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ABSTRACT

Life at the Permian-Triassic boundary (ca. 251 Ma) underwent the largest disruption
in Earth’s history. Paleoclimatic data indicate that Earth was significantly warmer than
present and that much of the ocean was anoxic or euxinic for an extended period of time.
We present results from the first fully coupled comprehensive climate model using paleo-
geography for this time period. The coupled climate system model simulates warm high-
latitude surface air temperatures related to elevated carbon dioxide levels and a stagnate
global ocean circulation in concert with paleodata indicating low oxygen levels at ocean
depth. This is the first climate simulation that captures these observed features of this

time period.
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INTRODUCTION

We present results from a comprehensive
climate system model that indicate that ele-
vated levels of CO, during the latest Permian
led to climatic conditions inhospitable to both
marine and terrestrial life. The largest extinc-
tion in Earth’s history took place 251 Ma, at
the Permian-Triassic boundary (e.g., Erwin,
1993). Over the past 20 yr a number of hy-
potheses have been put forward to explain this
extinction event (Erwin et a., 2002; Benton
and Twitchett, 2003). The paleoclimatic data
indicate that this was a time of warm surface
temperatures, especialy in high-latitude polar
regions (Retallack, 1995; Chumakov and
Zharkov, 2003). Severa studies indicate that
the oceans at this time were either anoxic or
euxinic for an extended period of time (e.g.,
Wignall and Twitchett, 1996). Approximately
90%-95% of life was extinguished in the
oceans, and there was a significant loss of ter-
restrial life (~70%). One factor that has been
quantified is the presence of large magmatic
flows, the Siberian Traps, coincident in time
with the development of these disruptions in
life forms (Renne et a., 1995). This volcanic
activity, which lasted for ~700 k.y., would
have released significant amounts of carbon
dioxide and sulfur dioxide into the atmo-
sphere. There is aso the possibility of alarge
injection of methane into the atmosphere
through the destabilization of clathrates,
which could explain the excursion in 313C at
this time (Erwin, 1993; Berner, 2002). The
challenge for any climate model simulation of
this time period is to simulate a climate in
concert with the geological, palentological,
and geochemical data. To date this has proven
difficult to accomplish with uncoupled climate
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models (Kutzbach and Ziegler, 1993; Rees et
al., 1999).

MODEL DESCRIPTION

Previous modeling studies include uncou-
pled ocean models forced with prescribed sur-
face boundary conditions (Hotinski et al.,
2001; Zhang et d., 2001), the coupling of an
energy balance model to an ocean model
(Winguth et al., 2002), and more recently us-
ing a simplified atmosphere model coupled to
an ocean model with idealized boundary con-
ditions (Smith and Dubois, 2004). To date no
fully comprehensive coupled atmosphere,
land, ocean, and sea-ice system model using
realistic geography and topography has been
used to study the climate of the Permian-
Triassic boundary. We present results from
such a comprehensive model with realistic
boundary conditions. The model used is the
latest version of the Community Climate Sys-
tem Model (CCSM3). The model used for this
study employs a T31 (3.75° X 3.75°) horizon-
tal resolution version for the atmosphere and
anomina 3° ocean model with 25 levels. This
lower resolution version of the CCSM3 yields
a redlistic simulation of the present climate,
where the present-day control ssimulation has
been run for ~900 yr and the energy balance
of the system is —0.05 Wm-2, i.e., the control
climate is in near steady state. The ocean cir-
culation is in very good agreement with ob-
servational data, e.g., the simulated strength of
the North Atlantic meridional overturning cir-
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culation is 16 Sv, in good agreement with the
observed strength of 15-23 Sv, where 1 Sv =
106 m3 s1,

The boundary conditions for the latest
Permian simulations employ paleogeography
and pal eotopography for this time period (pro-
vided by D. Rowley, 2005, personal com-
mun.). The ocean bathymetry for the deep
ocean is a flat bottom condition. Land surface
albedos were based on the surface types of
Rees et a. (1999), where the warm temperate
regions were expanded to higher |atitudes. The
CCSM3 land model generates surface albedos
from the prescribed surface types. The atmo-
spheric composition is a key unknown for this
time period, especialy with regard to levels
of atmospheric carbon dioxide. The presence
of elevated methane levels has also been pos-
tulated for this time period. Based on work of
Kidder and Worsley (2004), the CO, level for
the climate simulation is set to 10 times the
present concentration. Thisyields an initia ra-
diative forcing of 14.5 Wm-~2. Note that even
higher levels of CO, have been proposed for
this time period (Kidder and Worsley, 2004),
thus a tenfold increase in CO, is viewed as a
conservative estimate of the atmospheric CO,
at the Permian-Triassic boundary. A summary
of the latest Permian model boundary condi-
tionsisin Table 1.

Given these boundary conditions, the fully
coupled CCSM3 is initialized with global
mean ocean temperatures from a warm Cre-
taceous climate simulation (Otto-Bliesner et
al., 2002), and no seaice and a uniform salin-
ity of 35 practica salinity units. The climate
model has been run for 2700 yr to an equilib-
rium state, which is determined by consider-
ing the net flux of energy into the climate sys-
tem and the trend in deep ocean overturning
circulation. The net energy flux into the sys-
tem averaged over the last 100 yr of the sim-
ulation is —0.03 Wm~2 compared to the con-
trol imbalance of —0.05 Wm-~2, indicating
that both the present-day control and latest
Permian simulations are in energy balance.
Trends in the strength of the deep ocean over-

TABLE 1. BOUNDARY CONDITIONS FOR THE LATEST PERMIAN SIMULATION
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CO, CH, N,O So Eccentricity Obliquity
(ppmV) (PpmV) (ppmv) (Wm~?) (Degrees)
Value 3550 0.7 0.275 1338 0 235
Note: ppmv is parts per million by volume.
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Figure 1. Simulated sea-
sonal mean surface air
temperatures (°C) from
fully coupled latest Perm-
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turning circulation are <0.002 Sv/100 yr in
the last 300 yr of the integration. All results
are based on an average of the last 100 yr of
the smulation. The latest Permian global
mean surface temperature is 7.98 °C warmer
than present day.

RESULTS
Terrestrial Simulation

A common problem with previous Permian
simulations, employing fourfold to eightfold
increasesin CO, levels, is extremely cold land
surface temperatures at high latitudes, incon-
sistent with paleopalynological and paleosol
data (Retallack et a., 2003; Taylor et a.,
1992), where the data indicate the existence of
deciduous forests at high latitudes. Our sim-
ulated near-surface temperatures for winter
and summer seasons are shown in Figure 1.
The lowest seasonal mean temperature from

SST (°C)

°C

the latest Permian simulation is in Southern
Hemisphere winter with a value of —23 °C;
over much of this region surface air temper-
atures are considerably higher than previous
climate simulations. We have carried out a
parallel latest Permian simulation with present
levels of CO, to determine whether it is the
higher CO, or paleogeography that contributes
most to this polar warming. The latest Perm-
ian simulation with present level CO, yields
annua mean zona mean polar land tempera-
tures that are below the freezing level, a-
though these temperatures are warmer than the
present-day simulation. This polar warming
relative to present day is related to open ocean
areas that allow for poleward heat transport
that is not possible with present geography
(e.g., Greenland and Antarctica). We conclude
from the comparison of these simulations that
elevated CO, is the dominant reason for the
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Figure 2. Simulated latest Permian annual mean sea surface temperatures (SSTs, °C). Side
panel shows difference of zonal mean Permian SSTs from present-day simulated SSTs.

758

warm polar regions, and that the existence of
ocean heat transport poleward of ~60° north
and south contributes to additional warming,
as do lower surface albedos due to the lack of
permanent land ice.

Surface air temperatures are 10-40 °C
warmer than the present-day control simula-
tion at the highest southern latitudes (see Fig.
1, sidebar). In the Northern Hemisphere win-
ter land temperatures are 10-20 °C warmer
than the present-day simulation and are more
consistent with the paleoclimatic data. For ex-
ample, Retallack et a. (2003) argued that tem-
peratures in the Karoo Basin region were ~9—
10 °C in the latest Permian, in agreement with
the annual mean temperatures simulated by
the model for this region. Mean precipitation
was ~1-2 mmd-1, where the model simulates
1.5 mmd-1. The minimum daily mean maxi-
mum summer temperatures in the dry sub-
tropical regions are 51 °C in some regions,
which is 15 °C higher than simulated present-
day daily maximum summer temperatures.
These extreme daily temperature maxima in
these regions would contribute to a decrease
in terrestrial flora and fauna

Ocean Simulation

Paleodata indicate that sea surface temper-
atures were much warmer in the Late Permian
(Holser et al., 1989). Figure 2 shows the an-
nual mean sea surface temperatures for the
Late Permian simulation, while the side panel
indicates the difference in zonal mean sea sur-
face temperatures compared to the present-day
control. Over the high-latitude northern and
southern Panthalassic Ocean regions much of
the ocean surface is 8 °C, substantially warmer
than present-day sea surface temperatures,
which are near 0 °C at these high-latitude re-
gions. This warm water persists to depth; at
3000 m the water is 4.5-5 °C, compared to
present-day temperatures that are near freez-
ing. Note that Late Permian equatorial seasur-
face temperatures are not substantially warmer
compared to present-day equatorial waters.
There appears to be a strong regulation of
tropical ocean temperatures in this coupled
simulation. The simulated spatial distribution
of tropical sea surface temperatures is similar
to present day with a warm pool of water
forming in the tropical eastern Tethys and
western Panthalassic, and a cold tongue of wa-
ter in the eastern tropical Panthalassic Ocean
caused by upwelling in this region.

Globally the latest Permian oceans are 4 °C
warmer than the present-day ocean and in
good agreement with the paleodata (Holser et
al., 1989; Kidder and Wordley, 2004). The
Late Permian ocean is also more saline than
present day; at depths of 3000 m, the salinity
isgreater by ~1.5 practical salinity units. This
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simulated deep warm saline water also agrees
with paleodata for this time period.

Ocean Circulation and Implications for
Anoxia

The simulated, more stable, potential den-
sity structure of the latest Permian ocean is
consistent with a weak overturning circula-
tion, which has significant implications for
ocean mixing. In particular, the Tethys Sea is
extremely stratified due to limited connection
with the larger Panthalassic Ocean. One mea-
sure of the level of stratification is the strength
of the meridional overturning circulation, as
shown in Figure 3.

In the present day, deep-water formation
occurs off Greenland and Antarcticadue to the
formation of cold dense saline water, which
sinks to depth. The latest Permian simulation
from the coupled model does not exhibit this
type of mixing to depth. There is little deep-
water formation due to the warm, less dense
waters at high latitudes in both hemispheres.
The overturning circulation of the latest Perm-
ian at depth is symmetric about the equator
with aweak strength of ~10 Sv. This solution
contrasts with uncoupled simulations and a
more recent coupled model using simplified
geographic boundary conditions and present-
day CO, levels. The uncoupled ocean models
need to be forced with either fluxes or surface
air state information. These forcings of mo-
mentum, energy, and freshwater input are
fixed in time. Thus, as the ocean climate comes
into a new equilibrium there is no feedback
with atmospheric and hydrologic processes.

What are the implications of the weak
ocean circulation for anoxic or euxinic con-
ditions at depth? For the present-day climate,
the pathway for oxygen to reach the deep
ocean occurs at the high latitudes where dense
waters sink. This enables an efficient way for
water masses at depth to be exposed to the

GEOLOGY, September 2005

908

90N

60N

30N

308

60S

90S

50

Figure 3. Simulated zonal
mean meridional over-
turning circulation (Sv) in
latest Permian simulation
(A) and present-day sim-
ulation (B). 1 Sv = 10°
mss—1,
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Figure 4. Simulated ideal age (years) of ocean water at 3000 m depth. Top panel
is for latest Permian simulation, bottom panel is for present-day simulation. Ge-
ography is determined by bathymetry at 3000 m depth. Solid dots denote locations
of paleodata.
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surface. A measure of this mixing process is
the ideal age, which is the time in years that
awater mass at a particular depth has last been
near the surface: the larger the ideal age, the
less efficient the ocean mixing. The ideal age
at a depth of 3000 m for the latest Permian
simulation and the present-day simulation is
shown in Figure 4. The ideal age is greatest
for water in the Tethys Sea where the age ex-
ceeds 1000 yr. A number of recent studies fo-
cused on ocean anoxia and/or euxinia in the
south Tethys and found strong evidence for
little mixing in these regions (Grice et al.,
2005). The latest Permian simulation supports
these observational data. Indications of more
extensive anoxia (Isozaki, 1997; Wang et a.,
1994) come from two regions located in the
tropical Panthalassic Ocean (noted by the dots
in the plot in Fig. 4), which are regions of
simulated long ideal ages (>800 yr). Thus, the
fully coupled simulation indicates that large-
scale anoxic or euxinic conditions would exist
during the latest Permian—Early Triassic time
period. Even at high latitudes, where in the
present-day North Atlantic Ocean efficient
mixing occurs (ideal age <50 yr), thereis lit-
tle mixing in the latest Permian. The warm,
less-dense water of this time period suppresses
deep-water formation, unlike the present-day
situation. The implication of the latest Perm-
ian simulation is that transport of surface ox-
ygen and nutrients to the deep ocean was very
inefficient. Coupled with warmer ocean water
leading to lower solubility of oxygen and low-
er atmospheric oxygen levels (Wignall and
Twitchett, 1996; Hallam and Twitchett, 1997;
Hotinski et a., 2001; Berner, 1999), this set
the stage for pervasive long-term anoxia or
euxinialeading to large-scale die off of marine
life forms.

CONCLUSIONS

The fundamental conclusion of this study is
that, given elevated CO, levels with redlistic
latest Permian paleoclimatic boundary condi-
tions, a fully coupled comprehensive climate
system model can simulate terrestrial and
ocean conditions in concert with latest Perm-
ian paleodata. The implication of our study is
that elevated CO, is sufficient to lead to in-
hospitable conditions for marine life and ex-
cessively high temperatures over land would
contribute to the demise of terrestria life
(Ward et al., 2005). The isotopic data indicate
that through the latest Permian the climate
was slowly warming and $13C was decreasing,
and that these changes accelerated consider-
ably at the Permian-Triassic boundary. Given
the sensitivity of ocean circulation to high-
latitude warming, it is hypothesized that some
critical level of high-latitude warming was
reached where connection of surface waters to
the deep ocean was dramatically reduced, thus
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leading to a shutdown of marine biologic ac-
tivity, which in turn would have led to in-
creased atmospheric CO, and accelerated
warming.

The Siberian Traps most likely also emitted
large amounts of sulfur compounds into the
atmosphere. The presence of elevated levels
of sulfur dioxide and methane would have
contributed to the extinction of terrestria life
forms (Campbell et a., 1992; Ryskin, 2003).
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