon (KO), Tarim (T), North China (NC), South China (SC) and Annamia (An). To make the maps more legible, only selected present-day regions are indicated
(South America, NE Africa…). Please see Fig. 1 for more information about the position of present-day continents during the Ordovician. Ocean names are in italic. Rectangular labels are
ocean currents names: the Panthalassic Circumpolar Current (PCC), the Iapetus Current (IC), the Southern Laurentia Current (SLC), the North and South Equatorial Currents (NEC and SEC), the
Antarctica Current (AC), the Southern Westerlies (SW) and the Gondwana Current (GC). Circles ﬁnally represent ocean gyres: (1) the north Panthalassic convergence, (2) the south Panthalassic
convergence, (3) the south Palaeo-Tethys convergence, (4) the north Palaeo-Tethys convergence, and (5) the Rheic convergence.

At 8 PAL (Fig. 4b), no major change occurs in the Northern Hemisphere in comparison to the 16 PAL conﬁguration. In the Southern
Hemisphere, between 0° and 40° S, the communication between
Laurentia, Baltica and Siberia weakens. The anticlockwise circulation
still exists, but the export of waters from Laurentia to Siberia ceases. In
contrast, Baltica now directly receives incoming waters from both
Laurentia and Siberia. South of North China and Annamia the currents
are reversed, now ﬂowing from the northeast to the southwest. The
south Palaeo-Tethys gyre features in the 8 PAL model run, but does
not promote exchange between emerged lands or shallow-water

environments. The Southern Laurentia Current keeps bringing warm
waters from the Equator to the western and southern coasts of
Laurentia. At 40° S, the Southern Westerlies are now deﬁnitively
interrupted by Baltica. In the southern high-latitudes, the Gondwana
Current intensiﬁes in its western part and disappears in its eastern
part. Two independent gyres replace the previously single Rheic gyre:
a ﬁrst one in the Palaeo-Tethys that does not induce any water exchange
between shelfal environments, and another in the Rheic, Iapetus and
Tornquist oceans that tightly connects northwestern Africa, South
America, Avalonia and Baltica.
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Fig. 4. Early Ordovician (480 Ma) synthetic ocean surface circulation at 16 PAL (a), 8 PAL (b) and 4 PAL (c). If ocean temperatures are warmer than 18 °C, currents are drawn in red. If not,
they are in blue (see Section. 2.3 for motivation). Beyond 45° N, the ocean circulation is purely zonal.

When CO2 is further decreased from 8 PAL to 4 PAL (Fig. 4c), a
climatic threshold is crossed and a sharp cooling occurs (Table 1; also
see Section. 3), dramatically affecting the ocean surface circulation. Between the Equator and 30° N, water exchanges are now restricted to
the very low latitudes where the circulation remains essentially zonal.
A new connection is established between eastern Siberia and Australia
through an equatorial, clockwise gyre centred on Tarim and South
China. The North Equatorial Current counter-ﬂow becomes disconnected from western Laurentia. Northwards of 15° N, water masses ﬂow
northwestwards. In the Southern Hemisphere, westward currents prevail between the Equator and the Southern Westerlies. The Southern
Laurentia Current, in particular, is now reversed. It conveys water
masses equatorward and ﬁnally merges with the South Equatorial
Current, which becomes stronger and establishes communication
from the southwestern Laurentian platform to eastern Gondwana.

Between Laurentia, Baltica and Siberia, the same pattern is observed
as in the 8 PAL run, except that there is no longer a direct connection
from Laurentia to Baltica. The south Panthalassic gyre appears and the
south Palaeo-Tethys gyre intensiﬁes. At 40° S, the Southern Westerlies
are still inhibited by Baltica, resulting in the splitting of the Rheic convergence into two smaller gyres. In the Rheic Ocean, a clockwise gyre
conveys waters from Avalonia to Baltica and then to northwestern
Africa, but there is no longer a counter-ﬂow from northwestern Africa
to Avalonia. The other convergence, situated in the southern PalaeoTethys, intensiﬁes. The Gondwana Current now operates from Arabia
to South America.
In summary, when CO2 levels are changed from 16 PAL to 4 PAL
there are global trends emerging that include: (i) the gradual weakening of water-mass exchanges between Laurentia, Baltica and Siberia;
(ii) the reversal of communication between eastern Gondwana and
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western Laurentia, which operates through the eastward North
Equatorial Current counter-ﬂow at 16 and at 8 PAL, and through the
westward South Equatorial Current at 4 PAL; (iii) the establishment
and then intensiﬁcation of large ocean gyres in the Southern
Hemisphere; (iv) the gradual reinforcement of the Gondwana Current
along the northern margin of Gondwana; and (v) the reversal of the
Southern Laurentia Current (from 8 PAL to 4 PAL).
4.3. Middle Ordovician (460 Ma)
In the Middle Ordovician Northern Hemisphere (Fig. 5), circulation
is predominantly zonal, with westward currents between the Equator
and 30° N and the well-developed Panthalassic Circumpolar Current
to the north. Interesting, however, is the establishment of a southeastward counter-current from Arctic Alaska–Chukotka to Siberia. In the

Southern Hemisphere, the circulation pattern is complicated by the
presence of tropical landmasses, similar to the situation at 480 Ma. In
spite of the clustering of the continental blocks, a zonal current develops
at ~10° S from Annamia to eastern Laurentia, making its way between
North China and Tarim: this current is deﬂected by the eastern coast
of Laurentia, where it divides into northern and southern limbs. In the
central region between Laurentia, Baltica and Siberia, an anticlockwise
circulation still exists but with a smaller latitudinal extent than at
480 Ma. Water masses connect south Siberia to equatorial eastern
Laurentia and ﬁnally to northwestern Baltica. In addition, Siberia is directly connected to Baltica. Another similar, anticlockwise circulation
develops between Laurentia, Avalonia and Baltica, in the Iapetus and
Tornquist oceans. Baltica also receives water masses originating from
modern Asia. In the west, the south-Panthalassic gyre is observed at
each CO2 level. Along the eastern coast of Gondwana, the circulation is
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Fig. 5. Middle Ordovician (460 Ma) synthetic ocean surface circulation at 16 PAL (a), 8 PAL (b) and 4 PAL (c). Same colour code as Fig. 4.
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mostly unchanged compared to the Early Ordovician. The equatorial
currents cross the Panthalassa until they reach East Antarctica, where
the South Equatorial Current merges with the Antarctica Current,
which then ﬂows along the Gondwana coastline before merging in
turn with the Southern Westerlies. The latter intercept Avalonia and
continue further eastwards until they eventually reach the Arabian
shallow-water environments. At higher latitudes a single, large Rheic
convergence developed as Baltica moved equatorwards. The Rheic convergence connects most of the North African shallow-water platforms.
The Gondwana Current is observed solely in its central and western
parts.
Speciﬁcally for the 16 PAL model run (Fig. 5a), the major supplementary component of the Northern Hemisphere ocean surface circulation,
compared to the Early Ordovician with the same atmospheric forcing,
is the southwestward current connecting Arctic Alaska–Chukotka to
northern Laurentia. Between 0° and 40° S, two domains can be distinguished. From 0° to 10° S, the circulation is predominantly westward;
the equatorial currents are disconnected from western Laurentia.
From 10° S to 40° S, the water masses ﬂow southeastwards until they
join the Southern Westerlies. Avalonia is now at lower latitudes, so
the southeastward Southern Laurentia Current establishes a connection
from Laurentia to Avalonia through the Iapetus Ocean and then from
Avalonia to Baltica through the Tornquist Ocean. Between Laurentia,
Siberia and Baltica, an additional link is observed from Baltica to
Laurentia, as part of a small-scale anticlockwise gyre. In the PalaeoTethys, no south Palaeo-Tethys gyre is observed but a large anticlockwise circulation originating between South China and Annamia reaches
southern Siberia, eastern Baltica and ﬁnally the Arabian platform. In the
centre of this proto-gyre, the circulation is oriented southeastwards
from modern Asia to the Indian platform. At the southern highlatitudes, the Rheic convergence does not reach the southern coasts of
Baltica. The Gondwana Current is restricted to northwestern Africa.
The global ocean surface circulation remains very stable when decreasing CO2 from 16 PAL to 8 PAL (Fig. 5b). In the Palaeo-Tethys, the circulation pattern is modiﬁed within the proto-gyre between Annamia
and the coasts of Arabia and India. This new circulation promotes reciprocal exchanges between Annamia and Gondwana, whereas previously
they were unidirectional. The southern limb of the Palaeo-Tethys protogyre also penetrates further into the shallow-water environments along
the coasts of India. A second change occurs in the northern limb of the
Rheic convergence, which reaches southern Baltica and establishes a
two-way communication between Baltica and northern Gondwana.
When further decreasing CO2 from 8 PAL to 4 PAL (Fig. 5c), in the
Northern Hemisphere, the zonal component weakens in favour of
northwestward currents, similar to the situation at 480 Ma. The southwestward current between Arctic Alaska–Chukotka and northern
Laurentia becomes broken, and the link from Arctic Alaska–Chukotka
to Siberia intensiﬁes, driven by a very local anticlockwise gyre. An additional eastward counter-current connects Tarim to South China and
Australia, unlike in the 16 PAL and 8 PAL runs. Along the Equator, the
North and South Equatorial Currents are now connected to western
Laurentia, establishing communication between the latter and eastern
Gondwana. In the Southern Hemisphere, between 0° and 40° S, the
Southern Laurentia Current is reversed. The south Panthalassic gyre
signiﬁcantly intensiﬁes (but it still does not reach the surrounding platforms) and the communication from Baltica to Laurentia is interrupted.
In the Palaeo-Tethys, the circulation is almost zonal, up to 20° S. Further
south, the south Palaeo-Tethys convergence appears and constitutes a
major connection between Baltica, India, Annamia and North China.
Once again, no major change affects the Antarctica Current and the circulation along the eastern coast of Gondwana remains the same. At 40°
S, the Southern Westerlies are still uninterrupted but they now split into
two branches that respectively merge with the south Palaeo-Tethys
convergence and with the Rheic convergence. Consequently, the Southern Westerlies do not any longer reach the Arabian platform. The Rheic
gyre is unchanged compared to 8 PAL except within its eastern part,
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where an additional, anticlockwise gyre appears along the coast of
northeastern Africa.
In summary, the Middle Ordovician ocean circulation in the Northern Hemisphere is not very sensitive to the changes in CO2 levels, except
for the connection between Arctic Alaska–Chukotka and northern
Laurentia. The Middle Ordovician palaeogeographical conﬁguration favours the onset of ocean gyres, which intensify at low CO2 levels. A
proto south Palaeo-Tethys convergence is observed even at high CO2
levels, before turning into an anticlockwise strong gyre when atmospheric forcing is decreased. Simultaneously, the Rheic convergence expands into lower latitudes and more directly reaches southern Baltica.
At 16 PAL and 8 PAL, the communication between Laurentia, Baltica
and Siberia is characterised by water masses export from Baltica to
Laurentia. When CO2 is decreased to 4 PAL this connection disappears,
the Southern Laurentia Current and the gyre along northeastern Africa
and Arabia are reversed, and the equatorial currents that were previously disconnected from Laurentia newly establish communication between the latter and eastern Gondwana.
4.4. Late Ordovician (440 Ma)
Following the northward drift of the tropical continental masses
from the Middle to the Late Ordovician, the ocean-surface circulation
in the Northern Hemisphere at the mid-latitudes is no longer zonal
(Fig. 6). Northern Siberia deﬂects the Panthalassic Circumpolar Current
at 40° N. Between the Equator and 40° N, the surface circulation now has
a signiﬁcant meridional component. Along the Equator, equatorial currents develop both from western Laurentia to eastern Gondwana and
from modern Asia to eastern Laurentia. When the latter water masses
reach the eastern Laurentia coastline, they split into three branches:
(i) a southern branch ﬂowing into the Southern Hemisphere Iapetus
Ocean (as the Iapetus Current); (ii) a central branch that penetrates
into the Laurentian epicontinental sea and reaches the southwestern
coast of Laurentia, where it eventually merges with the Southern
Laurentia Current; and (iii) a northern branch that ﬂows along northern
Laurentia, then to Arctic Alaska–Chukotka and along the western coast
of Siberia. This clockwise circulation constitutes a rare conﬁguration in
which water masses are conveyed from Laurentia to Siberia. Laurentia
exports water masses on each side of the Equator to Siberia and Baltica,
without any connection between the two latter. The Panthalassic limb
of the equatorial currents connects western Laurentia to eastern
Gondwana through the South Equatorial Current. This current is then
deﬂected and ﬂows southwards along the eastern coast of Gondwana
down to the South American volcanic arcs, as the Antarctica Current. Finally, the Antarctica Current deviates to form the Southern Westerlies
that ﬂow back through the southern Panthalassa, with one part
reaching Laurentia and Avalonia and the other part continuing further
eastward. In the Rheic Ocean, the Rheic convergence is well developed
but it does not reach Baltica, which has moved too far to the north.
The Rheic gyre connects the platforms and epicontinental seas of northwestern Africa. The Gondwana Current constitutes its southern,
westward limb.
In the Northern Hemisphere at 16 PAL (Fig. 6a) ﬁve main ocean
gyres are observed: (i) in the Panthalassic Ocean at very low latitudes
(0° – 10° N); this ﬁrst gyre connects western Laurentia and eastern
Gondwana through the westward South Equatorial Current and the
eastward North Equatorial Current backﬂow; (ii) at higher latitudes
(~ 20° N – 40° N), the north Panthalassic convergence links the
Gondwanan east coast volcanic arcs to Arctic Alaska–Chukotka; (iii) between Australia and Siberia, a proto north Palaeo-Tethys convergence
appears; (iv) a small-scale clockwise gyre develops in the Aegir ocean,
bringing waters from North China and conveying together the water
masses originating from Kolyma-Omolon and from southern Siberia;
(v) ﬁnally, a proto south Palaeo-Tethys gyre is outlined by the anticlockwise circulation established between 0° and ~35° S, originating in North
China, reaching Baltica by deﬂection of the equatorial currents and
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Fig. 6. Late Ordovician (440 Ma) synthetic ocean surface circulation at 16 PAL (a), 8 PAL (b) and 4 PAL (c). Same colour code as Fig. 4.

ﬂowing back to the east towards Gondwana. In the sector of modern
Asia, the circulation is oriented southwestwards in the Northern
Hemisphere and southeastwards in the Southern Hemisphere. Water
masses originating in Australia are exported to South China and they
are then deﬂected towards the Arabian coast. The latter also receives
water masses coming from Baltica through the Palaeo-Tethys. At 40°
S, the Southern Westerlies merge with this Palaeo-Tethysian current
connecting Baltica to Gondwana. The Rheic convergence is large and affects the northeastern and northwestern coasts of Africa.
From 16 PAL to 8 PAL (Fig. 6b), the only signiﬁcant changes reﬂect:
(i) the establishment of a two-way connection between North China
and South China, where it was previously unidirectional from South
China to North China; and (ii) an interruption of the connection between Baltica and Gondwana. The Southern Westerlies do not reach
the western coast of Gondwana any longer.

At 4 PAL (Fig. 6c) in the Northern Hemisphere, the north PalaeoTethys gyre, the Aegir gyre and the two gyres previously observed in
the Panthalassic Ocean disappear. Although the South Equatorial
Current still connects western Laurentia to eastern Gondwana, the
North Equatorial Current backﬂow does not cross the Panthalassa
anymore. A clockwise gyre becomes established in the northern
Panthalassa at ~ 25° N, but it does not induce any communication between shelfal environments. In the east, water mass export from
Australia is now restricted to South China. The two-way communication
between North China and South China and the clockwise cell between
Laurentia, Alaska–Chukotka and Siberia are both still active. An eastward current also develops at ~30° N from Arctic Alaska–Chukotka towards Australia through the epicontinental seas of Siberia. The whole
surface circulation is modiﬁed in the Asiatic region. In particular, the
currents that previously linked North China to Arabia now operate in
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the opposite direction. A small gyre also appears between Annamia and
India, allowing bidirectional exchanges. The connection between Baltica
and Arabia recovers due to a vigorous south Palaeo-Tethys convergence.
The Southern Westerlies are still deﬂected northward along the southern coast of Baltica, and they continue eastwards until they merge
with the south Palaeo-Tethys convergence. In the west, the south
Panthalassic convergence appears but it does not reach the surrounding
continents. The Southern Laurentia Current is reversed only in its very
southern part, not along the western coast of Laurentia. At higher latitudes, the Rheic convergence is shifted westwards, extending to South
America but at the same time disappearing in its eastern part along
northeastern Africa, where it is replaced by a small clockwise gyre. Between South America and the volcanic arcs of southern Gondwana, an
additional clockwise gyre appears.
In summary, at 440 Ma, the circulation pattern is quite stable from 16
PAL to 8 PAL. When CO2 is further decreased to 4 PAL, the main changes
consist of: (i) profound modiﬁcations in the ocean circulation in the
Asiatic region, notably including a decreasing inﬂuence of Australia;
(ii) a weakening of the ocean gyres in the Northern Hemisphere and a
strengthening of the south Panthalassic and south Palaeo-Tethys gyres,
associated with a westward shift of the Rheic convergence; and (iii) an
incomplete reversal of the Southern Laurentia Current: the warm current
ﬂowing southwards along the western coast of Laurentia remains unchanged across our entire range of pCO2 values.
4.5. Ocean temperature and endemism
Although it bears biological signiﬁcance (see Section. 2.3), the
boundary set between warm and cool waters is somewhat arbitrary
(James, 1997). It should be interpreted cautiously because:
(i) absolute temperatures are highly model-dependent (see, for example, Braconnot et al., 2012); (ii) absolute temperatures also depend on
the boundary conditions employed (e.g., the solar constant, the land
surface type, etc.); and (iii) the limiting water temperature for organism
dispersal is taxon speciﬁc, drifts with time, and may co-vary with other
oceanographic parameters. This discussion highlights only the existence
of other barriers that have the potential to inhibit migrations outside the
purely geographical conﬁguration.
For each continental conﬁguration at high (16 PAL) and medium (8
PAL) CO2 levels, the position of the 18 °C threshold broadly is at the latitude of the Northern and Southern Westerlies (between 30° and 40°;
Figs. 4a,b, 5a,b, and 6a,b). With the exception of the Early Ordovician
(480 Ma), when Baltica and Avalonia were positioned at high latitudes
and thus outside the 40° N – 40° S latitudinal range, all palaeocontinents
except Gondwana are within the warm domain, favouring warm-water
organism migrations. At latitudes higher than 40°, cool-water is preferentially exchanged along the margin of Gondwana. At 480 Ma, Baltica
and Avalonia belong to the cool-water domain, favouring their isolation
from Laurentia, Siberia and modern Asia, but at the same time promoting exchange with Gondwana. Avalonia and Baltica, being tangent to
the boundary between the two thermal domains during most of the
Ordovician, potentially beneﬁt from mixed faunal migrations.
When CO2 is decreased to 4 PAL, global climate cools (see Section. 3),
narrowing the latitudinal extent of the warm domain (Figs. 4c, 5c and
6c). For each time slice, two regions remain warm (i.e., N 18 °C) even
at very low CO2 levels (i.e., at 4 PAL): (i) the equatorial Panthalassic
Ocean between western Laurentia and eastern Gondwana; and (ii) at
least one pathway between the Equator and 20° S, with a warm, westward current originating from Asia and bringing warm waters to
Laurentia. These two areas could constitute preferential migration
routes for warm-water organisms even in an icehouse climate.
5. Discussion
The modelled global ocean surface circulation patterns (Figs. 4–6)
are consistent with the conceptual model of Wilde (1991). They also
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have many features in common with the results obtained by Poussart
et al. (1999) and later by Herrmann et al. (2004). Poussart et al.
(1999) coupled an energy-moisture balance model to an ocean general
circulation model and to a sea-ice model. Herrmann et al. (2004) forced
the same ocean model – the Geophysical Fluid Dynamics Laboratory
modular ocean model (Pacanowski, 1996) – with the outputs from an
atmospheric general circulation model (GENESIS v.2.0). Although their
modelling designs somewhat differ, it is noteworthy that both used
the same ocean model. Not surprisingly, their results were very similar.
Our FOAM modelling results provide independent insight into Ordovician ocean surface circulation. They conﬁrm the ﬁndings from
Poussart et al. (1999) and Herrmann et al. (2004), which allows us to
suggest that the main patterns of the ocean circulation are not overly
model-dependent.
As already suggested by Herrmann et al. (2004), we conﬁrm that
continental conﬁguration is a major control on the surface circulation.
By considering a wide range of CO2 values (16 PAL – 4 PAL, i.e., 4480 –
1120 ppm), we demonstrate, however, that atmospheric forcing also
profoundly impacts the ocean circulation pattern. On this point, our
conclusions differ from those of Herrmann et al. (2004) who noted
that “changes in atmospheric pCO2 have almost no effect on the global
ocean circulation pattern” (Herrmann et al., 2004, p. 390). This discrepancy arises from two main differences: (i) Herrmann et al. (2004) conducted their climatic runs for a narrower range of CO2 values (8 – 18
PAL); (ii) more signiﬁcant is the fact that they did not obtain the climatic
instability described in Section. 3, that induces the sudden global
cooling in FOAM, when CO2 is decreased from 8 PAL to 4 PAL (~11 °C
cooling, Table 1, Fig. S1). Their climatic sensitivity, computed with the
atmospheric model GENESIS, remained around 2.5 °C per halving of
CO2. The temperature drop associated with their full range of modelled
pCO2 (~ 5.5 °C) was consequently much weaker than the cooling observed in our climatic runs between 16 PAL and 4 PAL (~ 14 °C,
Table 1). In our study, the most signiﬁcant changes in the surface circulation occur when climate abruptly cools by crossing a tipping point that
causes climatic instability. Without the latter, the ocean circulation observed by Herrmann et al. (2004) remained very stable. We refer here
to the study by Pohl et al. (2014) for an in-depth discussion about the
mechanisms accounting for the differential behaviour between
GENESIS (i.e., the climatic model employed by Herrmann et al., 2004)
and FOAM.
Christiansen and Stouge (1999) proposed that orbital variations and
a faster spinning Ordovician Earth potentially induced major shifts in
the Hadley circulation. The authors estimated that during the Ordovician, the planetary temperate low-pressure zones were located at 50°
latitude and the subtropical high-pressure zones at 25° latitude,
compared to respectively ~60° and 30° today. The possible shift of the
Hadley cell has not been tested here and constitutes a future research
target. It is however noteworthy that the circulation patterns modelled
by Poussart et al. (1999), using an early Silurian length-of-day estimate
of 21.5 h provided by Berger et al. (1989), do not substantially differ
from our ﬁndings.

6. Conclusions
For the ﬁrst time, we detail ocean surface circulation patterns produced by the coupled ocean-atmosphere general circulation model
FOAM. Our study conﬁrms the patterns of earlier conceptual and numerical climate models of the Ordovician oceans. Modelled ocean
gyres and surface currents are consistent with those modelled by
Poussart et al., (1999, Fig. 1, p. 544) for the latest Ordovician and by
Herrmann et al. (2004, Fig. 4, pp. 392–393) for the Middle and Late Ordovician. We demonstrate the largely model-independent nature of
these circulation patterns. In addition, by running our models for a
wide range of pCO2 (i.e., 16 – 4 PAL) representative of Ordovician CO2
levels, as suggested by various recent papers and warranted by the
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virtual absence of pCO2 proxy data, we demonstrate that Ordovician
ocean circulation was signiﬁcantly pCO2-dependent.
The FOAM output constitutes a series of ocean-surface circulation
maps presented here in a synthetic manner. They are built on the
most up-to-date palaeogeographical reconstructions of Torsvik and
Cocks (2009, 2013a) in order to facilitate comparison between the
models and palaeobiogeographical data, and include recently demonstrated Ordovician climatic behaviour (Pohl et al., 2014). The maps are
available for the Early (480 Ma), the Middle (460 Ma) and the Late
(440 Ma) Ordovician and for a wide range of CO2 values covering
most of the range proposed for the Ordovician, in what we hope caters
to the needs of the Ordovician deep-time research community.
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