











The 1000 ppmv neutral orbit simulation (Fig 3.35) displays an overall global
increase in Rs output with the Northern Hemisphere showing a larger increase over the
Southern Hemisphere. The southern mid-latitudes also increase in Rs, however, due to
the smaller area per degree on latitude, the Northern Hemisphere increase has a larger
total output and therefore affect of the global total. Antarctica’s output increased by 0.33
PgCl/yr over the average of the 750 ppmv simulations (average of 2.72 PgC/yr), with a
total of 3.05 PgC/yr for the 1000 ppmv simulation. The Rs output produced a global total
of 71.4 PgClyr.

PETM Mean RS: 1000 ppmv CO2

90°N

0N N I ;ﬁ
Lo

%

(@)

)

[0}
(@]

[e)
z

Latitude
o
o

&

~

W
(@)

°
(]

6 =S

60°S

" YL WSV \4
¢ NS 2 I
90°S
180 120°W 60°W Q° 60°E 120°E 180
Longitude
I .
0 178 356 534 712 890 1068 1246 1424 1602 1780 gC/m=iyr

Figure 3.35: Global Rs output for the 1000 ppmv CO, simulation
The 1000 ppmv CO,-neutral orbit simulation yield a global total of 71.4
PgC/yr with Antarctica contributing 3.05 PgC/yr. Note the substantial global
increase of the Rs output in comparison to the previous simulations. The
elevation dependency becomes more apparent at the higher atmospheric CO,
concentrations.
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The 2000 ppmv neutral orbit simulation (Fig 3.36) displays a notable increase in
global Rs output, specifically in the equatorial region. Along the equator outputs are
observed on the order of ~1,500 KgC/yr per grid cell area. As previously mentioned, the
dependence on topography becomes more apparent with the higher Rs outputs. The 2000
ppmv simulation produced a global Rs output of 86.10 PgC/yr with Antarctica
contributing 4.23 PgClyr.

PETM Mean RS: 2000 ppmv CO2
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Figure 3.36: Global Rs output for the 2000 ppmv CO; simulation

The 2000 ppmv CO; neutral orbit simulation yields a global total of 86.10

PgCl/yr, with Antarctica contributing 4.23 PgC/yr. Note the substantial global

increase of the Rs output in comparison to the previous simulations,

specifically in the equatorial region.

The 4000 ppmv neutral orbit simulation (Fig 3.37) displays a global increase of

15.26 PgC/yr over the 2000 ppmv simulation. The 4000 ppmv simulation yields 101.36
PgC/yr with Antarctica contributing 5.80 PgC/yr. The equatorial region displays Rs

output values on the order of ~1,600 KgC/yr per grid cell. The output observed from

Antarctica is on the order of ~400 KgC/yr per gird cell area.
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PETM Mean RS: 4000 ppmv CO2
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Figure 3.37: Global Rs output for the 4000 ppmv CO; simulation
The 4000 ppmv CO; neutral orbit simulation yields a global total of 101.36
PgCl/yr, with Antarctica contributing 5.80 PgC/yr. As Noted with the 2000
ppmv simulation, there is a substantial global increase of the Rs output in
comparison to the previous simulations, specifically in the equatorial region.

3.2.5 NPPvs.Rs

In order to compare NPP and Rs globally, the two outputs were plotted against
one another with Rs/NPP on the Y-axis and degrees latitude on the X-axis as can be seen
in the control simulation (Fig 3.38). The control displays an equatorial region with NPP
producing a slightly higher output over Rs. The northern mid through high latitudes, from
35° northward, show that the output of Rs and NPP are roughly equal with Rs producing
a slightly higher output. For the control simulation, Rs produces an overall higher output
than NPP, with 74.00 PgC/yr and 62.4 PgC/yr, respectively. As expected, the Rs and NPP
output for Antarctica are both zero. At approximately +/-25° there is an NPP minima
which may related to precipitation. This can be seen in Figure 3.39 with average annual

precipitation (mm/yr) plotted in the same method as NPP and Rs. Via Figure 3.39 it is
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easy to observe that close relationship between NPP and precipitation. Further more, this

suggests that as global atmospheric carbon increases so does global precipitation.

Average NPP Vs. RS per 2 latitude: BIOME4 Control
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Figure 3.38: Zonally averaged NPP vs. Rs: control simulation
The control simulation illustrates the equatorial high output for both variables.
The output of Antarctica is absent with the northern mid to high latitude NPP
and Rs outputs nearly equal.
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Figure 3.39: Zonally averaged annual precipitation: control simulation
Plotted in the same fashion NPP and Rs in this section. The above displays
average annual precipitation in mm/yr. NPP closely resembles precipitation,
which indicates a strong correlation between the two parameters.

The 500 ppmv neutral orbit simulation (Fig 3.40) displays increased NPP along
the equatorial region, as well as at ~35° north and south of the equator. Antarctica is now
an active component of the terrestrial biosphere and is incorporated into totals, displaying
interesting results. Along the northern most boundary of Antarctica Rs output is higher
than NPP. Further south near -80° Rs drops and NPP increases. At -90°, NPP is the
dominant output. From +/- 5° to ~ +/- 30° Rs in latitudinal totals are larger than NPP.

NPP is slightly increased over Rs indicating a net sink of global atmospheric carbon is

taking place.
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Average NPP Vs. RS per 2 latitude: 500 ppmv CO2
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Figure 3.40: Zonally averaged NPP vs. Rs: 500 ppmv CO, simulation
The 500 ppmv neutral orbit simulation shows NPP beginning to increase with
Rs reduced. Rs and NPP production has now begun on Antarctica. Note the
increased NPP output at +/- 30° latitude as well as along the equator. These
results indicate a slight net sink in atmospheric carbon.

The 750 ppmv neutral orbit simulation (Fig 3.41) has very similar characteristics
to the 500 ppmv simulation. The 750 ppmv simulation outputs are slightly increased in
both hemispheres, with the peak Rs output seen at the equator and the peak NPP outputs
seen at +/- 35° as well as at the equator. Antarctic NPP and Rs output compensate
similarly to the 500 ppmv simulation. As with the 500 ppmv simulation, Rs is equal to or
slightly greater than NPP from +/- 5° to +/- 30°, this same observation is true for all of

the 750 ppmv simulations. This may be attributed to the savanna biome that exists in

these regions.
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Average NPP Vs. RS per 2 latitude: 750 ppmv CO2
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Figure 3.41: Zonally averaged NPP vs. Rs: 750 ppmv CO, neutral orbit
simulation

The 750 ppmv neutral orbit simulation displays three NPP output peaks at +/-

35° as well as at the equator. Rs output maximum is seen only at the equator.

Note the Rs/NPP Antarctic output reversal and the northern mid-to-high

latitude region where NPP and Rs are roughly equal.

The 750 ppmv cold orbit simulation (Fig 3.42) displays similar results to the 750

neutral orbit simulation. The Northern Hemisphere displays increases in NPP as well as
Rs. The Southern Hemisphere appears unchanged from the 750 ppmv neutral orbit

simulation. NPP continues with the output peaks at +/- 35° and the equator, while Rs has

one peak at the equator. The NPP peak is offset to the south in this simulation.
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Average NPP Vs. RS per 2 latitude: 750 ppmv CO2 Cold Orbit
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Figure 3.42: Zonally averaged NPP vs. Rs: 750 ppmv CO, cold orbit simulation

The 750 ppmv cold orbit simulation displays increases in the Northern

Hemisphere from ~15° to 80° while the Southern Hemisphere remains

unchanged. NPP continues with the three maxima output (+/- 35°, equator)

while Rs has one maximum (equator).

The 750 ppmv warm orbit simulation (Fig 3.43) displays an increase in the

southern NPP. This can be seen from -75° to -90° as well as at -55°. Rs output is slightly
increased. The Northern Hemisphere resembles the neutral orbit simulation with regard to

NPP. As in previously discussed simulations, NPP continues with the three latitudinal

maxima (+/- 35°, equator), while Rs has one maximum (equator).
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Average NPP Vs. RS per 2 latitude: 750 ppmv CO2 Warm Orbit
4500F ‘ \ ‘ R

NPP
4000~

RS

3500

3000

n

[e))

[=}

o
T

n

[=]

[=]

o
T

1500

1000

500

90

Latitude

Figure 3.43: Zonally averaged NPP vs. Rs: 750 ppmv CO, warm orbit simulation
The 750 ppmv warm orbit simulation displays increase Southern Hemisphere
NPP and Rs output. The Rs increase is limited with NPP showing larger
increases. In the Northern Hemisphere NPP peaks at ~35° and Rs out is
greater than NPP (net source) from ~10° to ~25°.

The 750 ppmv high-obliquity simulation (Fig 3.44) displays results nearly
identical to the 750 neutral orbit simulation, however global totals for both Rs and NPP
are slightly increased over the neutral orbit condition. As seen previously, the dominance
of Rs and NPP trade off at approximately -75°, however, NPP output from -75° to -90°
increase over the neutral orbit simulation. NPP contains three maxima (+/- 35°, equator)
while Rs has one maximum (equator).

The 750 ppmv simulations displays slight pole to pole varibility. The cold orbit

simulation exhibits the highest overall Rs and NPP of the three simulations. The overall

result indicates that there is a net sink occurring, which is most likely a global response to
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a large carbon influx to the atmosphere. While at 750 ppmv CO, flux, orbital variation
does not appear to result in a tipping point with a run away sink or influx of atmospheric

carbon.

Average NPP Vs. RS per 2 latitude: 750 ppmv CO2 Obliquity
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Figure 3.44: Zonally averaged NPP vs. Rs: 750 ppmv CO; high obliquity
simulation
The 750 ppmv high obliquity simulation displays increased Antarctic NPP
output over the neutral orbit condition. NPP continues with the three maxima
output (+/- 35°, equator) while Rs has one maximum (equator).

The 1,000 ppmv neutral orbit simulation (Fig 3.45) displays highly increased Rs
and NPP outputs, with NPP producing a larger overall increase when compared to Rs. As
with the previous simulations NPP contains three maxima with Rs peaking at the equator.
Antarctic NPP and Rs output is also slightly increased, with NPP again displaying a

larger overall jump in output over the observed Rs increase. In previously described

simulations at lower CO, levels, Rs output was greater than NPP in the low latitudes with
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NPP spikes at the equator. However, in this simulation, NPP and Rs are roughly equal in
the low latitudes. Again, this is an example of a global response of an enormous

atmospheric carbon sink.

Average NPP Vs. RS per 2 latitude: 1000 ppmv CO2
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Figure 3.45: Zonally averaged NPP vs. Rs: 1000 ppmv CO, simulation
The 1000 ppmv neutral orbit simulation displays greatly increased NPP and
Rs output over the previously discussed simulations in this section. As with
previous simulations, NPP displays 3 global maxima while Rs peaks at the
equator. Note that NPP and Rs are nearly equal in the mid latitudes, whereas
previously Rs was greater than NPP.

The 2000 ppmv neutral orbit simulation (Fig 3.46) displays dramatic increases
over the 1000 ppmv simulation. NPP has dramatically increased and is now greater than
Rs at all latitudes except for -60° to -70°. As previously stated, the biomass growth and
global storage of carbon has greatly increased in the 1000 and 2000 ppmv simulations.

The mid latitudes (~+/- 30°) display NPP and Rs minima which, as stated, is related to

low annual mean precipitation in that band of latitude.
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Average NPP Vs. RS per 2 latitude: 2000 ppmv CO2
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Figure 3.46: Zonally averaged NPP vs. Rs: 2000 ppmv CO, simulation
The 2000 ppmv neutral orbit simulation displays a increased global NPP over
previous simulations discussed in this section. Rs output is greatly increased
as well, however, mean NPP per band of latitude is larger than Rs (except for
~-60°). This indicates that the amount of carbon being sequestered is far great
than the amount being released.
The 4000 ppmv neutral orbit simulation (Fig 3.47) displays similar results to the
2000 ppmv simulation. The 4000 ppmv condition shows a marked increase in NPP with
Rs displaying less pronounced increases globally. As with the 2000 ppmv simulation, Rs
is greater than NPP from -60° to -65°. 4000 ppmv is assumed to be the highest possible
peak in PETM atmospheric CO,. At this point NPP is far greater than Rs, which could be
considered to be a global response to sequester atmospheric carbon. The increased NPP

also directly reflects a marked increase in precipitation as shown in Figure 3.48. The

drastic outpacing of NPP over Rs indicates that not only is there a net sink globally, but
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also the terrestrial carbon stock is recharging itself. This recharge affect would actively

build up a new carbon pool available for release to drive the subsequent hyperthermals.

Average NPP Vs. RS per 2 latitude: 4000 ppmv CO2
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Figure 3.47: Zonally averaged NPP vs. Rs: 4000 ppmv CO, simulation
The 4000 ppmv neutral orbit simulation displays a marked increase in NPP
while Rs remains nearly unchanged when compared to the 2000 ppmv
simulation. The amount of atmospheric carbon sequestered is far greater than
the amount released which would indicate a global response towards
balancing the global terrestrial/atmospheric carbon stock.
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Average Annual Precip per 2° latitude: 4000 ppmv CO2
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Figure 3.48: Average annual precipitation per 2° latitude: 4000 ppmv CO,
simulation

The 4000 ppmv global mean precipitation shows significant increases over the
control simulation. This mimics the NPP response to global atmospheric
carbon increase.
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CHAPTER 4

DISCUSSION

The PETM marks a pivotal time in Earth’s history and provides a crucial piece of
the climatic puzzle that may help to unlock information regarding Earth’s future. This
research intended to shed light on the dynamics of the terrestrial carbon cycle during the
early Eocene hyperthermals. Most previous studies have focused on the marine carbon
cycle. Global marine and terrestrial carbon reservoirs increase over time with increased
biomass growth and oceanic acidification/carbon sequestration. As stated in the
introduction, this storage of carbon can be approximated as the difference between NPP
and Rs. In some areas (such as permafrost regions) the net sink outweighs the net loss via
Rs. These regions have the potential to contain thousands of petagrams of carbon.

Prior, and up to the PETM, the planet experienced a steady increase in global
temperature. As shown by Lourens ef al., (2005) and Galeotti et al., (2010), the PETM
and subsequent hyperthermals appear correlated with orbital forcing and might have
provided a catalyst for permafrost degradation, which not only acted as a positive
feedback to global warming, but also provided a future surface area for biomass growth
and terrestrial carbon sequestration. As Figure 4.1 displays, there is a transition from a
net source of terrestrial carbon to a net sink, which occurs between the control simulation
to the 500 ppmv simulation. Due to multiple boundary condition alterations between the
two simulations, this observation cannot be stated as a significant result. More
interestingly, however, the transition between the 750 ppmv simulations and the 1000

ppmv simulation indicates a major global shift in restocking terrestrial carbon reservoirs.
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During the transition from 750 ppmv to 1000 ppmv, the Northern Hemisphere becomes
nearly permafrost free, while Antarctica retains a large permafrost region. This result aids
in explaining why the NPP and Rs of Antarctica were reduced in comparison to other
landmasses. With permafrost removed from the Northern Hemisphere, coupled with
increased high-latitude temperatures, the indirectly enabled increased vegetation growth
and an avenue for terrestrial sequestration driving towards a recovery scenario from the
PETM. This modeled scenario would aid in explaining the successively smaller
hyperthermal events, as the reservoir had less time to recover resulting in less intense
hyperthermals (ETM2, ETM3). Beerling (2000) used terrestrial carbon cycle model
global paleoclimate simulations as well as an independent global carbon isotope mass
balance analysis to show there was an increase in the terrestrial carbon pool leading up to
the PETM (55.5 Ma). The conclusion of Beerling (2000) aligns with the results of this
research, demonstrating immense carbon sequestering potential of the terrestrial
biosphere. Furthermore, the two step-permafrost degradation of first, the high latitude
Northern Hemisphere carbon reservoirs between 750 and 1000 ppmv and second,

Antarctica would aid in explaining the magnitude of the PETM.
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Figure 4.1: Comparison of model simulation NPP and Rs global totals
This displays the transition from net source (control) to net sink as
atmospheric carbon begins to be sequestered by the terrestrial and oceanic
carbon reservoirs. As the graph displays, the potential for a run-a-way
sequestration and rapid build up of terrestrial carbon reservoirs does not occur
until ~1000 pmmv atmospheric CO,.

Limitation of this work including the models inability to capture the onset of the
PETM, stems from the core functions of the model, model biases, area matrix-based
calculations, and the error associated with NPP and Rs itself. GENESIS is a steady state
model, which completes simulations to a state of equilibrium between the various
components incorporated within GENESIS. This approach effectively bypasses the initial
threshold of the PETM because the model (as used here) does not account for time-
varying parameters (i.e. atmospheric CO,) to be incorporated. Instead, each simulation is
provided a set of initial parameters and brought to equilibrium with those set parameters.

Transient modeling allows for continuously changing concentrations of greenhouse gases
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and would allow for a more realistic changes, however, given the long time scale of the
events like the PETM, this is not feasible. Given that Rs and NPP are highly correlated,
reflecting change in temperature and precipitation (i.e. the Rs model), any biases within
those two parameters would appear in NPP and Rs. The global total calculations were
limited by the means of their calculation. As stated in the methods section, the NPP and
Rs global totals are processed via a terrestrial land-area array. This array matches the
2°x2° resolution of the model and therefore follows the same constraints of latitude and
longitude. Due to the oblate spheroid shape of the Earth, the equatorial regions naturally
cover a larger area per grid cell versus the poles. With small polar areas per grid cell,
coupled with high equatorial results for both parameters, this has the affect of creating
enormous global totals biased by the equatorial region. This issue was solved by basing
the global totals for NPP and Rs on their respective global means. While more accurate
overall, this is not an ideal calculation methodology. Lastly, published NPP and Rs
estimates carry large error bars of up to +/- 20 PgC/yr. While great effort was put into
finding a logical and accurate means of NPP and Rs calculation significant error does
inherently exist within each parameter, which can propagate through the calculations.
Initially, the goals of this research were to better understand the characteristics of
a potential carbon release due to permafrost and Antarctica’s role in this release. While it
was shown that there was an adequate permafrost-based carbon reservoir to provide an
increase in global atmospheric CO, and temperature consistent with the PETM, the
model appears to have captured a mechanism for the planets recovery from the PETM, by
quickly restocking the terrestrial carbon reservoirs. Due to Antarctica’s slower response

to warming and orbital forcing, it had the potential to release carbon near the peak of the
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PETM, as high latitude surface temperatures increased to a point allowing for the
degradation of permafrost. This does not disprove the original hypothesis of this research,
rather it spawns further questions as to the exact pacing of the event. At the peak of the
PETM, post permafrost thaw, high latitude temperatures would have been initially too
warm to sustain permafrost, however, due to high net carbon fixation (high NPP aka
atmospheric carbon sequestration) global temperatures would begin to cool. This would
eventually develop favorable conditions for permafrost growth. Based on the potential
rates of carbon storage shown by these calculations, substantial (~4,000 PgC) terrestrial
carbon reservoirs would have restocked within as the planet recovered from the PETM,
and prior to the subsequent hyperthermals following the PETM. Due to the pacing of the
subsequent events, the carbon reservoir would have been reduced resulting in a smaller
hyperthermal. Additionally, as shown in this research, the Antarctic permafrost did not
thaw until atmospheric CO, reached ~2000 ppmv. In post PETM hyperthermals, peak
global temperatures may have been reduced in comparison to the PETM, due to a smaller
available terrestrial carbon reservoir, therefore Antarctica permafrost may have remained
intact during subsequent hyperthermal events. This hypothesis is a topic for further future

research.
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CHAPTER 5
CONCLUSIONS

This research has shown that global terrestrial carbon reservoirs contained ample
resources to drive a PETM-scale event. This is demonstrated via adequate global
permafrost extent, as shown in section 3.2.1, and progressive low to high-latitude
biomass degradation that drove global temperature increase (via increased greenhouse
gas concentrations). The onset of these events is a result of a series of high eccentricity
and high obliquity orbital cycles, triggering onset of permafrost thaw leading to the
PETM. Near the crest of peak warming, terrestrial soil carbon rapidly increased globally,
as shown in section 3.2.2, providing a negative cooling feedback, by sequestering
atmospheric carbon (also demonstrated by Beering, (2000)). This is seen in Figure 4.1,
with larger global NPP totals per simulation over Rs. This acted to restore global
terrestrial carbon reservoirs, with a global net carbon sink providing a vulnerable carbon
source for successive hyperthermal events. As the global carbon budget became
balanced, NPP and Rs began to reestablish the near one-to-one ratio that existed prior to
the onset of the event.

The model used here, has the ability to capture net primary production in great
detail, due to various model constraints and correlations between the leaf area index,
vegetated light-use efficiency, temperature, and precipitation. The offline soil respiration
model utilized for this research relied solely on temperature and precipitation. Due to
this, soil respiration results are less responsive to biomass variation than NPP and ignore
the effects of permafrost degradation. Regardless, soil respiration in the control

simulation is consistent with modern day estimates. Use of a transient coupled NPP and
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Rs global land/atmosphere climate model with a higher resolution and deeper soil model
would likely yield more precise results.

Overall, the simulations described herein are consistent with results found in
similar research on this time period (Beerling, 2000 among others). This further confirms
that research of this nature has the potential to understand the response of the Earth to
orbital and climate forcing during the Palaeocene-Eocene transition, and through climate

forcing understand the potential planetary response to future global warming.
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