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By the end of the Late Permian, most continents had collided to form the supercontinent of Pangea. The as-
sociated climatic changes at the Permian–Triassic boundary coincided with the most severe mass extinction
in the Phanerozoic. One extinction hypothesis favors a climatic response to an increase in large-scale volca-
nism resulting in ocean stagnation and widespread anoxia with fatal consequences for marine and land or-
ganisms. Recent interpretations of geochemical data suggest that orbitally-driven periodic upwelling of
toxic hydrogen-sulfide rich water masses contributed to the extinction of species.
In this paper, we use the Community Climate System Model (CCSM3) in order to explore the effect of
eccentricity-modulated changes of the precession on the strength of Pangean megamonsoons and their im-
pact on productivity and oxygen distribution. The climate model simulates high variability in monsoonal pre-
cipitation, trade winds and equatorial upwelling in response to precessional extremes, leading to remarkable
fluctuations in the export of carbon from the euphotic zone and hence reduction in dissolved oxygen concen-
trations in subsurface layers. These findings are in general agreement with increased primary productivity,
intensified euxinia within the oxygen-minimum zone, and decimation of the radiolarian zooplankton com-
munity as inferred from Japanese marine sections.
Strong changes in river run-off linked to precipitation oscillations possibly led to a high variability in the nu-
trient supply to the Tethys Ocean, thus affecting regional productivity and oxygen distribution. The model re-
sults suggest that orbital variability in the sedimentary record and the associated extinction of species are
related rather to periodic anoxia in near surface-to-intermediate depth than to widespread anoxic events
in the Panthalassic deep-sea.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Permian–Triassic Boundary (PTB, ~251.5 Ma) is of great inter-
est for global change studies, because it is associated with extreme
climatic conditions due to the existence of the supercontinent Pangea
and the superocean Panthalassa, and due to strong environmental
changes potentially associated with massive volcanism (Campbell
et al., 1992; Sobolev et al., 2011). The PTB is characterized by the larg-
est mass extinction of the Phanerozoic, with about 90% of the marine
organisms disappearing from the geological record (Raup and
Sepkoski, 1982; Erwin, 1994; Sepkoski, 1995; Alroy et al., 2008).
The causes of the extinction are still under debate. One of the com-
monly discussed hypotheses is that ocean stagnation and widespread
anoxic conditions occurred (Wignall and Hallam, 1992, 1993; Knoll
et al., 1996; Hallam and Wignall, 1997; Isozaki, 1997; Ward et al.,
2001; Wignall and Twitchett, 2002; Wignall and Newton, 2003;
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Kump et al., 2005; Meyer et al., 2008), leading to the extinction of ma-
rine organisms (Berner, 2002). Different conclusions have been
drawn from studies of Panthalassic deep-sea sections in the Japanese
Mino-Tamba Belt. The presence of widespread deep-sea anoxia has
been inferred from the sharp transition from organic-poor cherts to
black siliceous shales in the uppermost Permian (Wignall and
Twitchett, 1996; Isozaki, 1997), and the presence of euxinia at the be-
ginning of this anoxic period has been concluded from the enrich-
ment of framboidal pyrites (Wignall et al., 2010). Algeo et al.
(2010), on the other hand, suggest that anoxia at the end of the Perm-
ian was restricted to the oxygen minimum zone (OMZ) and that ap-
parent increases in the concentrations of organic matter and trace
metals were linked to a loss of biogenic silica flux.

Oxygen consumption by decay of particulate organic matter needs
to exceed the oxygen supply by circulation in order to produce anoxia
in the deep sea (Winguth et al., 2002; Kiehl and Shields, 2005;
Winguth and Maier-Reimer, 2005; Meyer et al., 2008). Changes in
the ocean circulation related to changes in the pole-to-equator gradi-
ent (Hotinski et al., 2001), a switch from thermal mode to haline
mode (Zhang et al., 2001), an increase in greenhouse gas concentra-
tions associated with massive volcanic eruptions, or a combination
onsoon variability at the Permian–Triassic Implications for anoxia
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of these factors (Kidder andWorsley, 2010) could have contributed to
anoxia in the deep sea.

Superimposed on the dramatic large-scale changes in the climate
system are climatic variations due to changes in the Earth's orbit
(Kutzbach and Gallimore, 1989; Parrish, 1993; Gibbs et al., 2002;
Winguth et al., 2002; Huybers and Aharonson, 2010). For example,
precession-modulated upwelling of sulfidic water masses onto a
shallow-marine carbon platform has been inferred from pyrite sedi-
mentation rates and carbonate δ13C records in the PTB section at
Nhi Tao, Vietnam (Algeo et al., 2007). Other possible explanations
for the observed geochemical changes include upward excursions of
the chemocline, resulting in H2S poisoning of surface waters (Kump
et al., 2005), or deposition of sulfur by volcanism (Strauss, 1997;
Algeo et al., 2007).

The relevance of orbital forcing for environmental changes at the PTB
is supported by magnetic susceptibility data from Shangsi, southern
China (Huang et al., 2011). Orbital pacing of Pangean climate is also in-
ferred from cyclical lacustrine rocks (Newark Section; Olsen and Kent,
1996) in the Triassic subtropics (near 10°). Since the subtropics to
mid-latitudes of Pangea are greatly affected by eccentricity-modulated
precessional cycles (Crowley et al., 1992), peak eccentricity values may
have intensified the monsoonal circulation, as inferred from varve sedi-
ments from the Castile Formation inwestern tropical Pangea (Anderson,
2010). The large continental configuration of Pangea favored strong sea-
sonal variability in the subtropics (Barron and Fawcett, 1995), with ex-
treme precipitation during the summer, referred to as megamonsoons
(Kutzbach and Gallimore, 1989). The extreme monsoonal climate for
both hemispheres across the Pangean continent has also been inferred
from a Late Permian climate comparable to that of the present-day sa-
vannah in the Chinle Formation of the Colorado Plateau (Daugherty,
1941), from the global distribution of red beds, evaporites, and coal de-
posits during the Triassic (Robinson, 1973), and from the fact that land-
masses similar to present-day Eurasiawere present in both hemispheres
(Parrish, 1993; Ziegler et al., 2003).

In this study, we investigate the response of the strength of the
monsoonal circulation, and related changes in ocean circulation, pro-
ductivity and dissolved oxygen distribution to changes in Earth's or-
bital parameters for the end-Permian. In particular, we examine the
influence of extremes in the precessional cycle on nutrient availability
and productivity in the euphotic zone either directly through fluctua-
tions in the ocean circulation or indirectly through intensification in
the seasonal precipitation leading to enhanced weathering.

2. Climate model and experiments

2.1. The Community Climate System Model (CCSM3)

The end-Permian climate simulations have been carried out with
the NCAR CCSM3, a global coupled climate model including the
ocean, atmosphere, sea ice, and land surface (Kiehl and Shields,
2005; Collins et al., 2006a; Yeager et al., 2006; and references there-
in). A spectral horizontal resolution of T31, corresponding to an
equivalent grid spacing of approximately 3.75°×3.75° in latitude
and longitude, and vertically 26 unevenly spaced terrain-following
levels (Collins et al., 2006b), has been chosen for the atmosphere to
allow long-term integrations. Correspondingly, the ocean is resolved
by a nominal 3° horizontal grid and by 25 layers in the vertical direc-
tion (Gent et al., 2006).

The marine carbon component of the coupled climate-carbon
cycle model is based upon the Ocean Carbon Model Intercomparison
Project (OCMIP) (Doney et al., 2006; Najjar and Orr, unpublished
manuscript; http://www.ipsl.jussieu.fr/OCMIP/) and is described in
Winguth and Winguth (2012) for the Permian application. The
model estimates air–sea fluxes of CO2 with the wind-dependent gas
exchange coefficient (Wanninkhof, 1992) across the air–sea interface,
the temperature-dependent solubility of CO2, and the difference
Please cite this article as: Winguth, A., Winguth, C., Precession-driven m
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between the prescribed pCO2 of the atmosphere and the pCO2 of
the uppermost layer of the ocean (Doney et al., 2006). The ocean car-
bon cycle model predicts seven prognostic variables, i.e. phosphate
(PO4), total dissolved inorganic iron, dissolved organic phosphorus
and iron, dissolved inorganic carbon, total alkalinity, and dissolved
oxygen, that are transported by the ocean model. The parameteriza-
tion of biological uptake of nutrients is similar to that used in the Ham-
burgModel of the Ocean Carbon Cycle (HAMOCC;Maier-Reimer, 1993)
and assumes a constant Redfield ratio for particulate organic matter.
The uptake of PO4 is given by the turnover of biomass, modulated by
surface solar irradiance, temperature, and macro- and micronutrients.
The carbon cycle model uses a single Martin power-law curve to de-
scribe the vertical particulate organic phosphorus flux profile over the
full water column.

2.2. Late Permian boundary conditions

To the basic Permian geography from Kiehl and Shields (2005), a
mid-ocean ridge has been added in this study (Osen et al., 2012).
The shape of the mid-ocean ridge is similar to that of the modern
East Pacific Rise with a fast spreading rate of ~10 cm/yr; its profile
and height have been computed after Stein and Stein (1992). The
ridge bends at approximately 80°N towards what is present-day Sibe-
ria, near the area of the Siberian Trap eruptions. The mid-ocean ridge
simulation enhanced vertical mixing and topographic steering of the
currents near the ridge-axis, but changes in the global distribution
of water masses and circulation in the Panthalassa are insignificant
when compared with the simulation using a flat bottom (see Osen
et al., 2012).

The solar constant applied for the latest Permian is 1338 W m−2,
~2.1% lower than the modern value. Following the study of Kiehl and
Shields (2005), greenhouse gas concentrations were set to 0.7 ppmv
for pCH4, 0.275 for pN2O, and 3550 ppmv for atmospheric pCO2

(based on Kidder and Worsley, 2004), ~12.7× higher than the
preindustrial level (PAL) of 280 ppmv, corresponding to a radiative
forcing of 16 W m−2. The reconstructions of greenhouse gas concentra-
tions or the end-Permian remain uncertain because of the unknown
amount of carbon injection due to Siberian Trap volcanism-induced
metamorphism of organic matter and petroleum (Svensen et al.,
2009). The maximum end-Permian greenhouse gas concentration of
~12–13× PAL, as inferred from soil carbonate CO2 paleobarometers
(Cerling, 1991), and consistent with estimates by Kidder and Worsley
(2004), have recently been revised by Breecker et al. (2010) who pro-
pose a lower end-Permian value of ~4–5× PAL, in agreement with the
GEOCARBSULF model. Such low estimates, however, are inconsistent
with emission estimates from the Siberian Traps, successive Late Perm-
ian and Early Triassic spikes of unusually high atmospheric CO2 inferred
from stomatal indices, lycopsid spore diversity, and leafy stem diame-
ters (Retallack et al., 2011) and also in disagreement with the frost-
free polar climates inferred from sensitive sedimentary deposits
(Ziegler et al., 1998). The prescribed land vegetation types are taken
from Kiehl and Shields (2005) and based on surface types from Rees
et al. (1999). Present-day conditions are applied for all other boundary
conditions and parameterizations.

2.3. Description of the climate simulations

The orbital settings used in this study (Table 1) follow the concept
of Sloan and Huber (2001) and are consistent with recent estimates
by Laskar et al. (2004). The two scenarios capture extreme orbital set-
tings, referred to as P− with the precessional cycle at its minimum
value, and P+ with the precessional cycle at its maximum value.
The first scenario (P−) is characterized by a reduced, the second sce-
nario (P+) by an enhanced seasonal cycle. For the P− scenario, the
precession of the equinox is set to 90° (prograde angle between the
perihelion and the vernal equinox), the eccentricity modulating the
onsoon variability at the Permian–Triassic Implications for anoxia
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Table 1
Orbital parameter choices for the experiments.

Experiment Orbital parameters

Eccentricity Precessional angle Obliquity

P− 0.0531 90 22.8
P+ 0.0524 270 23.8
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precession to 0.0531, and the obliquity to 22.8°. The P+ scenario cor-
responds to an additional shift of the precession of the equinox by
180° (or ~11,500 yr later) to 270°, with eccentricity set to 0.0524
and obliquity set to 23.8°. With these conditions, the Earth's orbit is
in a perihelion, nearest to the Sun, during summer solstice and in an
aphelion, farthest from the Sun, during winter solstice. The eccentric-
ity and obliquity are altered in the P+ scenario because of the pro-
gress in time with the shift of the precession of the equinox. As
shown in Fig. 1, the largest differences in incoming solar radiation
occur in the polar regions.

All model simulations are integrated over 3000 yr (Fig. 2) with ini-
tial conditions taken from a 5000 yr control integration, using the phys-
ical settings of Kiehl and Shields (2005). The output from the modeling
simulations discussed in the sections below represents 100-yr averages
for the two seasons: June, July, and August (JJA) and December, January,
and February (DJF).

3. Orbitally-induced changes in seasonality and monsoon intensity

3.1. Response of the atmosphere to orbital changes

Seasonal climatic variations of Pangea show a remarkable con-
tinentality, with temperatures in Gondwana ranging from −25 °C in
the polar regions during the winter months to >45 °C in the subtropics
during the summermonths (Fig. 3 A andB). This temperature range is in
agreement with previous studies using either an idealized continental
configuration (Kutzbach and Gallimore, 1989) or a realistic geographic
configuration (Gibbs et al., 2002; Winguth et al., 2002). In contrast to
the previous studies, overall temperatures are higher by ~5–10 °C be-
cause of the higher atmospheric CO2 concentration (12.7× PAL) and
hence stronger CO2 radiative forcing (16 W m−2). During the southern
winter (Fig. 3A), the continental climate of Gondwana leads to sea ice
formation limited to nearshore areas of the Pangean east coast, with a
Incoming Solar Radiation (W m-2)
Experiments P+ minus P-

Fig. 1. Differences ofmonthly incoming solar radiation at the top of the atmosphere for ex-
periments P+minus P−. Contour interval is 25 W m−2; dashed lines are negative values.
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sea ice fraction of b60%. Dropstones and rhythmites as indicators of
such a cold climate have been identified in the geological record of Tas-
mania along the southeastern coast of Gondwana for the Wordian, but
not for the Tutorian (Ziegler et al., 1998).

Precessional variations cause out-of-phase changes between the
hemispheres for the winter and summer seasons and are exactly re-
versed from that of the tilt. The difference in surface air temperature be-
tween the scenarioswithmaximal (P+) andminimal (P−) precessional
setting for the two seasons is shown in Fig. 3. For JJA, the Earth is in the
perihelion and air temperature anomalies of up to+10 °C are centered
over Laurasia at ~45°N and of+8 °C over Gondwana at ~15°S (Fig. 3C),
whereas for the aphelion (DJF), the temperature anomalies with maxi-
mal values of about −8 °C are centered over Pangea at 15°N and 45°S
(Fig. 3D). Surface temperature response to variations in precession is a
function of the land–sea distribution (Crowley and North, 1991; Sloan
andHuber, 2001),with lower variation over the ocean due to the higher
heat capacity of the water. This explains why changes in the polar re-
gions are relatively small, although precession-induced insolation
fluctuations are maximal. In June, the latitude of 45°N receives
~100 W m−2 more radiation under the P+ scenario than under
the P− scenario (Fig. 1), leading to a significant warming over Laura-
sia (Fig. 3C). In January, the subtropics to mid-latitudes gain
~75 W m−2 more radiation in the P− scenario so that Gondwana
becomes warmer (Fig. 3D).

The distribution of sea level pressure and wind for the winter and
summer season is affected by the seasonal variations in insolation and
regional fluctuations associated with the monsoon (Fig. 4). In the P−
scenario, the intertropical convergence zone (ITCZ) is shifted to ~10°N
in the boreal summer and to ~10°S in the boreal winter. Strong trade
winds result from a high-pressure system over the Panthalassa at 35°
during the summer in the P− simulation (Fig. 4A). With the more ex-
treme precessional setting (P+), NE trade winds are reduced in the
northwestern Panthalassa due to the weakening of the high pressure
system (Fig. 4C) in response to the orbitally-induced decrease in the
meridional surface temperature gradient (Figs. 1 and 3C) and thus a re-
duced meridional temperature gradient from the tropics to the mid-
latitudes, whereas in the austral summer trade winds are intensified
accordingly.

Superimposed over the Hadley circulation is a pronounced summer
monsoon circulation transporting moist air from the western Tethys
Ocean to a low pressure ridge over the Pangean subtropics with
990 hPa centered at ~25°N in JJA and 980 hPa centered at 35°S in DJF
in the P− scenario (Fig. 4B). The winter monsoon high (1020 hPa) in
the northern hemisphere in this simulation is located at 35°N with
near-gale northeasterly winds, and in the southern hemisphere,
south-easterlies are directed towards the western Tethys Ocean. The
difference in strength of the wind between the summer and winter
monsoon can be related to the strong north–south temperature con-
trast during the winter months (Figs. 3A and B), while during the sum-
mer months, these gradients are substantially weaker (Kutzbach and
Gallimore, 1989).

In the P+ scenario in summer, the Pangean subtropical low pres-
sure system in the northern hemisphere is reduced by 5–10 hPa rel-
ative to the P− scenario (Fig. 4C) in response to the increase in the
surface temperature (Fig. 3C), whereas in the southern hemisphere
the low pressure rises to 990 hPa (Fig. 4D) in reaction to the decline
in temperature (Fig. 3D).

The precipitation patterns (Fig. 5) are non-linearly correlated to the
changes in temperature and pressure. Updraft of moist tropical air
masses along the ITCZ causes strong precipitation of over 8 mm/day
during the summer months. In the P− experiment, tropical precipita-
tion is particularly high in western Panthalassa and in the Tethys
Ocean with highest sea surface temperatures.

For both orbital scenarios,monsoonal precipitation experiences a high
seasonal variability with high precipitation over northern tropical Pangea
and extreme rainfall over North China during the summer months
onsoon variability at the Permian–Triassic Implications for anoxia
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A

C

B

D

Fig. 2. Time series of the global mean sea surface temperature (in °C) (A), and salinity (B), and of the global mean deep-sea temperature (C) and salinity (D) for the scenario with
maximal precession (P+) (red) and with minimal precession (P−) (blue). The control scenario (black) uses orbital settings from Kiehl and Shields (2005). Time series have been
smoothed with a 5-yr running mean.
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(>10 mm/day) and dry conditions during winter (b1 mm/day). The
high orbitally-induced variability in precipitation over the subtropical
Pangean continent is also supported by fluctuations in levels of the
expanding playa lake system in the southern Permian Basin (Bailey,
2001). During the austral summer, rain patterns shifted to the southern
tropical–subtropical region, particularly over the Tethys Ocean including
South China and the east coast of Gondwana. These findings are in agree-
mentwith Late Permian climate-sensitive sediments (Ziegler et al., 1997),
Experiment P-

JJA

A

Experiments P+ minus P-

JJA

C

Fig. 3. Surface air temperatures (in degree Celsius) for two seasons for the scenario with m
tervals) and difference in surface air temperatures for DJF (C) and JJA (D) between the
shown in 2 °C intervals).
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for example coal deposits in China (Zhou andRen, 1981) and on islands in
the southern Tethys (Ziegler et al., 2003).

The shift to a more extreme eccentricity (P+ scenario) produces
an increase in the monsoonal precipitation across subtropical Pangea,
thus creating a negative feedback on the surface temperature. These
changes can be explained by the higher surface radiative forcing in
P+ during JJA, which leads to enhanced evaporation, an increase in
cloud cover, and precipitation over northeastern tropical Pangea,
DJF

B Experiment P-

DJF

D Experiments P+ minus P-

inimal precessional setting (P−): (A) DJF and (B) JJA (contours are shown in 5 °C in-
scenarios with maximal (P+) and minimal (P−) precessional setting (contours are

onsoon variability at the Permian–Triassic Implications for anoxia
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Pressure [hPa]

A B

C D

Experiment P-

JJA

Experiment P-

Experiment P+ Experiment P+

JJA DJF

DJF

 950   960   970   980   990  1000  1010  1020  1030

Fig. 4. Sea level pressure (in hPa) and surface wind speeds (in m s−1) for two seasons for the scenarios with maximal (P+) and minimal (P−) precessional setting: (A) JJA for case
P−, (B) DJF for case P−, (C) JJA for case P+, and (D) DJF for case P+. Contours are shown in 5 hPa intervals. Reference vector in upper right corner of graphs represents 10 m s−1.
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resulting in surface cooling (Fig. 3A). Incoming radiation is reduced at
the surface by the higher amount of reflected and absorbed incoming
radiation by clouds, and heat loss from the surface is increased by
evaporation. Correspondingly, tropical anomalies in DJF are damped
as shown in Fig. 3B and Fig. 5B.
Experiment P-

Experiment P+ minus P-

JJA

JJA
A

C

mm d

Fig. 5. Precipitation (in mm day−1) for two seasons for the scenarios with maximal (P+) and
case P+, and (D) DJF for case P+. Contours are shown in 5 hPa intervals.
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3.2. Response of the ocean to orbital changes

The sea surface temperature and the surface velocity (Fig. 6) show a
significant response to orbital variations in solar radiation, particularly
in mid-latitudes (around 45°) in the central North Panthalassa, with
Experiment P-

DJF

DJF

B

D Experiment P+ minus P-

ay-1

minimal (P−) precessional setting: (A) JJA for case P−, (B) DJF for case P−, (C) JJA for

onsoon variability at the Permian–Triassic Implications for anoxia
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JJAA

DJFB

10-6 m s-1

  -4    -3    -2    -1     0     1     2     3     4

         Vertical Velocity 
Experiments P+ minus P-

Fig. 7. Difference in vertical velocity at ~100 mdepth (in 10−6 m s−1) for the two seasons
between the scenarioswithmaximal (P+) andminimal (P−) precessional setting: (A) JJA
and (B) DJF. Positive values denote changes in upward direction (increased upwelling or
decreased downwelling). Upwelling is increased in JJA in the eastern equatorial Pacific
whereas in DJF, upwelling is decreased. Contours are shown in 0.5 m s−1 intervals.
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temperatures during the summer months being ~4 °C warmer in the
P+ experiment relative to the P− experiment. These fluctuations are
linked to a 75 W m−2 higher insolation at the top of the atmosphere,
and lower cloud cover in the center of the high pressure system. In the
southern hemisphere, a positive temperature anomaly for JJA appears
off the east coast of Gondwana (Fig. 6A), likely related to wind stress
changes associated with the intensification of the high-pressure ridge,
increased heat flux to the atmosphere, and thus increased precipitation.

With mid-latitude sea surface temperatures being warmer in the
P+ scenario than in the P− scenario (Fig. 6A) for JJA, NE trade
winds are less intense, and thus Ekman-induced upwelling is reduced
(Fig. 7A). The reduced upwelling and increased solar forcing in the
P+ scenario produce a pronounced increase in eastern tropical sea
surface temperatures of >2 °C (Fig. 6A).

The situation in the boreal winter (DJF) is approximately the re-
verse of the boreal summer for the P+ scenario. A decrease in incom-
ing shortwave radiation (Fig. 1) leads to global cooling (Fig. 6B).
Orbitally-driven changes yield a more pronounced high-pressure sys-
tem over central northern Pangea in the P+ scenario. In response to
the intensification of the winter high pressure over land, the NE
trades passing the equator are stronger (Fig. 4D), leading to an in-
crease in upwelling (Fig. 7B) and thus surface cooling in the eastern
Panthalassa (Fig. 6B). Over the southern polar Panthalassa, positive
temperature anomalies are related to an increased advection of
warmer water masses from the mid-latitudes.

The lower global surface salinity in the P+ scenario (Fig. 2 B)
compared to the P− scenario is linked to a higher precipitation in
the tropics and high latitudes, but slightly warmer subtropics in the
P+ scenario (Fig. 6) yield an increase in evaporative flux to the atmo-
sphere. The intensification of subtropical surface salinity, strengthen-
ing the deep water sources in the subtropics, and the increased
stratification due to enhanced fresh water fluxes from the atmo-
sphere, produce a small increase in deep-sea temperature (0.8 °C)
and salinity (0.06) (Fig. 2C and D).
Sea Surface Temperature 

DJFB

Experiments P+ minus P-

JJAA

Fig. 6. Difference in sea surface temperatures (in degree Celsius) for two seasons between
the scenarios with maximal (P+) and minimal (P−) precessional setting: (A) JJA and
(B) DJF. Contours are shown in 0.5 °C intervals.
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3.3. Orbital-scale control of the poleward heat transport

The zonal average profile of net radiation for annualmean conditions
at the top of the atmosphere (QTA) can be estimated by the total pole-
ward heat transport in the ocean–atmosphere system (TAO) as a sum
of the poleward heat transport by the atmosphere (TA ) and by the
ocean (TOC). As reviewed by Collins et al. (2006a), it is very difficult to
achieve a precise time-average energy balance for QTA and thus small
losses and gains are predicted. For CCSM3 under present-day boundary
conditions, the annual mean rms of QTA is −0.21 W m−2 (Collins et
al., 2006a), and for the scenarios P+, P−, and control the rms reduces
to −0.05 W m−2 because of the long-term integration. These values
are in the range of the observational uncertainty of about 0.8 W m−2

(Oort and Peixoto, 1983). Global annual mean and zonally averaged
heat transport for the P+ scenario, P− scenario and control run are
compared to thepresent-day derived estimates from theNational Center
for Environmental Prediction (NCEP) (Fig. 8). The atmospheric poleward
heat transport poleward of 30° dominates the total heat, whereas the
oceanic heat transport is strongest at 10–20° in the southern hemi-
sphere, contrary to the present-day scenario (Fig. 8D). The difference be-
tween the PTB (Fig. 8A–C) and the present-day poleward ocean heat
transport (Fig. 8D) is related to the fact that for the present-day, ocean
heat transport in the South Atlantic is directed northward and the
large land masses are located in the northern hemisphere, contrary to
the Permian. The positive temperature difference in the northern hemi-
sphere mid-latitudes can be attributed to a stronger poleward ocean
heat transport in the P+ scenario, whereas the positive temperature dif-
ference in the southern hemispheremid-latitudes is related to a stronger
poleward ocean heat transport in the P− scenario (Fig. 6).
onsoon variability at the Permian–Triassic Implications for anoxia
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Fig. 8. Meridional profile of the poleward heat transport in PW (1015 W). Heat transport by the ocean (TOC), atmosphere (TA) and total heat transport (TAO=TA+TOC) for the PTB
climate for the (A) P+ scenario, (B) P− scenario, (C) control scenario, and (D) the NCEP-derived present-day estimate for comparison.
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4. Orbitally-induced changes in marine productivity

The simulated pattern ofmarine productivity (Fig. 9) is linked to the
distribution of temperature (Fig. 6), light, nutrient availability and
mixing (Berger, 1978) and thus predominantly controlled by the sea-
sonal cycle. Nutrient supply and mixing are generally the most impor-
tant factors in regions with sufficient light availability. The marine
productivity increases by ~1% with a temperature rise of 1°C (for a
20 °C water mass). In the eastern equatorial Panthalassa, export pro-
duction (Fig. 9) is pronounced associated with Ekman-induced upwell-
ing of nutrient-rich waters from the subsurface. Seasonally strong
productivity during the winter months is simulated for mid-latitudes
along the east coast of Pangea at ~45° in response to enhanced wind-
driven mixing and a deepening of the mixed layer, comparable with
present-day high-productivity zones during the winter in the western
Pacific near the Asian continent.

The orbitally-induced changes of productivity in the eastern equa-
torial Panthalassa are linked to variations in temperature and upwell-
ing. With sea surface temperatures being warmer in the P+ scenario
than in the P− scenario for summer (JJA; Fig. 6A), upwelling is re-
duced (Section 3.2.), leading to a decline in nutrient availability and
productivity (by >3 mol C m−2 yr−1). For the boreal winter (DJF),
Please cite this article as: Winguth, A., Winguth, C., Precession-driven m
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an increase of wind-driven equatorial upwelling intensifies the trans-
port of nutrients from subsurface waters to the surface and thus en-
hances productivity.

With extreme precessional settings, export production is signifi-
cantly increased at ~45° near the eastern cost of Gondwana and
Northern China. Near Gondwana, the mixed layer depth increases in
the austral winter (JJA) from ~170 m to ~350 m, leading to a stronger
nutrient supply to the euphotic zone and thus enhanced marine pro-
duction (Fig. 9C). The increase in productivity at ~45°N during the bo-
real winter (DJF) is also related to changes in coastal upwelling and
the intensification and southward shift of the subpolar low pressure
system in the P+ case (Figs. 4D and 9D).

5. Seasonal and orbitally-induced variability of oxygen distribution

The simulated vertical oxygen distribution and its variability ap-
proximately at the equator are shown in Fig. 10. The vertical organic
carbon flux in response to the high equatorial export production of
12±2 mol Cm−2 yr−1 produces the lowest oxygen concentration
in the intermediate water masses in the Panthalassa. Most of the
tropical ocean is well oxygenated at intermediate depths, with values
of 160 μmol L−1 in the Tethys and western region of the Panthalassa,
onsoon variability at the Permian–Triassic Implications for anoxia
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Fig. 9. Export production (in mol C m−2 yr−1) and surface current speeds (in cm s−1) for two seasons for the scenarios with maximal (P+) and minimal (P−) precessional set-
ting: (A) JJA for case P−, (B) DJF for case P−, (C) JJA for case P+, and (D) DJF for case P+. Contours are shown in 1 mol C m−2 yr−1 intervals. Reference vector in upper right corner
of graphs represents 50 cm s−1.
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becoming less oxygenated towards the high productivity zones in the
eastern region of the Panthalassa (Fig. 10A) with lowest values of
b5 μmol L−1 in the OMZ between 400 and 800 m. The simulated ox-
ygen gradients at intermediate depths are comparable to the high-
gradient case of Hotinski et al. (2001), the well-mixed circulation
for the thermal mode of Zhang et al. (2001), and the modeling
study of Winguth et al. (2002), although the global meridional over-
turning circulation (MOC) of ~10 Sv (1 Sv=106 m3 s−1) for the
deep sea in this study is significantly more sluggish than the southern
hemispheric circulation cell of >80 Sv simulated by Hotinski et al.
(2001). A possible explanation for this paradox is that the interaction
of export production and equatorial upwelling (Najjar et al., 1992)
has a stronger impact on the OMZ for the Late Permian than the
strength of the deep-sea circulation. With a total breakdown of the
MOC, the deep sea might have become anoxic, as shown in the
study of Zhang et al. (2001). However, in this study the deep-sea re-
mains well ventilated, resulting generally in high oxygen
concentrations.

The model simulates a pronounced seasonal variability in the dis-
solved oxygen concentration for the eastern equatorial Panthalassa
(up to 10 μmol L−1 in 200 m depth; Fig. 10B), related to variations
in wind-driven upwelling and productivity, and comparable to the
present-day range (World Ocean Atlas; Garcia et al., 2010).

Consistent with the seasonal changes, the largest orbitally-induced
fluctuations of oxygen are simulated for the eastern equatorial Pan-
thalassa. In the boreal summer (JJA), the P+ case oxygen concentration
is increased by up to 20% in the OMZ compared to the P− case because
of a decrease in productivity and vertical particle flux of organic matter
(Section 4), whereas for DJF it is decreased by the same amount, but
changes are limited to the upper 200 m. The influence of orbital cycles
below the OMZ is negligible.

In the Tethys Ocean, the strongest orbital-scale variation of oxy-
gen concentration, reaching up to 20%, is modeled near South China.
Please cite this article as: Winguth, A., Winguth, C., Precession-driven m
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These fluctuations are linked to wind-induced changes in upwelling
and hence productivity along the west coast of the island.

6. Discussion

The model simulations in this study support the hypothesis that
Milankovitch cycles have a remarkable impact on the Pangean cli-
mate and its variability. The land temperature during the summer
months becomes warmer and the thermal cross-equatorial contrast
between the Tethys and Laurasia is enhanced during the precessional
extreme in solar radiation. The increase in temperature gradient cau-
ses an increase in moisture transport to the Pangean continent and
thus an enhanced monsoonal circulation. This simulated monsoon in-
tensification is in agreement with idealized concepts of the Pangean
monsoonal circulation (Parrish, 1993) and with the orbital pacing
that has been inferred from Triassic lake sediments in the Newark
Section (Olsen and Kent, 1996).

The changes in precessional forcing do not only affect the precip-
itation patterns in the Tethys region, but also over western tropical
Pangea. The simulated amplifications of the summer monsoon
under extreme precessional settings are consistent with the variabil-
ity of lacustrine sediments from the Castile Formation (Anderson,
2010). Rising temperatures over Pangea lead to advection of warm
moist air masses from the eastern Panthalassa, resulting in enhanced
precipitation and with that probably increased weathering and eutro-
phication of the adjacent Tethys Ocean. Orbitally modulated enhance-
ment of weathering might have generated oceanic nutrient pulses
(Algeo and Twitchett, 2010), an ecosystem shift (Broecker and
Peacock, 1999), and a decline in the abundance of marine eukaryotic
algae at the PTB (Knoll et al., 2007).

Modeling studies have demonstrated that a drastic increase in nu-
trient supply to the ocean could have led to oxygen depletion
(Winguth and Winguth, 2012) or even euxinia (Meyer et al., 2008)
onsoon variability at the Permian–Triassic Implications for anoxia
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Fig. 10. Upper vertical section of dissolved oxygen (in μmol L−1) through the Tethys Ocean (40°–90°E) and Panthalassa (110°E–40°W) near the equator. (A) DJF for case P–, (B) seasonal
variation (JJA minus DJF) for case P−, (C) difference between case P+ and P− for JJA, and (D) difference between case P+ and P− for DJF. The oxygen minimum zone in the eastern
equatorial Panthalassa is located between 400 m and 800 m. The gray bar near 90°E is South China. Contour intervals are shown in 20 μmol L−1 in (A) and 4 μmol L−1 in (B–D).
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in the deep Panthalassa. Sulfate pulses into thewatermasses, stimulat-
ing hydrogen sulfide production, may have originated from bioturba-
tion that aerates shallow sediments (Shen et al., 2010), methane
release from gas hydrates (Newton et al., 2004), or from volcanic erup-
tions (Sephton et al., 2005). Euxinia in shallow areas may have been
caused either by upward chemocline excursions (Kump et al., 2005;
Riccardi et al., 2007;Meyer et al., 2008) or by upwelling of deep or inter-
mediate anoxic water masses (Algeo et al., 2007, 2008) or a combina-
tion of both. The simulated orbitally-driven changes in deep-sea
circulation and oxygen-distribution in this study are small, suggesting
that the deep sea is an unlikely source for periodic upwelling of anoxic
water masses. The oxygen minimum zone in intermediate depth, how-
ever, might have expanded intermittently due to orbitally driven pulses
of enhanced nutrient supply. Orbitally-induced variability of oxygen
concentrations appear to be largest in the Tethys Ocean where they
might have amplified a decrease in the oxygen concentration due to en-
hanced nutrient supply to the ocean, due to topographic changes (Osen
et al., 2012) or due to a combination of both. The model simulations in
this study also confirm findings from previous studies (Winguth and
Maier-Reimer, 2005; Meyer et al., 2008; Winguth and Winguth, 2012)
that with nutrient inventories across the PTB similar to today, the Pan-
thalassa would not have been euxinic.

There are several limitations associated with this study. For exam-
ple, topography boundary conditions are not well known for the end-
Permian. The presence of mid-ocean ridges can enhance vertical
mixing, thereby changing oxygen gradients (see Osen et al., 2012).
Please cite this article as: Winguth, A., Winguth, C., Precession-driven m
and the mass extinction, Glob. Planet. Change (2012), doi:10.1016/j.glo
The position of seaways, like those north and south of Pangea, can
change the regional heat fluxes and lead to warming of the adjacent
land masses (Winguth et al., 2002). Also, the positions of islands
and topographic features in the Tethys Ocean remain uncertain
(Scotese and Langford, 1995). A rise of the sill between the Tethys
Ocean and the Panthalassa could have contributed to more stagnant
water masses and anoxia in the Tethys and could potentially have en-
hanced sulfidic upwelling (Osen et al., 2012). The height of the Pan-
gean mountain ranges, which is uncertain, could have impacted the
intensity of the monsoonal circulation significantly, as discussed for
example in Parrish (1993) or in Kutzbach and Gallimore (1989). An
increase in the altitude of mountains (Fluteau et al., 2001) or highland
plateaus would have led to enhanced sensible and latent heat flux
from the surface to overlying air masses, because the surrounding
air at high altitude is much cooler due to the lapse rate. This would
have caused an intensification of the low-pressure system over land
and thus enhanced monsoonal precipitation (Kutzbach et al., 1993),
weathering (An et al., 2001) and hence nutrient supply to the Tethys
Ocean.

Other uncertainities in boundary conditions are associated with
the concentration of greenhouse gasses at the PTB. Recent estimates
from Breecker et al. (2010), based on carbon isotope analysis of
paleosols, suggest significantly lower atmospheric CO2 concentrations
than inferred for example by Kidder andWorsley (2004). δ44∕40Ca ex-
cursions and negative δ13C excursions in carbonates and organic mat-
ter (Baud et al., 1989; Payne et al., 2004) support ocean acidification
onsoon variability at the Permian–Triassic Implications for anoxia
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and hence also high atmospheric CO2 levels (Sobolev et al., 2011),
linked to isotopically light carbon emission from the Siberian Traps at
the end of the Permian (Payne et al., 2010). An additional uncertainty
arises from the possibility of the dependence of precession-modulated
climate sensitivity on the atmospheric CO2 concentration. The amounts
of other greenhouse gasses like methane also remain under discussion;
large concentrations of methane could have been released by magma
intruding Siberian coal basins, triggering strong climatic feedbacks
(Retallack, 1999; Heydari and Hassanzadeh, 2003; Svensen et al.,
2009; Retallack et al., 2011). Orbital pacing of methane hydrate release
could have contributed to a reorganization of carbon pools within the
earth system (Lunt et al., 2011).

Another source of uncertainty is the abundance of cloud conden-
sation nuclei (CCN), which affects droplet formation and the albedo
level of clouds (Kump and Pollard, 2008). A consideration of changes
in the cloud optical depth would likely enhance ocean stratification
and possibly lead to stagnation of the deep-sea circulation, as
shown by preliminary simulations at NCAR (Jeff Kiehl and Christine
Shields, pers. communication).

Finally, dramatic changes in geochemical cycles (Knoll et al., 1996;
Beauchamp and Baud, 2002; Berner, 2002; Payne et al., 2004; Kump
et al., 2005; Algeo et al., 2010; Wignall et al., 2010) are not considered
in this study, for example uncertainties in nutrient inventories driven
by variability in climate, weathering, and volcanic emissions. Model
studies of Meyer et al. (2008) and Winguth and Winguth (2012) sug-
gest significant impacts on anoxia by eutrophication.

7. Conclusions

The end-Permian is characterized by an extreme climate with
mega-monsoons and pronounced continentality. Simulations with a
comprehensive climate system model demonstrate the influence of
orbitally-driven changes in regional incoming solar radiation on tem-
perature, precipitation and associated runoff. Such climate modula-
tions are supported by lake sediments and variations in red bed
formations.

Areas which experienced significant orbital variability are identi-
fied by the model results. This knowledge could be useful for collect-
ing data for orbital tuning in the future. Equatorial upwelling and
productivity are especially affected by climate variations due to pre-
cessional extremes. However, changes in the oxygen concentration
in response to seasonal or orbital variability are confined to the up-
permost ocean and the OMZ, but do not significantly affect the deep
sea. This study also suggests that nutrient inventory changes by
climate-induced enhanced weathering could have played a signifi-
cant role in anoxia variability across the PTB as identified from geo-
chemical analyses of stratigraphic sections from the Tethys Ocean
and from the Panthalassa.
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