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ABSTRACT

A numerical model of the global carbon cycle is presented which includes
the effects of anthropogenic COs emissions (CO2 produced from fossil fuel
combustion, biomass burning. and deforestation) on the global carbon cycle.
The model is validated against measured atmospheric CO2 concentrations.
Future levels of atmospheric CO» are then predicted for the following scenarios:
(1) Business as Usual (BaU) for the period 1990-2000; (2) Same as (1). but
with no biomass burning: (3) Same as (1). but with no fossil fuel combnustion:
(4) Same as (1), but with a doubled atmospheric CO2 concentration and a 2
K warmer surface temperature associated with the doubled atmospheric CO»
concentration.

The global model presented here consists of four different modules which
are fully coupled with respect to CO;. These modules represent carbon cycling
by the terrestrial biosphere and the ocean. anthropogenic CO; emissions, and
atmospheric transport of COs.

The prognostic variable of interest is the atmospheric CO2 concentration
field. The CO; concentration field depends on both the sources and sinks of
CO> as well as the atmospheric circulation. In addition. the sources and sinks
vary significantly as a function of both time and geographic location.

The model output agrees well with measured data at the equatorial and
mid latitudes, but this agreement weakens at higher latitudes. This is due to
the less adequate representation of the terrestrial ecosystem models at these
latitudes. In the first scenario. the predicted concentration of atmospheric COs
is 362 parts per million by volume (ppmv) at the end of the 10 year model
run. This establishes a baseline for the next three scenarios. which predict
that biomass burning will contribute 3 ppmv of COs to the atmosphere by
the year 2000, while fossil fuel combustion will contribute 5 ppmv. The net
effect of a 2 K average global warming was to increase the atmospheric CO»
concentration by approximately 1 ppmv. due to enhanced respiration by the
terrestrial biosphere.
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CHAPTER 1: Introduction

Recently the need to quantitatively assess the long term climatic impli-
cations of global biomass burning has been asserted (Houghton!, Walker and
Kasting?). Based on existing data, it has been predicted that biomass burn-
ing is responsible for 20%-40% of the total anthropogenic COs emitted into
the atmosphere (Levine®). Biomass burning is defined to include the following
processes: burning associated with deforestation, burning of wood as a fuel,

burning of grasslands and agricultural burning.

The model presented here consists of several previously existing sub-models,
discussed below, which represent cycling of carbon by various chemical, phys-
ical and biological processes within the global carbon cycle. In constructing
this model, preference was given to previously existing models that had been
validated separately. This is especially important when the sub-model is highly
parameterized, as in the case of individual ecosystem models. Here, the mod-
els were developed by experts in the particular ecosystem type, and have been
tested against ground based measurements. The ocean circulation sub-model
and ocean carbon sub-model have also been separately validated, and, like the

ecosystem models, were adapted from the literature for integration into this

model.
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It is known that atmospheric CO; enhances the existing atmosp'heric green-
house effect by trapping additional thermal radiation. thus increasing the sur-
face temperature of the earth (Ramanathan*). The level of atmospheric CO2
is regulated by the global carbon cycle (Bolin and Fung®, Box®). The global
carbon cycle consists of the network of sources and sinks of atmospheric CO»
together with virtually every physical and biochemical process involving car-
bon on earth including global biomass burning. This burning releases large
amounts of CO; into the atmosphere some of which is reclaimed (reincorpo-
rated) into the terrestrial biosphere (land plants) over the course of months to
years. This reincorporation occurs during the period of regrowth following the
annual burning of certain ecosystems, primarily grasslands. However, when an
ecosystem, such as a tropical rainforest, is burned, it can no longer act as a
sink for atmospheric CO», thus the CO; released is not reincorporated since the
rainforest is not replaced. This affects the global carbon cycle in two ways: (1)
the carbon stored in the forest structural material must now be redistributed
within the reservoirs of global carbon cycle; and (2) an area once acting as a
sink for atmospheric CO2 no longer does so. Whether these disturbances will

have prolonged effects upon the global carbon cycle is presently unknown.

When attempting to predict the future concentration of atmospheric CO,
models of the global carbon cycle are developed. At the most basic level, the

global carbon cycle model consists of a set of carbon reservoirs representing
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the atmosphere, the oceans, and the terrestrial biota, along with a specified set
of carbon fluxes between these reservoirs (Fig. 1.1). In order to illustrate the
large scale features of the global carbon cycle, a simple model was developed.
Using such a basic model, numerical experiments were performed and analyzed.
The results are presented in chapter 3, along with a more complete description
of the basic model. A more elaborate model is then developed so that the
complex processes within each of the reservoirs can then be represented more
realistically (Fig. 1.2). The complete model ultimately seeks the solution to

the continuity equation for carbon dioxide in the atmosphere:

%’-:— -(VCp) +@+T,Cp

Where C represents the CO2 concentration in a particular grid cell, p is the
density of air, V is the horizontal wind velocity, T, is the horizontal transport
due to wind, and @ is the corresponding source or sink at the surface beneath
the grid box. The model computational grid is 5 degrees by 5 degrees longitude
by latitude and extends over the globe. The model itself is composed of individ-
ual sub-models for the atmosphere, ocean and biosphere, henceforth referred to
as modules and data sets representing fossil fuel combustion, biomass burning
and deforestation. The primary objective of each individual module is to com-
pute @ as a function of time, location, and local driving variables governing
CO2 exchange. Local driving variables include rainfall, incident solar radia-

tion, temperature and windspeed. The secondary objective of the modules is
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to predict the response of the individual modules to increasing atmospheric

COa,.
ATMOSPHERIC CIRCULATION

In addition to serving as a sink to COs, the atmosphere couples the oceans,
terrestrial biosphere, and anthropogenic CO; sources. An accurate model of
atmospheric transport is necessary due to the short time scales involved in the
ocean and global terrestrial carbon cycles relative to the atmospheric transport
times. Specifically, the time required for atmospheric transport is greater than
the time required for atmosphere-ocean or atmosphere-biosphere exchange. i.e.
in a single model time step, the amount of carbon in an atmospheric grid box
may be significantly altered by the sources and sinks for carbon at the surface
of the earth more rapidly than the atmosphere can mix. These time scales
are short due to the rapidity of CO, exchange between the atmosphere and a

source or sink compared with the atmospheric transport time.
TERRESTRIAL BIOSPHERE

A set of eight existing ecosystem models together representing over 80%
of the terrestrial biosphere have been taken from the literature (King and
DeAngelis’). These models are integrated into a global terrestrial biosphere
module with both spatial and seasonal variability. Spatial and seasonal vari-
ability are necessary in order to reproduce large scale features of the atmo-

spheric CO; distribution as well as being critical to predict model feedback

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

effects, such as the response of the individual ecosystems to increasing levels of
atmospheric CO;, changing rainfall distributions, and changing temperature

distributions.
OCEAN CARBON CYCLE

An existing ocean circulation model (Bryan®, Cox®) is used to predict trans-
port of carbon compounds within the ocean. This model is used to both advect
the compounds relevant to the ocean carbon cycle and to determine values of
temperature and salinity which affect the carbon chemistry within the earth’s
oceans. It is necessary to represent the physical ocean circulation explicitly
since the ocean biochemical processes controlling the cycling of carbon strongly
depend upon factors such as equatorial circulation, upwelling of deep water,

and downwelling of surface water.

FOSSIL FUEL COMBUSTION

The effects of fossil fuel combustion, i.e. the burning of coal, oil, and
natural gas, are included in the model in the form of a global data set of
COg; emissions. It has been determined that fossil fuel combustion is the pri-
mary source of anthropogenic CO; released into the atmosphere (Rotty and
Marland?0, Perry!!), thus future atmospheric COj levels as well as the staté
of the global carbon cycle will depend strongly on future CO, emissions from
the consumption of these fuels. In order to completely specify the inventory

of COs sources, scenarios for the use of fossil fuels must first be determined.
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Given a specific scenario, a data set of global CO2 emissions can be generated

and used as model input.
GLOBAL BIOMASS BURNING

Finally, the effects of global biomass burning are addressed. Distribution
and frequency of occurrence of biomass burning are given on the 5 degree x
5 degree global grid along with estimates of the CO; that is released during
this burning for specific types in the form of a data set describing the type
of ecosystem burned (grassland or forest), the months of peak burning, and
the average CO; released per month during the burning season: A simple
representation of the effects of deforestation associated with burning in the
tropics is then incorporated into the model. An assessment can then be made
of the impact of biomass burning and associated deforestation scenarios on the

global carbon cycle and on atmospheric CO; distributions.

The nature of the influence of atmospheric CO> on global warming is dis-
cussed followed by a separate chapter describing each module and its con-
tribution to he global carbon budget. The module couplings and full model
validation are then discussed, followed by a discussion of limitations and pro-
cesses not treated in the individual modules. Limitations in the full model are
then discussed. Understanding these limitations is crucial to the interpretation
of the model results. These limitations can also be viewed as possibilities for

future improvements to the model. The performance of the model is assessed,
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and the outcomes of model scenarios are presented. It is now possible to eval-
uate future states of atmospheric CO, concentrations corresponding to future
patterns of fossil fuel combustion and biomass burning. Finally, the results of
the previous calculations are interpreted in light of the model limitations and

realistic future scenarios of biomass burning and fossil fuel consumption.
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CHAPTER 2: CO; and Global Warming

Since the primary motivation for the construction of most, if not all models
of the global carbon cycle is the prediction of future levels of atmospheric COa,
an introduction to how CO> in the atmosphere contributes to global warming
is presented. Carbon dioxide in the atmosphere is of vital importance to the
earths climate (Tirpak!?). CO; gas is transparent to visible radiation, thus al-
lowing solar radiation through the atmosphere to warm the earth. COs is, how-
ever, opaque to infrared radiation, trapping the heat emitted from the earths
surface. This property is shared by most diatomic and triatomic molecules in
the atmosphere. Carbon dioxide, however, is unique in its ability to contribute
to global warming. This thermal insulating property of the atmosphere raises
the mean global temperature from approximately -18 degrees centigrade to 15
degrees centigrade. This process has become known as the natural greenhouse
effect, and it is in this manner that increased concentrations of atmospheric
CO3 can have profound and long term effects on the earth’s climate. The
global warming due to CO2 relative to other anthropogenic greenhouse gases

is shown in Figure 2.1.

Prior to 1850, the concentration of atmospheric CO; is taken to be ap-
proximately 280 parts per million by volume (ppmv). The concentration in

1993 was 25% greater at 353 ppmv. The present concentration of COs in the
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atmosphere is the highest recorded in the past 160,000 years, while the current
rate of increase of atmospheric COs is approximately 0.5% per year due to
the anthropogenic emissions, which were estimated to be 5.7 + 0.5 Gt carbon
per year (1 Gt=10° metric tons) in 1987 due to fossil fuel combustion alone,
and between 0.6 Gt C and 2.5 Gt C due to deforestation for the same year

(Bowden??) et al.).

Global warming of the magnitude predicted by current climate models
has possibly disastrous implications. If the concentration of atmospheric CO;
continues to increase at the present rate, the rate of mean global temperature
increase will be at least 1 K y~! (Levine'*). The sea level rise associated with
this warming is predicted to be one meter (Levine'%; Levine!®). This rise would
threaten the homes of between thirty to forty million people (Houghton?).
Any increase of the tropospheric temperature and decrease of stratospheric
temperature would also alter global precipitation patterns (MacCracken and
Luther'®). The combined effect of global warming with altered precipitation
patterns may at best change the distribution of ecosystems only slightly, as
they adjust to the new local climates, and at worst occur too rapidly for certain

ecosystems to adapt to the new local conditions.

Theoretical climate calculations indicate that a doubling of atmospheric
CO; will lead to an increase of the average surface temperature of the earth by

1.5 to 4.5 K. These calculations also indicate that a 1-2 K warming at the mid

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




13

latitudes could result in a heating of the polar regions several times greater
(Hibler and Thorndike!?). This is thought to be partly because of a feedback
effect where initial warming melts ice, thus exposing underlying la.n;i. The land
absorbs much more thermal radiation than does ice; therefore, polar warming
is enhanced and the feedback process continues.

The natural greenhouse effect can be illustrated by considering the earth
from a point in space outside the atmosphere. The two processes for heating
the earth are the absorption of solar radiation and the emission of thermal

radiation. In equilibrium, this can be written:
Es=E; (1)
An expression for absorbed solar radiation can be written:
E, = I(0)(1 — a)7R.> @

where I(0) is the intensity of solar radiation at the top of the atmosphere, o
is the albedo, or reflectivity of the earth’s surface, and R, is the radius of the
earth.

Similarly, the earth’s thermal emission can be written:
E, = oT*4nR,? (3)

In the above equation, ¢ is the Stefan-Boltzmann constant, and T, is the earth’s

temperature.
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Substituting (2) and (3) into (1) yields:

I(0)(1 - a)7R.? =40T.*7R.? (4)
Or,
_I1(0)(1 -0
Tt= B — (5)

Substituting the values I(0) = 1360 Wm?2, a = 0.3, and 0 = 5.67 x 10-8
Wm—2K™*, a value of 254K is obtained for T.. The measured value of T
is 288K as a global annual average (Ramanathan and Cockley!®). The reason
that the earth’s temperature is so much greater than the value calculated above
is because much of the emitted thermal radiation is trapped by the atmosphere.

Reworking the previous analogy, this time with a single layer atmosphere

(Fig. 2.2), (1) becomes:

%I (0) (1 — a) = egoT3* (6)
2¢,0T,t = €,0T,% (7)
Solving eqn. 7 yields:

Tt = %Ts‘* _ (8)
oT.4 = il gO)_(i: o) (9)

5€a
T =1 f; (10)
T.*= 21_’6; (11)
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Solving the above equations gives a surface temperature of 288K and an atmo-
spheric temperature of 244K. The earth’s surface temperature depends upon

the atmospheric temperature in the following way:

d(T;) 1 30T d(ea)

1
Ts 4 (1-1e) 0T

(12)

The primary anthropogenic atmospheric gas responsible for determining
the atmospheric emissivity is carbon dioxide. Doubling the atmospheric con-
centration of COs results in an increase of the downward flux of thermal radi-
ation by approximately 4 Wm~—2. Assuming that no feedback mechanisms are
in effect (this will be discussed below), and setting the absorbed solar radiation
to 240 Wm™2 and T, to 288K, the change in the earth’s surface temperature
represented by d(T) is calculated to be 1.2K. One feedback mechanism asso-
ciated with atmospheric warming is an increase in atmospheric water vapor
concentration (IPCC!®). Because of its opacity to thermal radiation, water va-
por is the most efficient greenhouse gas. However, since there is an abundance
of water vapor in the atmosphere, as well as liquid water at the earth’s surface,
the concentration of atmospheric water vapor cannot be controlled directly.
The concentration of water vapor in an atmospheric region is specified by the

Clausius-Claperyon equation:

Ly
e (T') = T (0) ezp ( e ) (13)

o~ T
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In the above equation, €,(T") is the saturation vapor pressure at a temperature
T, €s{(Tp) is the saturation vapor pressure at a reference temperature Tg. L, is

the latent heat of vaporization for water, and R,, is the gas constant for water.

According to eqn. 13, if the average temperature of a grid box increases,
the saturation vapor pressure of that box, given by €5(T") ., will also increase.
If the assumption that the ratio -EfT) remains approximately constant over a

large area, then the amount of water in the grid box, €, must also increase.

The validity of the above assumption rests upon there being a large amount
of water available at the earth’s surface. This being so, the main physical

process controlling the saturation vapor pressure is the rate of evaporation.

This rate is proportional to esz).

The principle of water vapor feedback is contained in the following argu-
ment: If the temperature within a grid box increases, €,(T") increases. If water
evaporates so as to maintain a constant ratio ;(6:,7), € will increase. Since water
vapor is a greenhouse gas, the temperature of the grid box will increase fur-
ther giving a new positive feedback. The reason that this feedback does not

continue without bound is that the ratio TGT) is only approximately constant.

Including the water vapor feedback effect, and for a doubling of atmospheric
CO3, the following results are obtained: (1) For a warming of 1.2K due to CO»
alone, the additional water vapor increase causes a factor of four increase in

the radiative forcing as shown below. (2) Since the forcing is proportional to
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the surface temperature, this implies a four-fold increase in temperature as
well. This simplistic analysis gives results that are within the range of the
most detailed atmospheric general circulation model (GCM) analyses available

(Sundquist?0).
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CHAPTER 3: A Simple Model of the Global Carbon Cycle

In order to capture the large scale features of the global carbon cycle and to
take a first step towards understanding the complete model, a simplified model
of the carbon cycle is presented. This simple model consists of sources and sinks
that respond to the increased atmospheric CO; resulting from anthropogenic
emissions by either sequestering or releasing carbon. The conceptual represen-
tation of this model is shown in figure 3.1. A discussion of the features of the

global carbon cycle included in the simple model are as follows:

Approximately one half of the CO, emitted into the atmosphere by an-
thropogenic sources remains there (Sundquist??; Brewer?!; Quay?? et al.). The
remainder is taken up by sinks. The known sinks for atmospheric CO2 include
uptake and incorporation into the terrestrial biosphere via photosynthetic ac-
tivity, incorporation into the ocean via dissolution and subsequent introduc-
tion into the ocean carbon cycle, and incorporation into phytoplankton via
photosynthetic activity in the surface ocean. COs is chemically inert in the
atmosphere; therefore, there are no known atmospheric removal mechanisms
for CO;. The net flux of CO, into the ocean is between 60 and 90 Gt C y~1,
neglecting anthropogenic sources of COs (Phillips?3). Fossil fuel combustion,
biomass burning, and changing land use create a mean imbalancé of 5 to 10

ppmv of CO; in the atmosphere, resulting in the addition of approximately
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2.5 Gt y~! of carbon to the ocean (Pearman?®*). The time required for the
atmosphere to adjust, or come into equilibrium, due to alteration in either the
CO; sources or sinks is on the order of fifty to two hundred years. This time
constant is governed mainly by the rate of exchange of ocean surface water
with the deep ocean water and, to a lesser extent, the atmosphere-ocean ex-
change (Phillips?®). Therefore, CO2 emitted into the atmosphere foda.y could

have climatic impacts ranging into the next two centuries.

The addition of CO; to the atmosphere has potential effects upon the very
sinks that are responsible for removing COs. For example, the addition of CO2
to the atmosphere is thought to induce a fertilization effect on the terrestrial
biosphere (Bacastow?® et al.). This COs fertilization effect causes plants to in-
corporate the added atmospheric CO3 into plant structural material. Although
the carbon is released back into the atmosphere through respiration and de-
composition, the net effect is to enhance the ability of the terrestrial biosphere

to sequester atmospheric CO;. The CO, fertilization effect is discussed in

greater detail in chapter 5.

The ocean also responds to increased concentrations of COs. Various re-
gions of the surface ocean are currently becoming saturated with respect to
CO-. This implies that regions which may have acted as sinks in the past may
become sources of CO; (Volk and Liu?6). There is also the possibility of effects

of climatic change on the global carbon cycle. The warming of the atmosphere
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discussed in Chapter 2 could lead to changes in the temperature, wind fields,
and precipitation patterns (Dixon?’). These are precisely the variable that
drive ocean circulation and the solubility of CO; in the ocean (Takahashi?®;
Rosati and Miyakoda??), and also, to a great extent, the distribution and func-

tionality of ecosystems (King and DeAngelis’).

Thus, while a more realistic dynamical model is indicated, the broad scale
features of the global carbon cycle can be understood through a simple rep-
resentation in which the modules representing the atmosphere, ocean, and
terrestrial biota have been replaced by sets of reservoirs representing carbon
storage within that particular system. The atmosphere is represented as a sin-
gle box, and the variable of interest is the COy concentration as a function of
time. The ocean is represented with two compartments, one for shallow water
in direct contact with the atmosphere and the other for deep water which does
not come into contact with the atmosphere but does absorb carbon from the
shallow water above it. Minor modifications to this box-model have been in-
vestigated, such as representing the oceans with many vertical boxes, allowing
different geographical regions to be represented by a number of boxes, and al-
lowing the boxes representing deep waters to directly contact the atmosphere to
represent upwelling and downwelling (Moore3?; Laut and Gundermann3!; Volk
and Liu?®), (Fig. 3.2). The terrestrial biosphere is represented by four com-

partments which represent short-term carbon storage such as leaves, long-term
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carbon s.torage such as branches and other structural material, litter such as
decomposing leaves and branches, and soil. The flow of carbon is represented
by first order diffusion equations. The equations are solved simultaneously.
and the solutions are presented in figures 3.3 through 3.5 corresponding to the
following scenarios: (1) Fossil fuel burning: The atmospheric CO2 concentra-
tion is doubled, and the model is integrated forward in time for a period of
100 years. The concentration of carbon in the various reservoirs is plotted as
a function of time. (2) Biomass burning: In a radical scenario, 40% of the
short-lived biota plus 10% of the long lived biota are converted to CO; and
added to the atmosphere. The model integration and solution plots are as in
scenario 1. (3) Deforestation: In a scenario similar to that addressed in (1),
25% of the short-lived biota plus 25% of the long-lived biota are removed from
the carbon cycle. The model integration and solution plots are as in scenario 1.
A complete description of the model follows. The carbon fluxes, Fij, are spec-
ified as first order exchange processes with the exception of Fy1,Fi19, Fo3, F30,
and F3g. These exceptions represent carbon flows between the atmosphere and
surface ocean, and the atmosphere and terrestrial biosphere respectively, and
are discussed below. The amount of carbon in the 7** reservoir is represented
by Ci(t), and the amount present at time t=0 is Ci(0). The values for Ci(0)
are taken from (Bolin and Fung®). The flux in steady state is represented

by Fij(O).' The Fij(0) are also taken from (Bolin and Fung®). Knowing the
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fluxes and amount of carbon in each of the reservoirs, a first-order exchange

coefficient, K;;, can be defined:

F.:
K;; = -Cﬁ

The atmosphere-ocean flux must represent the buffering capacity of sea
water which controls the CO2 partial pressure and thus determines the gas
exchange rate (Quay??; Phillips?®). The buffering of sea water is controlled
by the availability of dissolved inorganic carbon. Dissolved inorganic carbon

is comprised of carbonate ions, bicarbonate ions, and dissolved carbon dioxide

which take part in the reversible reaction:
(CO2)gim < = > (CO2) ey < — > HyCO3 < — > HCO3™ < — > CO3™2

Where the subscripts atm and ocn represent COs in the atmosphere and ocean,
respectively. Most of the dissolved inorganic carbon is bicarbonate ion (90%),
while 9% is carbonate ion with the remaining 1% being actually dissolved CO»
(Brewer?!). At constant temperature and alkalinity, the partial pressure of

COz in sea water, PwCOQ; is given by:

10P(0)
C;a(0)

Cia(t)-9P(0)=P

P(0) is the preindustrial CO; partial pressure in the surface ocean, and Cid(0)
is the corresponding preindustrial concentration of dissolved inorganic carbon.

Rewriting the above relation and solving for the quantity
P(t)—P(0)
)
(= Cialt)
C:4(0)
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gives

£=10

where £ is the Revelle factor.

This leads to the following expressions for atmosphere-ocean exchange of

COsq:
Fo3 = ko3Co(t)

Fos = ko3 (Co (0)) +¢ ( gg gg;) AC3 (0)

Respiration and photosynthesis can be expressed by:

r-n(89)"(28)

The expression for photosynthesis comes from the observation that the uptake
of CO; from the atmosphere by the terrestrial biota is proportional to both the
amount of photosynthetically active material present, N3, and the atmospheric
concentration of CO2, Ny (Acock and Allen3?). The steady state amount of
carbon in the reservoirs, N;, and the steady state fluxes, F;;, are given in Table
3.1.

Important to note is the sensitivity of atmospheric CO2 to the ocean-
atmosphere transfer rate, as well as the shallow ocean to deep ocean transfer.
Also important is the sensitivity of atmospheric CO; to the particular pa-

rameterization of photosynthesis, Specifically, the CO; fertilization effect,here
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represented by the model constant Sy, causes the atmospheric CO» concentra-
tion to eventually fall below the initial steady state value, presumably since
there has been enough new growth due to initially enhanced atmospheric COq

to substantially deplete the atmospheric CO> reservoir.
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Figure 3.3 Fossil Fuel Combustion Scenario
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Figure 3.4 Biomass Burning Scenario
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Figure 3.5 Deforestation Scenario
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GtC/yr Atmosphere  Shallow

Atmosphere 100
Shallow 100

Deep 0 35
Banches 55 0
Structural 0 0
Humus 53 0
Soil 2 0

Deep

33

OO OO

Table 3.1 Reservoir Model Fluxes

Branches

110
0
0

0
0
0

Structural

G
0
0
Is

0
0

Humus
0
0
0

40
15

0

Soil

Vo oooo
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CHAPTER 4: The Atmospheric Circulation Module

The atmospheric circulation module consists of a set of prescribed wind
fields and a numerical advection algorithm. Its purpose is to predict the global
concentration field of CO2, both as an output variable of the complete model
and as an input variable for the ocean and biosphere modules. The atmospheric
circulation module begins with an initial distribution of atmospheric CO» spec-
ified on a global grid at time ¢;, and returns a final distribution at a later time,
ts. Then, the net CO, released (absorbed) is added (subtracted) from the
appropriate grid location. Due to the sensitivity of the ocean and biosphere to
atmospheric CO7 concentration and to the variability of tropospheric transport
time scales, it is desirable to reproduce the atmospheric CQOy distribution as
accurately as possible. In addition to satisfying the above model requirements,
an accurate transport scheme is of fundamental importance when attempting
to reproduce observed values of atmospheric CQO;. In the present module, a
set of wind field data obtained from the European Center for Medium-Range
Weather Forecasting (ECMWF) was used to drive the atmospheric advection
scheme. The data were in the form of 0 hour and 12 hour observational analy-
sis fields of horizontal winds. The atmospheric advection algorithm calculates
the distribution of CO; on a computational grid (Fig. 4.1) in the bottom most

atmospheric layer defined in the data set. The horizontal grid resolution is
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5 degrees by 5 degrees latitude by longitude, and the grid box height, mea-
sured in pressure coordinates, is from 1000 mb to 850 mb(0 - 1.5km height).
corresponding with the previously mentioned wind field data set. The advec-
tion algorithm solves the finite-difference form of the tracer transport equation
which can be arrived at as follows: First, the continuous form of the tracer
transport equation is developed assuming that no sources or sinks of CO»
exist. Then, the finite difference equations are developed, and the above as-
sumption is relaxed. In the absence of sources and sinks, the rate of change of
COs in a fixed volume is equal to the amount of COy advected in or out of the

volume. This is represented by equation 4.1:

ac .
S +V-VC=0 (1)

where C is the concentration of COs, V is the wind velocity, V is the spatial
gradient operator, and t is time. Equation 4.1 can be rewritten in terms of the

material derivative:

%C+V-vc+cv-17 : (2)
or
dC -
= =-Cv.V (3)

This has a distinct advantage when modeling atmospheric transport, namely

that the following relation holds for divergence-free velocity fields:

dp =
S V-V =0 (4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

Since the atmospheric wind fields are given in pressure coordinates. the mass
of air within a specified volume remains constant. Hence, the velocity field
is nondivergent. The concentration of COs in the atmosphere is defined in
terms of its mixing ratio, i.e. the concentration of COy with respect to air in a
specified volume. Rewriting equation 4.2 in terms of the C' Oz mixing ratio, and

recalling equation 4.3, the conservative form of the tracer transport equation

is found:

-1

Ok Ly =t 7
6t+V Vu= p(3t+v pV) _ (5)

Rewriting equation 4.4 to include sources and sinks gives:

oy -
§#+V-Vp.= Pocn + Prio + Ry fc + Pomb + Paef (6)

where the & s represent sources or sinks corresponding to the ocean, terrestrial
biosphere, fossil fuel combustion, biomass burning, and deforestation respec-
tively. Since the solution method for the advection equation in no way depends
on the source and sink terms, its homogeneous counterpart (equation 4.4) will
be used to illustrate the numerical advection algorithm. The full solution will
be shown following the discussion of the numerical algorithm.

The concentration of CO; in a grid box centered on point (i,j) is represented
by C;; , while the wind field values are specified at the sides of the box. Other

variables specified by the model are the first moments in the X and Y directions
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of the CO; distribution function within the box. These are defined at the center
of the box along with the concentration. The finite-differencing scheme used
to solve the tracer transport equation is known to be stable and virtually free
from numerical diffusion (Russell and Lerner33).

In order to implement this scheme, the global model domain must be rep-
resented in a rectangular coordinate system. The dimensions of. a grid box
centered at latitude 4, with north-south and east-west extent Af and A re-

spectively, are given by:

A) =—]7\r7_j [cos (9+ %) + cos (9-—%6)] (7)
A¢J\Z Ta (8)

and for the polar caps, defined to be 6 > 87.5 degrees by:

AX sz%cos (Omaz) (9)
a
Ap = m (10)

The tracer transport equation also requires that the mass of air in each grid
cell, M;;, be known. Using the above approximations for north-south and

east-west extent, and the fact that the layer thickness is defined in pressure

coordinates, the mass can be written:

A
p= —fAXAY (11)
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where Ap is the difference in pressure between the top and bottom of the layer.
and g is the acceleration due to gravity. CO; is advected as a component of
mass fluxes, i.e. mass per unit time transported out of a grid cell. These
mass fluxes are computed from the prescribed wind field, and the mass of air
contained within the grid box. Advection of CO; is defined to be along the
flow of air, or upstream. During a time step dt, a portion of box j is advected
into box j+1. The relevant quantities are defined as: M = mass of air in box
k, S; = first moment of tracer distribution in east-West direction. S, = first

moment of tracer distribution in north-south direction.

Advection is controlled by the mass flux, defined as the product.of the wind
velocity at the interface of two boxes, the interfacial area, and the density of

the fluid in the upstream box. The mass of the portion of air that is advected

upstream is given by:

AM =Udt (12)

These quantities are added to the respective quantities in the j** grid box. The
first moments of the tracer distribution function describe the ration of CO; to
air mass, and advection is treated as a translation of coordinates in order to
preserve the tracer distribution function as much as possible during advection.
This minimizes the amount of computational error introduced during advection

time steps. The tracer distribution within each grid box is continuous; however,
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there is a discontinuity in the first derivative of tracer distribution between grid

boxes.

For a given grid box, k, the tracer distribution can be written:

1 1
Ci-1+ (3’ + 35X+ Xi]) =X <z <-3X;

S; 1
':C;—EXi << lX;

Cri-z 5

1 1 1
Cit1+ (-’E ~3 [X: + Xi+1]> ;§Xi <z< §Xi + Xit1

where V = XzY zZ.

The total amount of fluid (air + CO5) is given by:
M;; = /}@) dpAXAY (13)
\ g
and the total amount of COs is:
M;; « Cy; (14)

To calculate advective transport for a grid box, k, the box is first divided into
two sub-boxes such that the mass of the right sub-box is the amount of fluid
that would be advection out of the kth box in a time step dt. Each sub-box
retains its original concentration, C(x), but now has new local moments defined
with respect to its center of mass. After this has been done for every grid box in

the model domain, all of the advected sub-boxes are summed in their respective
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destination boxes, and a new tracer distribution at time ¢t = dt is formed from
the old moments. The distribution function for COs is therefore reinitialized
between each time step.

In practice, the two dimensional advection works in exactly the same man-
ner. The advection is decomposed into north-south and east-west components,
and the advection scheme is alternately applied to each component. This
method of numerically solving the advection problem, however, introduces
some error. The error arises from the de-coupling of north-south and east-
west wind components. In other words, advection across a diagonal trajectory

is ignored. This introduces a small error term.

Since the error introduced in on the order (dt)2, one method of reducing the
errcr would be to simply take smaller time steps. However, this becomes com-
putationally expensive since the smallest allowable time step is dictated by the
largest wind velocity in the entire computational domain. A spatial leapfrog
method has been successfully applied to this advection algorithm (Prather®?)
and is likewise adopted for this study. The spatial leapfrog technique alter-

nates integrations in the north-south and east-west directions in the following

manner:

Ut=tn+1/20dd =0

Vt=tn+1 /28VER —
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Vertical advection is defined to be the difference between the air masses ad-

vected through the horizontal faces of the grid box:
-Wi; =Ui; + Vi

The vertically-advected tracer for each horizontal grid box goes into a single
box that is defined in pressure coordinates to be 0 < p < 850mb. The total
mass is conserved, and the upper atmosphere acts as a single reservoir for
COs.

The atmospheric advection module has been verified for both conservation
of total tracer and preservation of initial tracer distribution with a uniform

wind field over the globe.
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CHAPTER 5: The Terrestrial Biosphere Module

The cycling of carbon by the terrestrial biosphere is controlled by the pro-
cesses of photosynthesis, respiration, and decomposition. These processes are
different for each ecosystem, and the factors that affect them, namely temper-
ature, rainfall, solar radiation, and wind speed vary as functions of both time
and geographic location. The functional dependence of the processes on the
factors, however, is assumed to be independent of geographic location. The
seasonal variations of the biosphere have been inferred from data taken at

various C O, monitoring stations mentioned in chapter 4.

A common feature of the seasonal distribution of atmospheric COx is a high
frequency oscillation superimposed on steady exponential growth (Fig. 5.1).
The high frequency oscillation is due to seasonal photosynthesis/respiration
processes of the terrestrial biosphere, while the nearly monotonically increasing
component is correlated with the release of CO> into the atmosphere from fossil
fuel combustion until about 1987. After 1987, fossil fuel consumption rises
less dramatically, however the atmospheric concentration of CO» continues to

increase exponentially (Rotty and Marland!?).
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The model terrestrial biosphere consists of a global ecosystem data base
(Fig. 5.2) and eight site-specific ecosystem models which, taken together, repre-
sent over 80% of the net atmospheric CO; exchange due to the world’s ecosys-
tems (Table 5.1). The ecosystem data base specifies each ecosystem over a
lo x 1o global grid. The thirty-two different ecosystem classifications in this
scheme are listed in table 5.2. The site-specific models are listed in table 5.3.
The criteria for ecosystem module selection was sufficiently stringent that only
eight different models were chosen from the literature. The two major criteria
were (1) the models must have been verified. and (2) the models’ (;utput must
depend on regional driving variables in such a way as to make extrapolation
from site-specific CO; fluxes to regional COs fluxes feasible. Other criteria,

such as computational economy were considered as well.

The terrestrial biosphere is not static. It has been observed to change
in response to increased atmospheric CO; concentration (Acock and Allen3?).
The response to increased CO; is known as the CO; fertilization effect. The
biosphere will also respond to changes in climatic driving variables such as
temperature and rainfall. Changes in variables such as these are expected to
accompany increased atmospheric COs (Houghton®®; Hansen!® et al). The re-
sponse of the model biosphere must also depend strongly on changes in external

forcings such as temperature and rainfall.
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Plants require water, nutrients, photosynthetically active radiation (PAR),
and CO; to take part in photosynthesis and respiration. Photosynthesis rates
are typically proportional to available plant biomass, ambient CO3 concentra-
tion, temperature, and sunlight (King®$ et al.). For example, in the temperate
deciduous forest ecosystem model, photosynthesis in leaves, Py, is modeled

by:

A
de =Pt7gfa$X1/\1ln (1 + 61)

14+ Ae

where the variables are defined as follows:

trgfa:t = maximum photosynthesis rate

X1 = carbon stored in leaves

A = light saturation coefficient
€0 = light intensity

€1 = eoe'KX1

For certain geographic locations and different ecosystems, however, the re-
lationship is not as straightforward, and photosynthesis is sensitive to other
variables as well. In high northern and southern latitudes, driving variables
for photosynthesis such as water and PAR are limited. This in turn limits the
amount of carbon that can be sequestered by these ecosystems (Townsend37 et

al.). For example, in the northern coniferous forest model, the driving variables
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consist of: total precipitation, average photosynthetically active radiation, av-
erage air temperature, day length, average dew point temperature, average
daytime temperature, average nighttime temperature, and average windspeed.

Photosynthesis in a northern ecosystem (a coniferous forest) is modeled by:

R(T) X1, [Ap=1 2+ Re“*G]

apsG )‘p=1/ 2+ R
where
A = average day length
B = rate constant for photosynthesis

h(T) = effect of temperature on photosynthesis

a = light attenuation coefficient

Ps = stomatal resistance to CO9 and water transfer
G = total foliage carbon

)\p= 1= light‘intensity where P = 0.5P 42

R = average visible radiation

The difference in the relationships of photosynthesis to the external driving
variables demonstrates the difficulty in predicting CO; exchange functions for
high northern latitudes where carbon flow processes are limited by available
water, light, and temperature. The basic terrestrial biosphere module is based

on previously existing site-specific ecosystem models mentioned in chapter 1. In
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these models, a basic ecosystem is divided into several (10 - 30) compartments
corresponding to physical properties of the system.

In the general case, a model is represented by a set of compartments, or
reservoirs, and fluxes between them. The fluxes are represented by equations

such as:

d [nl]
5 =Xk N; + v

where N denotes the mass of carbon in the its reservoir, t is the time, -y; repre-
sents the addition of carbon to the ** reservoir from an external source such
as biomass burning or fossil fuel combustion, n is the number of compartments
in the system, and k;; is the transfer coefficient. The physics of the model
is contained in these transfer coefficients. The ecosystems represented in the
terrestrial biosphere module are listed in table 5.2. The driving variables for
these models are listed in table 5.3.

These models are particularly well suited toward the goal of a global terres-
trial ecosystem model with seasonal variability. The models in the terrestrial
biosphere module have all been previously validated, and they all predict CO»
exchange as a function of ecosystem-specific parameters and external driving
variables.

In order to arrive at a meaningful prediction, some method of extrapolation

from small, site-specific CO2 exchange to larger, regional CO; exchange must
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be implemented, since the model resolution of 5 degrees by 5 degrees exceeds
the regional model scale. Typically, this involves expressing the model param-
eters as spatially distributed random variables whose exact functional forms
are unknown. In this case, however, since the model parameters are known at
a finer resolution than the 5 degree by 5 degree model grid size, the expres-
sions for regional CO;, exchange can be evaluated directly. This aspect of the
model would be useful for evaluating CO2 exchanges over very large regions,
while minimizing errors introduced from averaging schemes. In the present
case, however, the extrapolation scheme serves to reduce computational time

spent in the ecosystem module.

The validity of the extrapolation from local site-specific CO2 exchange
functions to a global CO2 exchange function rests on the following four as-
sumptions. First, that a significant portion of the global terrestrial biosphere
has been represented by the collection of models. Secondly,that most biogenic
trace gas fluxes arise from well defined biological processes such as photosyn-
thesis and respiration that are defined for specific ecosystems. Thirdly, that
the distribution of ecosystems is specified over the modeled regioﬁ. Fourthly,
that these variables are controlled by external climatic forcings which are also
defined over the region being modeled. All eight models which comprise the
terrestrial biosphere module satisfy these criteria. The method of extrapolation

incorporated into the terrestrial biosphere module is as follows:
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Given a region R of an area A that is spatially heterogeneous. a model can

be defined as follows:
y=f(z.p.2)a
where y represents the process of interest, in this case CO2 exchange, and a

represents the area of validity of the individual site-specific ecosystem model

within the region R. In the model, these correspond to:

R =a 5 x 5 grid box

a =al x 1 subbox of R

z = model state variables

D = mode] parameters

z = external driving variables

for any site. a, X, p, and z are constant but they vary from site to site in R.

Y. the regional equivalent of y, can be expressed as Y = X f(z, p, z)g(z, p, z)
where f(x,p,z) is the model and g(x,p,z) is the joint PDF. x and p are assumed
known from the fine scale ecosystem data base, while an expression for g(z) is
derived from the climatological data sets.

A and B are described by the ecosystem data base, and g(z) is estimated
from the variability of the driving variable data. These processes are controlled
by certain driving variables external to the system being modeled. Examples of

such variables include temperature, rainfall, and available photosynthetically
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active radiation. If these variables are reasonably well defined, and if the indi-
vidual models are sound, then an extrapolation from local to regional carbon
dynamics 1s feasible. To this end, models in which carbon fluxes are deter-
mined by external climatic driving variables are selected over those models in
which seasonal carbon dynamics is driven by rate coefficients specific to a given
Iopation or data set. Carbon processes represented in the ecosystem models
are photosynthesis, respiration, carbon allocation,net primary production, and
decomposition. The models used here are outlined in figures 5.3 - 5.10.
Photosynthesis, the incorporation of atmospheric CO; into terrestrial veg-

etation, is represented by an equation of the form:

where P is the photosynthesis represented in the médule as the uptake of COs,
and f is a function of variables such as light, temperature and precipitation.
Temperature and soil water are the primary environmental driving variables
that control respiration in terrestrial ecosystems. For the ecosystems modeled,

the following general equations were used to calculate respiration: -

@0 = K1 (Topt — T') exp (Topt — T overKs)
@0, = Kif (T, M) X;

where K; are rate constants, T, is an experimentally determined optimal

temperature, ®¢; is the respiration due to compartment j, X; is the amount

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

of carbon in compartment j, and f(T') describes the temperature dependence
of respiration as experimentally determined, adn varies from one e;:osystem to
another.

Carbon allocation is defined to be the flow of carbon from leaves to the
other model compartments. This flow is represented by first order diffusion

equations with time dependent coefficients:

@10 =n1612 (t)12

where @, 7 is the translocation of carbon from leaves to another compart-
ment, n is the amount of carbon in the leaves, 6 is the time dependent factor
representing the seasonality of the process, and ¢ is an ecosystem dependent
constant representing the maximum rate of translocation. Net primary produc-
tion is defined to be the amount of atmospheric CO; stored in an ecosystem
over a specified time interval. Decomposition is dependent upon three vari-
ables: the amount of material available; the temperature; and the available

soil water:

D=f(T,W)X;

The ecosystem models are all represented as sets of coupled differential
equations to be solved numerically. The variable of interest is atmospheric

CO2 exchange. Once this is computed, it is stored for later retrieval by the
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atmospheric advection algorithm. The ecosystem models take as their input the
atmospheric CO; concentration (output from the advection module) and, along
with other external input, return a net exchange of CO; with the atmosphere.

Plots for the average monthly driving variables temperature and rainfall

are shown in figures 5.11 - 5.22.
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Figure 5.1 Atmospheric CO»
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Figure 5.2 Matthews Data Set
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Ibal Distribution of Ecosystems

01-03 Tropical/Subtropical Forest

04-06 Temperate Evergreen Forest

07-09 Tropical Evergreen Forest

10-12 Cold Deciduous Forest/Mixed Woodland
13-15 Woodland

16-18 Cold Woodland/Shrubland

19-21 Cold Shrubland

22-24 Sryy Shrubland/Tundra

25-27 Grassland

29-31 Weeds/Desert/Ice
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Figure 5.4 Temperate Deciduous Forest (ii) Model
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Figure 5.5 Tropical Deciduous Forest Model
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Figure 5.11 Ecosystem Driving Variables (Jan.)
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Figure 5.12 Ecosystem Driving Variables(Feb.)
February Temperaiure (C)
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Figure 5.13 Ecosystem Driving Variables(Mar.)
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Figure 5.14 Ecosystem Driving Variables(Apr.)
April Temperature (C)
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Figure 5.15 Ecosystem Driving Variables(May)
Moy Temperature (C)
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Figure 5.16 Ecosystem Driving Variables(Jun.)
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Figure 5.17 Ecosystem Driving Variables(Jul.)
July Temperature (C)
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Figure 5.18 Ecosystem Driving Variables(Aug.)
August Temperature (C)
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Figure 5.19 Ecosystem Driving Variables(Sep.)
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Figure 5.20 Ecosystem Driving Variables(Oct.)
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Figure 5.21 Ecosystem Driving Variables(Nov.)
November Temperature (C)
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Figure 5.22 Ecosystem Driving Variables(Dec.)
December Temperature (C)
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Table 5.1 Carbon Storage in Ecosystems

Biome Total Carbon (gigatons)
Tropical rainforest 270
Tropical seasonal forest 160
Temperate evergreen forest 160
Temperate deciduous forest 135
Boreal forest 90
Tropical wood/shrubland 27
Temperate wood/shrubland 27
Tropical grassland 26
Temperate grassland 14
Tundra 3
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Table 3.2 Ecosystem Classification

Ecosystem Type Description Modeled
1 Tropical Evergreen Rainforest Y
2 Tropical Broadleaved Forest Y
3 Subtropical Evergreen Rainforest N
4 Temperate Evergreen Forest Y
5 Temperate Evergreen Seasonal Y
Forest
6 Broadleaved Evergreen Forest Y
7 Tropical Evergreen Needleleaved N
Forest
8 Temperate Evergreen Needleleaved Y
Forest
9 Tropical Deciduous Forest Y
10 Cold Deciduous Forest with N
Evergreens
11 Cold Deciduous Forest Y
12 Mixed Forest/'Woodland N
13 Broadleaved Evergreen Woodland N
14 Evergreen Needleleaved Woodland Y
15 Tropical Deciduous Woodland N
16 Cold-Deciduous Woodland Y
17 Evergreen Broadleaved Shrubland N
18 Evergreen Needleleaved Shrubland N
19 Deciduous Shrubland N
20 Cold Deciduous Shrubland N
21 Dry Shrubland N
2 Alpine Tundra
23 Grassland + <40% Woody Cover N
24 Grassland + <10% Woody Cover Y
25 Grassland + Shrub Cover
26 Tall Grassland Y
27 Medium Grassland Y
28 Short Grassland Y
29 Weeds/Broadieaved herbs N
30 Desert Y
31 Ice -
32 Cultivation N
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Table 5.3 Ecosystem Models

Temperate Deciduous Forest (Mixed)
Temperate Deciduous Forest + Shrubs
Cold Coniferous Forest

Temperate Broadieaved Evergreen Forest
Tropical Deciduous Forest

Tropical Rain Forest

Temperate Grassland

Arid Lands
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CHAPTER 6: The Ocean Carbon Cycle Model

The atmospheric CO; concentration is strongly affected by the ocean at-
mosphere transfer of CO;. The ocean presently acts as a net sink for at-
mospheric CQ2 with a global annual average flux into the ocean of 44% of
the anthropogenic emissions of CO, (Siegenthaler®®; Sarmiento3%; Jahnke*).
The ocean’s ability to sequester atmospheric CO; is limited by the following
four factors: the exchange of COy across the atmosphere-ocean interface; the
chemical buffering capacity of the ocean carbonate system; other chemical and
biological ocean processes; and transfer of water between the surface ocean and
deep sea. The approach to modeling the ocean carbon cycle taken here is based
on the assumption that the state of the ocean carbon cycle, i.e. the distribu-
tion of temperature, salinity, and the various chemical compounds involved
in the ocean carbon cycle, depends upon the ocean circulation, the chemi-
cal and biological processes involving carbon in the ocean, and the exchange
of CO, with the atmosphere in an interrelated way. The atmosphere-ocean
exchange of COz2 has been extensively modeled as well as experimentally mea-
sured (Rintoul*!; Gemmrich and Hasse*?; Ariyel? et al., 1981). The exchange

can be well approximated by:

& =aK (P-P,
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where @ is the flux between the atmosphere and ocean. K is an empirically
determined transfer velocity, o is the solubility of COs, P, is the z;tmospheric
CO; partial pressure, and P is the equilibrium partial pressure corresponding
to the actual concentration of dissolved CO; in the ocean. The gas transfer co-
efficient, K, is known to increase with increasing wind speed as shown in figure
6.1. However, an accurate empirical relationship is not yet available due to the
scarcity of oceanic measurements (Hasse**). There is, however, much infor-
mation regarding the relationship of wind speed to ocean-atmosphere transfer
of COy that has been derived from experiments performed in wind tunnels
(Jahne®® et al.). These relations were derived in the laboratory, however, and
are difficult to extrapolate to the open ocean. Therefore, the fluxes estimated
in this manner may be incorrect by as much as a factor of two. This un-
certainty is not as severe as it first seems, however. The ocean’s ability to
sequester atmospheric CO; is controlled primarily by the transfer of carbon
from the surface ocean to the deep ocean which occurs on a timescale of years
to decades. Hence, the rapid ocean-atmosphere exchange time is not critical to
long-term predictions. Short-term fluctuations, though, do depend upon the
ocean-atmosphere exchange function. Assuming that the dependence of trans-
fer velocity or wind speed was specified, the problem of computing the partial
pressure of CO», in surface ocean is reduced to that of calculating the values of

temperature, alkalinity, and the concentrations of various dissolved inorganic
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carbon compounds as follows: the partial pressure for COs in surface water
depends upon total carbon, total alkalinity, and temperature. An approximate

form is given in (Rosati and Miyakoda?®):

-2

— -3
©w=4.79 %10 D7,

where V is the average windspeed. and DZ; is the depth of the surface box.

Dissolved inorganic carbon is defined to be :
Cig = [CO3?] +[CO.) + [HCO3]

Other chemical and biological processes listed in table 6.1 are coupled to the
processes determining PCO; through the concentration of dissolved inorganic
carbon. These biochemical processes comprise the main part of the ocean
biochemical carbon cycle model. The chemical processes modeled, along with
the ocean state variables that they control are listed in table 6.1. The ocean
biochemical processes represented in the ocean carbon cycle module are as
follows: photosynthesis; production of carbonate; oxidation of orga:nic carbon;
dissolution of inorganic carbon; and sinking due to gravity of large particles of
both organic and inorganic carbon.

Photosynthesis is calculated only in the upper most ocean layer. Net pro-

ductivity is assumed to follow the following relation (Taylor6):

NP =pf(I)g(N.P)
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where P is photosynthesis, u is phytoplankton growth rate. f(I) is a light limit-
ing factory, and g(N.P) is a growth function dependent upon available nitrogen

and phosphorus. Functional forms for f(I) and g(N,P) are given in table 6.2.

The ocean carbon cycle can be briefly described as follows: The produc-
tion of new organic carbon causes a corresponding decrease in the available
nutrients nitrogen and phosphorus. Ocean carbonate production also occurs
in proportion to photosynthesis (Takahashi*’). The rate of production of car-
bonate is assumed to deplete dissolved inorganic carbon and alkalinity. Oxi-
dation of organic carbon is proportional to the total amount of organic carbon
present. When the organic carbon is oxidized, dissolved inorganic carbon is
produced and alkalinity is consumed. Dissolution of inorganic carbon depends
on the amount of inorganic carbon present and the depth below which the
water is not saturated with inorganic carbon. The sinking of particles under

gravitational force is assumed to depend on the concentration of particles only.

The ocean circulation determines the change in concentration of ocean car-
bon cycle variables in a given region. The ocean circulation is also dependent
upon the temperature and salinity fields. The temperature dependence of COs
partial pressure implies that in order to predict the solubility of COs in the

surface ocean, the circulation needs to be explicitly represented. The general
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circulation of the ocean determines the temperature, salinity and concentra-
tions of carbon compounds at a given location in the global ocean. These

variables also determine the state of the ocean carbon cycle.

Since most of the ocean carbon chemistry takes place in the surface ocean
and is on the time scale of years to decades, it is important that the ocean
GCM accurately resolve the upper ocean structure. The two critical compo-
nents of upper ocean circulation are equatorial flow and mixed layer processes.
The latter is cruéial to an ocean carbon cycle model with horizontal resolution.
The ocean circulation module is built upon the Geophysical Fluid Dynamics
Laboratory’s (GFDL) Modular Ocean Model (MOM). This model has been
configured with a horizontal resolution of 4.5 degrees latitude by 3.75 degrees
longitude, twelve vertical levels, realistic continental boundaries, and bottom
topography. The maximum depth represented in the model is 5000 meters.
The ocean model is forced at the surface by observed temperatures, salinities,
and wind stresses. This model has been used successfully to predict both steady
state distributions of 14C in the world ocean and distributions of bomb pro-
duced 14C (Rosati and Miyakoda??; Toggweiler*® et al.). However, no attempts
were made to include chemical or biological carbon processes represented in ei-

ther work.
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The ocean circulation module is responsible for advecting the various car-
bon containing compounds represented in the ocean biochemical module. Tem-
perature and salinity data are also provided to the ocean biochemical module

by the circulation model.

In order to specify the atmosphere-ocean exchange of COa, it is necessary
to either know or predict the following boundary conditions: wind stress; heat
and water fluxes; and the gas exchange rate. Also crucial are the interior
processes of advection and the mixing, including turbulent transfer, and sinking
of large particles due to gravity (Maier-Remier and Hasselman?®). However,
the prognostic variables of the ocean circulation module do not d;epend upon
the state of the ocean carbon cycle. This allows for the ocean state fields
corresponding to temperature, salinity, and general circulation to be calculated

and stored prior to a carbon cycle model run. This is discussed in chapter 9.

Primitive equation models, such as the MOM, allow the temperature and
salinity fields to be predicted. Additionally, the concentrations of the various
forms of carbon within the ocean that play a part in the seasonal to decadal
timescale carbon cycle are predicted. The governing equations for the MOM
are the Navier-Stokes equations modified in the following two respects. First,
density differences are neglected except when multiplied by gra.vitjr. Secondly,
the equation for vertical motion has been simplified by neglecting local accel-

eration terms. This is known as the hydrostatic approximation. The equations
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can then be written:

us + L {u] — 2Qnv — = (ﬁ) (2) + F)
a a A

2 1
vt+L[v]+2Qnu—m—u=—(—> (ﬂ) +Fdz
a a Po/ 6

where
m = sec(@d);n = sin(p)

a d)

U= ——
m dt

v=a—
dt

The hydrostatic approximation is:
Jp
pog + 3,

and the continuity equation is:

0z a

where we can define L such that:

_ _1{Oup Ovu/m Owp
i =na” (G4 (7557)) + 5

and the continuity equation can then be written:
L[1]=0
There are also continuity equations for temperature and salinity which are

oT
35 tLI=Q
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o8
_3_t+L[S]_G

and the equation of state is of the form:
p=p(T.S5.2)

The biochemical and ocean circulation models are coupled by solving the
ocean carbon cycle equations (figure 6.3) on the ocean GCM grid (Fig. 6.2).
The ocean carbon compounds are first initialized to observed values, and then
are advected as passive tracers within the ocean general circulation model.
Since these equations are decoupled from the momentum equations, the tracer
quantities have no direct effect upon ocean circulation. Results frorp the global
ocean carbon cycle model in the form of CO; exchange plots are shown in
figures 6.4 through 6.9

Although there is no direct coupling of ocean physical processes and the
ocean carbon cycle, effects of global warning associated with increased atmo-
spheric CO7 have been predicted. These predictions raise substantial concern
that the ocean may lose its ability to act as a sink for COs through a phe-
nomenon known as thermohaline catastrophe (Bryan®?).

The ocean sequesters most of the CO; that enters its surface by the down-
welling of various carbon containing compounds to deep waters, then returning
the relatively carbon free water through upwelling. This large scale ocean cir-
culation is known as thermohaline circulation, the interruption of which is

potentially disastrous as the deep ocean would no longer be able to sequester
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approximately 2.5Gt of carbon annually. If no other sink is available. this
CO; will be deposited into the atmosphere. That this phenomena has been
predicted indicates the need for a better representation of the time dependent
global carbon cycle. In order to make any quantitative predictions regarding
thermohaline catastrophe, however, a fully coupled atmosphere-ocean-climate

model is needed. Such models do not presently exist.
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Figure 6.2 Ocean Carbon Cycle

Set of coupled differential cquations representing the ocean carbon cycle

dnjcgo)/dl = P*n + P(cs0)

dnygip/dt = P*n*[CaCO,4]/[C] + D(csi)

dnp,/dt = ®(n) - (16/106)*P*n

diegip/dt = -P*n(l + I:CaCO3]/[C]) + P(cdi) + PP, T)*cdi + y(P,, T)*o
dino/dt = P(ar) + (17/106)*P*n - 2*[CaCO4}/[C]*P*n

dnjcoy)/dt = &Py, T) + B(P,, T)*cdi + y(P,, T)*a

CSO : suspéndcd organic carbon

csi : suspended inorganic carbon

n : nutrient (nitrate or phosphate)

cdi : dissolved inorganic carbon
o : total alkalinity
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Figure 6.4 Ocean Surface Flux(Jan. - Feb.)
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Figure 6.5 Ocean Surface Flux(Mar. - Apr.)
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May CO2 Flux

Figure 6.6 Ocean Surface Flux(May. - Jun.)
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Figure 6.7 Ocean Surface Flux(Jul. - Aug.)
July CO2 Flux

60E 120E 180 120W 60w 0

CrADS COLA/IGES

August CO2 Flux

90s
0

60E 120€ 180 120w 60w 0

GrADS COLA/IGES

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.8 Ocean Surface Flux(Sep. - Oct.)
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Figure 6.9 Ocean Surface Flux(Nov. - Dec.)
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CHAPTER 7: The Fossil Fuel Combustion Module

The net effect of fossil fuel combustion has been to add to the global carbon
cycle between 240 and 260 Gt of carbon since 1830, while current emissions
resulting from the burning of coal, oil, and natural gas contribute between five
and six Gt C per year to the global carbon cycle (Perry®!). The measurements
were taken from air bubbles as old as 160.000 years trapped in ice cores. The
ice core was taken from Vostok, Antarctica, and is a total of 2048 meters in
length. In order to analyze the atmospheric CO5 concentration for a particular
time, a slice of the core corresponding to the time in question is placed in an
evacuated chamber, crushed, and the chemical composition of the air bubbles

analyzed by gas chromatography.

The data shown seem to be consistent with other data as far back as 10,000
years. This data shows clearly that the atmospheric COs concentration has
risen exponentially over the past hundred years. The increase in atmospheric
COs is very closely correlated with the consumption of fossil fuels until 1985.
Estimates of future C'O2 release for the i)eriod 1995-2100 due to fossil fuel
combustion range from 700 Gt C to 2100 Gt C (Bowden®? et al.). These

estimates are based on data regarding fuels consumption rates.

For the purposes of this model, the CO; emission data was given in the form

of per capita consumption of fossil fuel (Fig. 7.1). Fossil fuel CO2 produced is
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expressed on a one degree by one degree latitude by longitude grid. This data
was modified according to the scenario for fossil fuel consumption investigated.
Each of the data points was scaled according to the predicted increase in fossil
fuel consumption. In order to extrapolate the original data set to the one degree
by one degree grid, individual country data from the United Nations energy
statistics were used to calculate the net consumption of fossil fuel. Emission

rates were calculated for individual countries by the following formula:
C =Z%;(FC);(FO),C;

where FC is the net fuel consumption, FO is that fraction of fuel that is oxidized
during combustion, and C is the carbon content of the fuel.

The incorporation of the fossil fuel combustion data into the model is de-
scribed in chapter 9. Except for the modeled increase in fossil fuel consumption,
there is no time dependence included in the data set since it has been deter-
mined that the seasonal variation in fossil fuel consumption, while present, is

less than two percent of the average annual consumption (Taylor®?).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 7.1 Fossil Fuel Consumption
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Chapter 8 The Biomass Burning Module

Global biomass burning is a significant source of radiatively active gases
to the atmosphere, the most relevant to global climate change being CO;
(Lashof**). The primary sources of biomass burning are the burning of forests
for land clearing and the annual burning of grasslands. Methods exist for
inferring biomass burning data from data gathered during satellite observations
(Crutzen and Andrea®®). These data can then be converted into the COs
released during a particular biomass burning event. COs is also released during
deforestation associated with biomass burning in certain geographic regions

(Houghton®® et al.).

The data currently available on biomass burning is sparse. Values obtained
are at best monthly averages over large geographic areas (Kaufmann®’ et al.).
On the other hand, there exists a limited amount of high resolution data gath-
ered from satellite images. This data is very well localized in both time and
geographical extent; however, it is representative of an extremely short time
span, eg. a few days. Nevertheless, seasonality of biomass burning can be in-
ferred from data taken over the same location at different times. Such analyses
have be performed on data gathered by the Defense Meteorological Satellite

Program (DMSP) in order to infer the seasonality of African savanna fires

(Cahoon®® et al.).
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An example of coarse-scale data is the distribution of tropical biomass
burning. This burning has been estimated and the resultant CO; emissions
given on a five degree by five degree latitude by longitude grid (Hao and Liu®?).
This data set is summarized in table 7.1. The areal extent of biomass burning
deduced from satellite observations is combined with the ecosystem type to
obtain an estimate of CO; released during biomass burning. Total biomass
burned is given by:

M = ABof3
where A is the total area burned. B is the amount of biomass in the particular
ecosystem, a is that fraction of biomass that is above ground, and £ is the
burning efficiency, or the fraction of biomass that is converted to CO, and

other gases.

M is converted to gross CO; released, C, by the following relation:
C=045M

Some CO; released during biomass burning is reincorporated back into the
terrestrial biosphere over a long enough time scale, typically months to years
(Houghton®). This would seem to imply that global biomass burning has
no net effect upon the global carbon cycle. However, there are two concerns
regarding the CO; released during biomass burning. First, the carbon released
immediately released during biomass burning is carbon that has accumulated

for months to decades and is not immediately replaced by new growth. This
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CO7 remains in the atmosphere until removed by some other sink. Secondly.
the distinction must be made between C'O5 released during burning of savannas
and the COs released from deforestation processes associated with biomass
burning, such as the equivalent removal of terrestrial biosphere sinks. The

estimates of CO; released by deforestation are summarized in table 8.2.

The data representing C O, release from deforestation comes directly from
the biomass burning data. No attempt has been made to model the actual
physical processes that control the exchange of COy due to deforestation. De-
forestation is therefore represented in the module by the following procedure:
(1) determine the location and areal extent of the deforestation. This is usually
determined from known trends but is also obtainable from satellite data. (2)
locate the grid box in the model where the deforestation has taken place and
the corresponding ecosystem from the ecosystem database. (3) determine a
CO; exchange weighting coefficient defined as the ratio of the areal extent of
deforestation estimated in step one above to the area of the grid box where
the deforestation has occurred. (4) multiply the CO; exchanges calculated by
the terrestrial biosphere module for the particular grid cell by the weighting
function. That is, the the terrestrial biosphere module takes the data from the

deforestation module and applies it to grid-cell scale CO; exchange function.

In the model, global biomass burning is represented as monthly average

fluxes specified on a 5 degree by 5 degree latitude by longitude grid. The
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biomass burning data is combined with the deforestation data set previously
mentioned to form a net CO; emissions profile over the globe. The data for
global biomass burning used as model input is specified on a 5 degree by
5 degree grid extending from 35 degrees north to 60 degrees south and 110
degrees west to 170 degrees east. The data set describes biomass burning in
tropical America, tropical Asia, and tropical Africa. The type of burning is
classified as either forest or grassland, and the COs flux is given in terms of
1012g COg; per month. Finally, the months of intensive burning are specified.
Monthly input is shown in figures 8.1-8.6. The incorporation of this data into

the model is described in chapter 9.
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Figure 8.1 Tropical Biomass Burning(Jan. - Feb.)
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Figure 8.2 Tropical Biomass Burning(Mar. - Apr.)
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Figure 8.3 Tropical Biomass Burning(May - Jun.)
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Figure 8.4 Tropical Biomass Burning(Jul. - Aug.)
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Figure 8.5 Tropical Biomass Burning(Sep. - Oct.)
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Figure 8.6 Tropical Biomass Burning(Nov. - Dec.)
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CHAPTER 9: Module Coupling and Limitations

The individual modules representing the atmosphere, ocean, and terrestrial
biosphere, as well as biomass burning, deforestation, and fossil fuel combustion.
are fully coupled with respect to COs;. The modules representing the ocean
and biosphere are sensitive to the CO, content of the atmosphere, thus they

exhibit different patterns depending on the atmospheric CO; mixing ratio.

Care was taken to ensure that each module functioned properly when iso-
lated from the rest of the model. This was an important step towards validation
of the complete model. When possible, results from the present implementa-
tions of the modules were compared with past results from the literature. In the
numerical computer model, the individual modules pass information through
files on disk. The files describe either CO; concentrations, in the case of data
passed to and from the advection module, or data base modifiers. The data
base modifiers are generated by one module process and act on a data base that
controls CO2 fluxes within a separate module as in the case of deforestation or
biomass burning modifying the data set of ecosystems used by the terrestrial
biosphere module. The different modules comprising the model have different
time scales associated with their own internal processes. For example, the time

scale associated with the terrestrial biosphere module is taken to be one day,
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while the timestep for the ocean carbon cycle is six hours, and the advection

timestep for the atmosphere is six hours.

Several model processes are unaffected by global carbon cycle processes,
at least to first order. Examples of such processes are ocean and atmospheric
circulation. Still other variables are affected, such as atmospheric temperature,
but the time for the effect to become noticeable is substantially longer than

the model simulation time.

These observations can be used to drastically reduce the amount of com-
puter time necessary to evaluate a model scenario without substantially altering
the model predictions. To this end, the modules representing atmospheric and
oceanic general circulation are run beforehand, and the results are stored on

disk for subsequent model runs.

A flow chart representation of the numerical model at the level of the
individual modules is shown in figure 9.1. A list of individual modules and the

data sets that are used by them is given in table 9.1.

The distribution of atmospheric moisture affects cloudiness and rainfall
on regional and global scales (Whitford®®). Together with temperature, these
specify almost all of the exogenous driving variables for the ecosystem models
(windspeed is neglected). If these variables change significantly, the global

terrestrial biosphere will behave differently (King3® et al.).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




110

If all these processes are considered from the perspective of the rate of
error introduced by ignoring certain processes and the time scales for certain
feedback loops to have an effect, the model time horizon can be estimated to
be 15 years. The time horizon is defined to be the amount of model time before

the uncertainty introduced in state variables becomes as large as the variables

themselves.
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Figure 9.1 Module Coupling
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Table 9.1 Modules / Data Sets

DATA SETS
P A B
R T C
E T i) M 0]
c E I C S F B
I M N o] Y F M
P P D 2 S c B
- —— - ————————— e ———— = —
BIOSPHERE X X X X X
M
0 OCEAN CIRC. X X X
D
E ATMOS. CIRC. X X
L
S DEFORESTATION X X
OCEAN CARBON X X X
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CHAPTER 10: Results of Model Runs

The Carbon Dioxide Information Analysis Center (CDIAC) publishes data
sets gathered from the various CO; monitoring sites around the world. This
data is in the form of monthly average atmospheric CO2 concentrations. The
monitoring sites are typically located well away from land in order to obtain
CO> concentrations from relatively uncontaminated air. The primary features
in this data are the seasonality and latitudinal variation of the atmospheric

COs concentration.

Data for five of the thirty-six sites are presented along with model data for
the years 1985 - 1990 corresponding to the locations of these sites (Fig. 10.1 -
10.5). Then, the model is used to investigate the following four scenarios: 1.
In the first run, Business-as-Usual (BaU) for the period 1990 - 2000. Biomass
burning, fossil fuel combustion, and deforestation are allowed to increase at
their present rates. 2. In the second run, biomass burning is halted, however,
everything else is kept identical to the first run. 3. In the third run, fossil fuel
consumption is modified according to the following projections: a. constant
fossil fuel combustion; and b. reduction of fossil fuel combustion. 4. In the
final run, the BaU scenario is adopted, but the atmospheric fraction of CO»

is doubled. The earth’s surface temperature is increased by 1K to account
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for the additional infrared warming. These results are presented as whole-
atmosphere averages in figures 10.6 through 10.9. Finally. the net contributions
of biomass burning and fossil fuel combustion to the atmospheric levels of COs
are presented in figures 10.10 and 10.11. These effects are shown as snapshots
of the global CO; distributions at the end of the ten year model runs above.
Figures 10.12 and 10.13 represent the average monthly flux of COs into
and out of each model grid cell for the months of September and March.
These months were chosen since they represent the maximum and minimum
of biomass burning. Fluxes are given for fossil fuel combustion, biomass burn-
ing, ocean-atmosphere exchange, and biosphere-atmosphere exchange and are
labeled FFC, BMB, OCN, and TBS, respectively. The total exchange is also
given for each grid cell, expressed as NET=FFC+BMB+OCN+TBS. Fluxes
are given in kg CO; / grid box scaled by 2x107° for each month, and the sign
convention is such that a positive number represents a flux of CO; into the
atmosphere, while a negative number represents a flux of CO; into either the

ocean or the biosphere at that location.
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Figure 10.1 Data v. Model(70N x 155W)
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Figure 10.2 Data v. Model(20N x 155W)
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Figure 10.3 Data v. Model(15N x 145E)
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Figure 10.4 Data v. Model(10S x 15W)
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Figure 10.5 Data v. Model(65S x 65W)
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Figure 10.6 Business as Usual
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Figure 10.7 Halt Biomass Burning
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Figure 10.8 Reduce Fossil Fuel Consumption
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Figure 10.9 Doubled CO:
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Figure 10.10 Global BMB alone
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Figure 10.11 Global FFC alone
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Figure 10.14 Monthly Average Fluxes for March
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Figure 10.15 Monthly Average Fluxes for March
(-177.5, -122.5)%x(32.5, 87.5) (longitude)x(latitude)
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Figure 10.16 Monthly Average Fluxes for March
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Figure 10.17 Monthly Average Fluxes for March
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Figure 10.18 Monthly Average Fluxes for March
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Figure 10.19 Monthly Average Fluxes for March
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Figure 10.20 Monthly Average Fluxes for March
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Figure 10.21 Monthly Average Fluxes for March
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Figure 10.22 Monthly Average Fluxes for
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Figure 10.23 Monthly Average Fluxes for March

(2.5, 57.5)x(-27.5, 27.5) (longitude)x(latitude)
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Figure 10.24 Monthly Average Fluxes for March
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Figure 10.26 Monthly Average Fluxes for March
(62.5, 117.5)x(-27.5, 27.5) (longitude)x(latitude)
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Figure 10.27 Monthly Average Fluxes for Marc;h
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Figure 10.28 Monthly Average Fluxes for March
(longitude)x(latitude)
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Figure 10.30 Monthly Average Fluxes for March
(122.5, 177.5)x(32.5, 87.5) (longitude)x(latitude)
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Figure 10.31 Monthly Average Fluxes for September
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Figqure 10.32 Monthly Average Fluxes for September
(-?}717.5, -122.5)x(-27.5, 27.5) (longitude)x (latitude)

: \

NETeal 0L RTTe=f D00 PYTe=C 0OC: NITe—C 0OCI

FYTe CO0CC PPCe COOOC (F¥Te £OOOC 'TPIe O 00OC
0OOC (MO~ ©.000C

DOveel 00CS OO == 00CS OCPe=5.000. DD==C 000;

ITRS= CO00C TRS= L.000C ;TRSe CDOOC ‘TEhe COOOC

DLTari XY XITe~CO0CT NLTe=COOSY KTTs-L.00C
FPTe LDOOC TTCe COOOC (FFCs CHOOC -FPIw ( OOOC
D= L000C G- 00000 (M= £.000C e £.000C
BOimal MCs DO =l 000 DChesl 0003 DThe=C OO0 |
"TESe L00OC TRSe COGOC 'TESe COOOC TESe COOXC

FTe-r 000: WETe =t 0022 I
rPse £.000C IFPCe L0000 .
0= £.000T Te £.000C :

PO e=t 00C:
“TRSe COOOC TRSe L 00OC

OCr==( 0003
THSe L0000

INTTe COCM IXZe C.003e MT"e 00019 INTTe [(Cle FfTe C INTTe C.OC3T .
I77ge £.000¢ PTTe LOOOC (FPie £ODOC PTCe L. 1772= £.000C i
3D £.000C M= £0000 TG= (00X Me £000C 3)0= [ 000T
0= £.0C2e OIhe £.OCIP WO C0Cie DD= SOCL OO L.OCIX s

33« [OOC TRSe COOOC (TESe COOK “TESe COOX TTXSe D.000C TESe C.OO0C URfe CLOOC TRSe (D0OC TRSe C.D0OC TE3e TODOC

3
i

s . t i
INTYe DO2OP INTTe COI3T INET= 0.DCI8 XTI~ COOSS XT-e C.OIET IXETe C.OiMe (NITe QOS] INI'= L0241 !KITe DIIRC (FTTe CCOOME INTT= C.0418
<5 ITYCe COOOC JFYSe COOOC (PPTn~ C.O0OC [FPCe LOOOC IPYTe £.000C FPCe COOOC !PYCs COOOC [PYSe 2.000C 1FPle {DOOC !F7Ce COOOC (FYSe C.ODOC (FPCe COOOC
(BMPe COOOC D0« 0000C IOD= £.0000 Dude C000OC ORGP $0O0CC DRDe CHOXC (D« C.00C RO TOOOC JalF- COOOC £000C D~ C
C0243 100-e LEIC ODe COIa DO e LDait OO OCIMC
0000C ‘TRSe C.00OC TESe D000 (THDe LOOCD 'TE3e C.000C

100ne C L6 10ONe £.0327 OOSe D.O018 05>= COOSE 0= C.OIBC «O0we DOIMe
iTE3e £.000C DO0C. C.o00X "TENe C 00OC

XTT- 0.00M

0332
i77Ce ©.000C - £.000¢
ke €.0000 9 0007

£0l32
£.000C

C00a4 IO COCIE OO= 0.0088
C000C TESe £.000C TRSe C.O0C

N7« DOOJ4 INITe DOERY INI"e LOOO: 'NITe DOCT™ INITe CO24D [XTTe CL214 N7 ODIOC
17PPC= D00 ‘PTTe O.000C IPYTe COOOC IFPT= COOOC ‘PPCe CO0OC ITFCe C.00OC IPPT= O OOOC
Bude ©.O0C Bi0= C.00X Dul= COOCT Dute COOOC D« 0.000C M= 0.0000 RO £.0000
D 00016 IEDe 0.0C22 OCHhe LHOG] WOO-= (BT 10O« DCIed WO-= LOXIe DOHe ODIOC
THBe C.O0OC 'TESe C.0000C e COHOOC TESe TOOOC TIDe $000C (TEBe S0O0C “TESe € OOOC

| ] . ] ] . 1 i

! . ¢ ‘ . '
INT:e C.OOSY 1NTTe CLOT? INTI= 0004 (KTTe DOGZ) INTTe D.O0II DQTe D.000T INITe D.00I18 INITe 0.000¢ T $LIL3 IXIT= D.0290 INTTe COME INXTe C.OOM:

H
—%.5 !f7e COOOC IF7Ce £.0000 IfPe DOOCC IFPCe C.OCCC iFFCe D.OOCK ITPZe D.OOCC |FYXe GOOOC (PFTs C.O0OC IFPTe C0GC |
‘9 IBMPe OOOC DO COO00 ZO C.DOOC JuOM 0000C DaO= 000K Mre OO0 Jul= € OOKC Zdde DHOOC Jhe C000C £.000C
10CKe 0.000) 10Oke CATTY OO OO0 (OXHe 0.0G23 10O« 0.001t 1Che 50008 OO-= 0.0100 10Cre 02083 |
1723+ D.00CC [TRSe 0.000C [TMBe 00000 'THEe 0.000C 1723+ 0.000C ITRe C.OOOC (TR £.000C T8~ £.0000 |
| ! f R . : i
PETe=0.003C WITe-C.000¢ WETe=0000S INTIe §DOOC IeaC 0008 WETe=0.0008 MTTa=0.0006 WETe=00C |
—:2.5 !T75e 0.000C (M COOK (F¥Ce 0.000C IM7Ce €000 17706 8.000C (PTTe CLOOC If¥Ce CO0X 7o DO |
=<0 DuPe 000 BI0e 0.000C O« C.OOOC (i C.OOCC e 0.D0OC y mde 0.500¢ !
OO.e=0.0010 OO~=8.8010 DChewlB0US OC>e £O0OC OCHe D.HOGC DO-=0003" |
ITB5e 0.0000 TTRI- $OXC (TISe D000C (TS~ DOOC TS $.000C TES. CO0OC !
! 1 | . . . ! . . [

PTe=0.000¢ WIIeaCO008 PTe=00038 KITe=COOE IZTe=0.00It MITe=C.0011 WTTemD 0008 WITewdOCRt WITe=(0R2: W =0.00e3

—2%.5 ITTEo €000 IFPT- COO0C IF¥Te C.00C !FFCe 0000 {F7Te D.00C F¥Te DOOOC FTTe DOOOE !FFCe C.000C YYD C OO P¥Te 0.000C

* 9 D0« 000K BIO« DI00 M- 00000 Bihe 0000C Bl COOK W~ 0.000 Bude C 0000 00000 EMGhe C500C
OOve=0.000L DC:e=0.000¢ DO-=wl.0018 00X DLPe=COR: DOe=000}} DOaf0031 DDre=CO0Rt DO==f G2 O =0.0043
185~ 00000 TRl 0.000C TS~ £O00C [TRoe C.OCOO [TRS= C.80CC THE~ D.0000 !THEe D.OOGC [THGe O.000C "TRfw €.000C “Thie £.9000
: ; .

i H M ' i ] . i i !

Lﬂ--&ﬂll oD 00 HITem0.O0AC HITwel DOAS WZToCET? HITo=0001) MIeaD DOt WItecCO0BS BI:=eDC: NIewtO03S WIleelOCle WETeeRO0IC

-225% 177Ce D.000C 1770w COOOC IFFCe DDOOC [IFCs 0.0000 I7FTe S.OOCK 'PPTa DOOCC (FFLe DHOOC (PYTe 00000 [FPTw COOXC 77Ce COOOC (FY=e CHOOC IPPZe D.OOOC
* @Bade C.0000 MO C000C BN+ CO0OC DUde DSOOC Thide 0.00C Sulde 00000 (IO 0.9000 O« CO0C TN« 0000 @DO- 50000 FiP= 0.000C MO C.0000
DOhe=l D01l DOe=L00M COe=biOl DOwal (00 DO==D.0CI! DOeadi0l OCM=0.0008 DS eal DM DONe=tXC; DO e=f.00; DOFeel0)e DOeed.003t

"TESe 0.000C TRSe COOOC TS~ COOOC TESe COOOC YRS~ D.000C TPBa D00 TRSe O.O0OC (TESe COOOC TE3e LL0C TRSe C.OOOC 'TENe 0000C ‘TRSe O 20OC

. ] : . ] : ' ‘ B [ B
FTTe=0000 PITewC00t NIT=wd 00 KI-eaC004E PE7o=00038 MIT==DO0)¢ NITeol DOC WItwel 0012 NITealN0i: DT eefOGla NITealOO0: WX™eed 0002
-27.5 ITTCe 0000 1¥TCe 0.000C (YT~ O.00OC (FFTe $.000C IFPCe DOOOC 1FFCe D.OOOC [(PFC O.000C IFTTe 0.000C ITPLe (OOOC ¢FFCe €000 If¥Te COOOC (PPI- L.OOOC
-9 mude £.000C Bie COOOC (uGe £OOC Gie COOX Bube £20X Me COOX DuGe C.OOX MO DOOOS (e SOOC Tde D.OOOC Budbe £.00OC 250K
DOhe=C.0002 DO e=b00M8 DONe=0 004t DCheal 004t DOF=0.002F Ohe=D001t OCONe=L00 DThe=CCl) DIXeal i DON-ofOfEa OONa=C000. BSSeeD.000
iTE%e DOOCC TESe COOGC 1TESe C.O00C TESe CDOOC TTRSe O.000C TRIe D.OOOO ‘TS 0.000C MRt GOOOC MTRSe COXC TESe DDOCC TERM= C.OOOC TXOe § DOOC

=I1TTS =IT25 -1675 =628 <1578 -I1525 -34TS  =1225 -13T% =235 =-I127% ~iect

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Figure 10.33 Monthly Average Fluxes.for Septeml?er
(—?‘;7.5, -122.5)x(32.5, 87.5) (longitude)x(latitude)
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Figure 10.36 Monthly Average Fluxes for September
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Figure 10.37 Monthly Average Fluxes for September
(-57.5, -2.5)x(-87.5, -32.5) (longitude)x(latitude)
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Figure 10.38 Monthly Average Fluxes for September
(-57.5,

-2.5)x(-27.5,

27.

5)

(longitude)x(latitude)
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Figure 10.39 Monthly
(-57.5, -2.5)x(32.5,

Average Fluxes for September

87.5)

(longitude)x(latitude)
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Figure 10.40 Monthly Average Fluxes for September

(2.5, 57.5)x(-87.5,

-32.5)

(longitude)x (latitude)

| ' i .
IMZT= £OOCT INTTe C0ODE [r:- £OCIE INTTe CL3Z KTe CGIN INTTe SEME XTTe SCID DTTe~€ 0533
c |77C= COOOO (FYCe D.OOOC (FPZe (0000 (PYTe £L320 'P¥Te COIX (FPle 0.CIIY Y¥Te D00 1”7rSe € 000C
=325 pure 00000 mAEe 60000 TG 0.0000 TO0K Dl C5%0C [Bad~ £.000C 33 € 000G W €000C
10Che 0.0007 100K CO00S OCKe COCIE IOCHe CDOC3 'OShe J000C 10Dhe 0.00OC SD-» £ DOOC OO =0 00
‘TR3e COOOC TTRSe 0.000C [TRSe C TRSe=0 000k TR$e=C 00t TRIe DO TXe C.LI07 ‘TR~ O DOC:
INTTe COOCE (KITe £.0008 INTI= COOCT INEle C.OOCE WITe~-5C38 (MITe DOOCT NTTa-C 0833 FTtemt 061
o= & 'FPCe COOOC 1FPCe 0.0OOC IFFCe DOOOC IFPE LOOKC ‘PPTe OOX IFPCe COOX *Yie COOOC #7C= €00
TEls e LOOKC D= COOOC JI0 COOCC Jiube CO0C IADe C000C Jd- C.ONC Bl C.00K NO= 0.000C
W0De COOOE W= (0008 D= C0OCY ke 00006 D e TOOL! DD==00K: OOhe-C 0032 DOre =g OC21
TESe COOCC TRSe COOOC [TRSe COOCC [TRSe LOXK TRe-f5G TNGe D.0CO TXbe £.00OC T36e £000C
H i ! . . . N
T ==L WETo-C EH) RITeoCENI MITo-CONE KET-=CCD8 NIT--CC21:
- e IFFZe TOOX iFPCe D.000C .FTZ- COOOL iFTTe C.OOKC (FPCe LOOC I et 1FP2e €000
—4c.3 e C.000C Bade COOOC Mude COOX e COXC WxPe T DOOO '
ODe= LM DDl LI OO =-<CDIE O e=tliN DO e—t CE :
“TBSe COOXC iTMSe COOX THSe COOOC “THfe COOX ‘THIe C.000C .
“47.8 3 £.000C ©
OCre L0238 DONe=C 308
TEe COOK TRSe LOOOC -
NXlw=l L1068 KTTw=(D0S KITe-LCI32
5258 1FPCe COOOC ITYZ= C.DOOC '7PTs COOOC .
- 2D~ COCOC B1T= 00C Bad- C.0000 !
3 PO e=C 0196 DIre«~LDOKC DOMe=D £I32 ;
T33e 00OOC !TRSe COOCC TE3e COOGO TESe COGCC “THSe LOGOC TRie COOX TRe £OOOC ITRSs L. TE3e COOKC (THSe COOOC 'TRe C.0O00 TEMe CHOC .
h T T T ,
FT7e=CO00le WIT=e0D0T) NZTe=0OCH IETe=CO0TT We=(003: ]
_g7 & IMPie DOOOC ITFCe 62000 (FPCe £HOCC FFCe 0.000C (PPe £00OC i
*:S DNPe 0OCOC MaPe 5000C 3 DMPe 00060 ODObe €.000C H
OOveal 0014 DOre=(.0030 DO el 00X Dot 007 DD w=g 00:] .
‘TRie DOOOC IT33e 5.000C [TEOe COOOC (TXSe D.OOC [TESe 0.000C H
§
€.000C H
£.0000
-62.5 ©.500¢ !
€ poe !
£ ooaC .
. " N
£.000C {NEYe COOK (NZT- ©OOOC
—67.8 0.000C If¥Za COMK IFPle C.OOK !
e C000C Bie COOOC DAd C.00K |
£.000C OO« C.O0OC 1OCKe TO00C
£.0000 !TMIe C.O0C *TRe COOOC
lm I e ! i ! i
IXTte £000C DZTe 5.000C III= DD0O0C INITs 0I0C e b 8OO e DOOOC INTZ= DOOCO INTTe 0000 (NETe D.0OOC (NTT= D.00CC INI7e 0.DOOC {XZTe 0.0000 |
~72.6 P7Ee BOOOO if7Ta DOOCC [FYTe DOGOC [FPTe COCC IPPTe BOCCC [TPTe DODEC I7Te DOOOC IfYZe C.OOX IF¥Te C.DOCO IMFCe C.OOCC iMTZe COGCO [FYCe D.OOCC |
& 93Fe 0.000C PiPe COOO0 B0~ DIOGC SAle 0.00C D+ 05000 D+ C.HXX Jibe COXC BiDe 00000 BaD= 0.000C BiDe £.000C PiDe 0.D000 Sulie 1
100~ 0.000C IDCHe D.OCOD IOCH= DH00C 10CHe D.OOOC KOCHe O.00NC DOhe H000C 10D+ DENO0 OO L.OMC OO CONOC K= C.OXX OO« 0.OOK OC= €.000C |
*TRSe 000OC !TEIe D.000C ITHE~ C.OCO0 (THEe 0.DOOC TEE~ J.50CC [THSe 000X M- ODOOO [TREe COOOC ‘TRIe COOXK THEe £ 0000 TREe [.ODOC ITES- SOOOC

-B2.:2

00000 IKETe 00O

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



228

AU
w"

-:2.8

i September
re 10.41 Monthly Average Fluxes for .
E(‘;ggl 57.5)x(-27.5, 27.5) (longltude)x(latltude)

INTT= £OCS INTTe C O3S INTT= CO28Y T e COI104 ‘STew CCRIC
1 CO0BE Yroe COCYS 'PPTe CQX2e (PVTe £LOI28 irPle DC208
Dulre CO00C DBe COC [BMPe £.0000 [BO= COOOC B C.000C
WChe CO0OC 10D« HOOOC *OTMe C OO0 *OON= £.000C OCwe € DOOL

“TRSe COC3 [3--- %

*TRSe 00

INTZ. S oes® INTTe £001% t
YCe £ PPt SO .
B~ €.000C G- £.000C :
105 £.000¢ ! 1D 0 000¢ :
TS LOGH RS- £.000¢ TR3- £0OCY :
' . i . .
DTIe=L 000t XTTe CDOTI (NTIe DODZI I¥TT~ COOSE 'NIi= OO wET- ¢ .
iTPE. £.000) IMTS- £OOGE IP¥T- C.00C (F¥Te C.000C IFYSe €00CC ) . g :
Dae COXK TOe C.000C (D £.0OC Dud- €000 Ml (LOX BODe € 000¢ 20 ¢ i
10 €00 IDONe £ 0000 100 € OOKC 1B+ C.00SC 10CKe £003C : ¢ 60X %he &
TEEe-T OO TFSe OO (T3S DOSE TESe COCS2 TES- COOC3 TIS- OOOOF THS- COGIC TPSe~COCID TRI- COCID TES- COOCD TXSe—IOOGT TISe €

H ' . . . .

MTlo-CL38T MITe—CC27 DITe-CiT7t SCT-—LCI7: INITe OCITD INETe CCISE BTTe—{C:dd NTTe (0OOE

JFPIe RO iPYIe COOOE PPIe LOOOT (PTIs COOOC .FPI= COG2: FPCe LOCIa «fYCe CQOOC PPTe LOOO0 -

e $000C MG COOX Bibe C000C MiGe LOOOL Jxb= CO0K Bie COOX Dile (.00 Dile { 0OOC

0Cke COOOE Ohe D.L0E 105w 000K 1N £ 0OOC WO D OO0 1OD= €0 1= CDOX Eh= C.0OOE |

££i34 MEIacffi6d TR LOOX |

FBie=C I8 TEeal QP TINe=0GU TEIeel (It 23w 00130 TESe

Mo =000l
1PPZe © D001
Tie OO D=
10Cre L.DOOC
TR~ O

: ' : H
NTTeah 00N MTTaxCOiT2 METe=DOI? KIT-=CL2006 NITe-C 0y
iTPZe CO0OC (FFTe 0.0G21 1F7Ce DX (PPI~ 0000 (F7T. OO
Bbs DOCOC e D.000C [CH= C.O0XC Wb+ U OOOC DPe C.O00C
10Che 000319 OO~ COC2: 100K COOOC IBXHs 0.000C 1OCH= C.D00C
FTEIeeD 0104 FRtes00ll4 FW==l 028 TRe=00I8 TRe-SIIT

1 1 i ] [

INTTe C.OOLY INIT= C.O04Y (NT.e D.Di1e4 INTTe 13008 NCTe COOBM INITe 0.0153
If7Ce DOOOC IFYT= COOCZ (FPTe COOIT FPCe CDOUY I77Ce C.OOT IFPTe D.0008
DKPe COOXC DO £.000C 0.000C DaBe 1300C Dude 00000 EDde C.0000
10Dne 0.0043 (OC¥e € 004) KCNe COOOC C»e LOOOC KWOC¥e DDOOC 10D 0.0000
¥9%e 0.000C (TEe C.O000 (YRS~ [OON (TS~ COGTS [THSe L0081 TEB 0.0)47

"
"Dre C203
177Ca €00

. L o e
10D« C.O0M OO DT OO« 0.0000 OS>« D.O00 1OCHs DO0OC IOCke 0.0000 DO C.000C OCHe CHOOC KO COOOD 100he L 001
123« C.00OC 'TE3= CO0OC (THDe OO0 ‘THIe GO (THSe 0UDa0 ITRSe O.CIM TI3e O TRSe CLXTT 'TR3e L.OCI2 (TR 000K

' : ¢ . P H i

INT?e DORY {INITe 0D0I8 lm.- 08008 |\¥IIw C.130T lll?- 0S¢ INEI» TIN5 'WITe O.LI9T 'KTTe ST (NTTe 0001 IXTTe £.1003

ITPCe DOOOC (FTTe £O0OC 1¥7Te DOO0; (FPCe D.O00S IPPCe COOCB (FPPTe COOOE 1PPCa OOOCY (PYT= TO0Ds IFPZe £.0003 IFPCe §OOC:

BiuPe 0.000C WD~ C. e 0.000C BKPFe £.300C @ae CI00C Bade CIOC Jide 0000C Pl DICOC JuPs CIOOC A0+ £2DOC
OCre DOHOOL DD DLOOE D C.O00C 1OCHe CHOC 0D (OO0 DOwaf BCIT

TBSe 000OC ‘TESe C.000 YRS« 00004 TESe O.0I00 TESe D243 TES- OO ITNSe CAAM UE3e CL3A RS- COODC ITRSe £.0OC

: ! 1 . ! . : ‘ .
INTYe 0.0CIa IMITe C.OCID (NXYe 0000 (KIYw DOITE NCTe CEZXD DY C.OSI: INETs DY iNIie CYEY IYs DU0IE INTTe C03 NIIs C500C NITw~t 0C3F
I77C= 00000 (P¥Ce £.000C {PTCe D.OOC; IPPCe EDOCZ IFFTe D.OOOC IFPCe 0.0CR3 [Y¥Ce C.OBE €0OCY (1PSe COOS: IFPC~ COOCT T2~ T.OOKC (PFie C0OC
Bde CO00C Ma- COOGE RO ¢ O00C BGh= C.O00C Wadie C.IGKG . B €. D= €080

00e 0.003 10CH= C.OCIS (D= £POCC 10> CO0OE 1DChe DH0OC D= DOV DD C.OOK 10w £H00C 10O+ C.OOOC I0Se C OO 100h= £00C DD-wof 0CIS
|TRSe 00000 IT¥Se L0000 (THG C.OOK) (7R3 C.01% (THIe DEXIP ‘TORe DOCINW ‘TIDe OOOWS Mo OOI [TI3e COOIF TR 0O06Y 733« C.OOCE ¥~ [.000C

t . . ¥ i v I . 7

: H . . : :

INT>» OOORt [NTUe COCIC [NT7= 0.0OR] INI7e COCTS ITTe COIN) 'flﬂ- 0.0 INITe CCIN DIZTe D008 WETe=0 00N im- C.OE KTTwaDOOM NI e=DOCIC

I7PCe DOOOC I77Ce CODOC IFPoe 0HOOC 7PCe 6.00OC [PYTe C.OOOE [FPCe COMM IFYTe D.OJOC IFYTe COOOC IFPCe COO001 (FPCs DOOCT 1772s C.OOOC IFPCe $OO0M8
A= 0.500C JDe D000 ERD- C.080C ERO+ O SOOC il 0.00C GRO= 0.000C MG+ 0OOOC U= 000K Ml £000C RO C.

1ET¥e C.OOM 10Cke £ OCI0 IDC= £0OID OO« C.0000 WOCHe D000 JODe D00 100w C.OOC (Dhe LOMC DCNe=0.0048 ICDNe 0 0XCC DO awd.D0C Dikeal 0N
o Q.00

‘TRSe L0136 ITESe COOX "TRSe &O00OC

TS D OOOC

' : .
I¥TTe D.003

L= 0.000C

MK ¢.000C e C.

1ED= £.003¢ OOha= DT34

“ 'TRI= 0.0CX

5 - 5 TS 225 <7E 3c.s g <25 47.8 P £

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 10.42 Monthly Average Fluxes for Sgaptember
(2.5, 57.5)x(32.5, 87.5) (longitude)x(latitude)
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Figure 10.43 Monthly Average Fluxes for September
(62.5, 117.5)x(-87.5, -32.5) (longitude)x(latitude)
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Figure 10.44 Monthly Average Fluxes fo
(62.5, 117.5)x(-27.5, 27.5)

r September
(longitude)x(latitude)
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Figure 10.46 Monthly Average Fluxes for Septeml?er
(122.5, 177.5)x(-87.5, -32.5) (longitude)x(latitude)
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Figure 10.47 Monthly Average Fluxes for September
(122.5, 177.5)x(-27.5, 27.5)

(longitude)x(latitude)
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Figure 10.48 Monthly Average Fluxes for September
(122.5, 177.5)x(32.5, 87.5) (longitude)x(latitude)
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CHAPTER 11: Conclusions

Global biomass burning is a significant source of atmospheric CO; which
contributes to the global warming by the trapping of thermal radiation emitted
from the earth. Biomass burning is currently responsible for the emission of as
much as 2.35 Pg of carbon into the atmosphere annually . and there is every

expectation that this will increase.

The global carbon cycle regulates the amount of CO; remaining in the
atmosphere. Since biomass burning affects the global carbon cycle in many
ways, it is important to develop quantitative descriptions of how the carbon
cycle will be affected and, in turn, how the atmospheric levels of COy will

respond.

A global carbon cycle model with a realistic terrestrial biosphere and a real-
istic world ocean carbon cycle has been constructed from existing local models
and model output validated against C'O; concentrations observed in the at-
mosphere at NOAA/GMCC monitoring stations. The numerical model has a
horizontal resolution of 5 degrees by 5 degrees latitude by longitude, seasonal
time scales, and a maximum simulation period of approximately 15 years. The
maximum simulation time is estimated from the time for the uncertainty in
the predicted quantity, in this case the global distribution of atmospheric CO,

to increase such that the magnitude of the uncertainty is comparable to the
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magnitude of the quantity being predicted. Here. the magnitude of the un-
certainty in the atmospheric COs concentration field is directly related to the
atmospheric circulation. The atmospheric circulation module is not valid for
simulation times longer than 10 or 15 years. since there are various atmospheric
modes. such as El Nino and the quasi-biennial oscillation which occur with pe-
riods of several years to decades. The terrestrial biosphere is represented by a
set of eight separate site-specific ecosystem models. These models have several
advantages which include realistic representation of seasonality apd response
to atmospheric CO> concentrations. These models can also be used to repre-
sent changing ecosystem distributions and can be either improved or replaced
individually without affecting the rest of the terrestrial biosphere module. The
ocean carbon cycle model is embedded in an existing ocean general circulation
model in order to give a realistic geographic distribution of ocean sources and

sinks for COs.

No net change in the distribution of sources and sinks for atmospheric
CO2 was observed for the model run from 1990-2000. This means that during
the course of the model run, neither the terrestrial biosphere nor the ocean
behaved differently due to the increased atmospheric COs. The terrestrial
biosphere is expected to respond to increased atmospheric CO; by increasing
the amount of carbon sequestered in plants through CO, fertilization, while the

ocean is expected to respond to the difference in CQ; partial pressures between
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the atmosphere and the ocean surface waters. That no change was predicted
is likely due to the fact that observed changes in the ocean and biosphere
take several decades to be detected, as in the case of CO> fertilization of the
terrestrial biosphere, and in the case of the ocean sinks, the decadal exchange

times for water flow between the surface and deep ocean.

It is concluded that atmospheric CO> concentrations will continue to rise
well into the next century given any realistic scenario for either future fossil
fuel use or biomass burning, keeping in mind that the model assumes that any
CO3 emitted by annual biomass burning of savannas is taken up by the these
regions during the next growing season. Thus, the only net COj released by
biomass burning originates from burning of the tropical forests. Also excluded
from the biomass burning sources of COs is the burning of fuel wood and
charcoal. This results in a 15% underestimate of CO5 released. However, the

modeling of the burning of fuel wood and charcoal was beyond the scope of

this research.

The buildup of CO2 in the atmosphere is somewhat rapid (figures 10.6
- 10.9). This is due to the atmospheric module’s underestimation of verti-
cal mixing. This underestimate causes the CO2 to mix less rapidly with the
atmosphere, thus regions of the biosphere and oceans that act as sinks for
atmospheric CO, may have less CO; in their grid cell than they would in a

well-mixed atmosphere, thus there is an overall underestimate of the global
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sink for CO;. The vertical mixing is presently driven by wind only. and to
include other mixing schemes, such as moist convection. would require a con-
siderably more complicated model atmosphere. Since the model atmosphere
is driven by wind fields predicted at 12 hour intervals, and defined on a 2.5
degree by 2.5 degree grid, any vertical mixing occurring on a small scale or

over a short time will be averaged out.

Important to note also is the relatively poor agreement of the model results
with the measured values of atmospheric COz in the high latitude regions. This
was anticipated in chapter 5 as a result of poor representation of the ecosystem
processes. In the mid-latitudes, and particularly near the equator, however,
the model agrees well with the measured values in both the amplitude and
phase of atmospheric CO; concentrations. Also responsible for the disagree-
ment between the model and data shown in figures 10.1 - 10.5 are limitations in
the atmospheric model. Specifically, the atmospheric transport model exhibits
weak numerical diffusion, and underestimates vertical mixing, as has been pre-
viously discussed. These limitations give rise to the strong latitudinal gradients
seen in figures 10.10 and 10.11: A final explanation of the discrepancy is that
the model results are averaged over a 5 degree by 5 degree area, where the

measurement data represents a point somewhere in that grid cell.

The difference in final states depicted in figures 10.10 and 10.11, apart from

the fact that they represent different processes, can be explained by noting
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that in the case of the biomass burning scenario. the source varies with time
and location, as opposed to the fossil fuel combustion scenario. which assumes
constant average sources. This is equivalent to having the fossil fuel source

expressed as an annual average. while the biomass burning source is expressed

as monthly averages.

Although the model presented in this research is adequate for the task of
determining the changes in atmospheric CO2 concentration caused by global
anthropogenic perturbations to the global carbon cycle, there are certain lim-
1tations that one must be made cognizant of in order to better understand
the model and the model output. These limitations include pfocesses not
represented in the model and feedback effects not represented in the model.
Processes not represented in the model were those which did not contribute
significantly to the global carbon cycle when compared to other processes for
a specified time scale. These processes include river runoff transporting nutri-
ents to coastal oceans, an incomplete representation of the terrestrial biosphere,
treatment of interannual atmospheric variability such as the El Nino/Southern
Oscillation Pattern and the Quasi Biennial Oscillation, the use of a static set of
wind field data, the use of a two layer atmosphere, processes such as ecosystem

aging, reforestation, and succession not represented, and the ocean food web

(Brewer50; Andreae?).
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The difficulties encountered in global carbon cycle modeling center pri-
marily around the climate-carbon cycle feedbacks. Until a complete coupled
global climate model is developed, the effects of global warming and associ-
ated climatic changes upon the carbon cycle must be treated as parameters.
The other model limitations include processes such as the CO> released dur-
ing biotic changes immediately following deforestation. terrestrial ecosystem
succession processes, river runoff processes depositing carbon into the ocean,
and coastal ocean carbon processes. These limitations put a constraint on the
model’s time horizon or how far into the future predictions can be assumed to
be accurate.

Examples of feedback effects not modeled include the effect of a warmer
climate on the atmospheric and oceanic circulation and the effect of a warmer
climate on the redistribution of water vapor in the atmosphere. The connection
of the oceanic circulation to the ocean carbon cycle was discussed in Chapter 6.
By essentially holding the ocean circulation fixed, certain tracer concentration
fields may not be as accurate as they would be by including this feedback. This
is due partly because atmospheric variables, such as humidity and circulation,

are not allowed to vary in response to a warmer climate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168
REFERENCES

! Houghton, J.T. et al, eds. Climate Change: The IPCC Scientific Assessment,
Cambridge Uriversity Press, Cambridge, England (1990)

2Walker, J. and J. Kasting, Effects of fuel and forest conservation on fu-
ture levels of atmospheric carbon diozide. Palacogeography, Palaeoclimatology.,
Palaeoecology (Global and Planetary Change Section), 97, (1992).

3Levine, J.S. Global Biomass Burning: Atmospheric, Climatic and Biospheric
Implications, Eos Vol. 17, No. 37. 1075-1077, 1990.

‘Ramanathan, V., Radiative Transfer Within the Earth’s Troposphere and
Stratosphere: A Simplified Radiative- Convective Model. J. Atmos. Sci., 33,

1330-1346, (1976).

Bolin, B. and I. Fung, Report: The Carbon Cycle Revisited. In Modeling the
Earth System (D. Ojima, ed.) p. 151-134, UCAR Press (1992).

6Box. E., Estimating the Seasonal Carbon Source-Sink Geography of a Natu-
ral, Steady-State Terrestrial Biosphere. J. Appl. Meteorology, 27, 1109-1124,

(1988).

"King, A. and D. DeAngelis, Site-Specific Seasonal Models of Carbon Fluzes
in Terrestrial Biomes, Enviromental Sciences Division Publication No. 2515.
Oak Ridge National Laboratory, (1985).

8 Bryan, K., A Numerical Method for the Study of the Circulation of the World
Ocean, J. of Comp. Phys 4, 347-376, (1969).

9Cox, M., GFDL Ocean Group Technical Report 1, Geophysical Fluid Dyman-
ics Laboratory/NOAA, Princeton University, Princeton, NJ, (1984).

10 Rotty, R. and G. Marland, Fossil Fuel Combustion: Recent Amounts, Pat-
terns, and Trends of CO2, In The Changing Carbon Cycle: A Global Analysis,
Springer-Verlag, New York (1986).

1Perry, A., Possible Changed in Future Use of Fossil Fuels. In: The Changing
Carbon Cycle: A Global Analysis, (Trabalka and Reichle, eds.), (1986).

12 Tirpak, D.R. and J. Smith, eds., The Effects of Climate Change on the U.S.,
U.S. EPA, Washington, DC (1989).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




169

13 Bowden, T.A. et al.. eds.. Trends 91: A Compendium of Data on Climatic
Change, Publication CDIAC/ORNL-46, Carbon Dioxide Information Analysis
Center, Oak Ridge. TN (1992).

14 3. 8. Levine, Global Climate Change, In Global Climate Change and Fresh-
water Ecosystems, (P. Firth and S. Fisher, eds.), Springer-Verlag. (1990).

3Levine, J.S. Energy, Atmospheric Chemistry, and Global Climate, Proceed-
ings, 1991 International Symposium on Energy and Environment, ASHRAE,

(1991).

16 MacCracken, M. and F. Luther. Projecting the Climatic Effects of Increasing
Carbon Diozide. U.S. Dept. of Energy publication DOE/ER-0237. (1985).

17 W. Hibler, W. and A. Thorndike, Report: Cryosphere and Climate. In
Modeling the Earth System (D. Ojima, ed.), p. 327-334, UCAR (1992).

18 Ramanathan, V. and J. Cockley, Climate Modeling through RC Models. Rev.
Geophysics and Space Physics, 16, 465-490. (1978).

19 Intergovernmental Panel on Climate Change (IPCC), Report for WGI Ple-
nary Meeting, UN, New York, NY, (1990).

20 Sundquist, E. The Global Carbon Dioride Budget. Science, Vol. 259, p.
934-941, (1993).

21 P. Brewer, Carbon Dioride and the Oceans. In Changing Climate, Report
of the CO2 Assessment Committee, Washington, DC (1983).

22 Quay, P.D., B. Tilbrook, and C.S. Wong, Oceanic Uptake of Fossil Fuel
COa3: Carbon-13 Evidence, Science 256, p. 74-79, (1992).

23 L. Phillips, CO, Transport at the Air-Sea Interface: Effect of Coupling of
Heat and Matter Fluzes, Geophysical Research Letters, Vol. 18 No. 7, 1221-

1224, (1991).

24 Pearman, G. Biogeochemical Processes and Dynamics, An Extended Abstract
In Global Environmental Change, (R. Corell and P. Anderson, eds.), Springer-
Verlag, Heidelberg (1991).

%5Bacastow, R.B., C.D. Keeling, and T.P. Whorf, Seasonal Amplitude Increase
in Atmospheric CO2 Concentration at Mauna Loa, Hawaii, 1959-1982, J. of
Geophysical Res., 90, D9, 10529-10540, (1985).

26 Volk, T. and Z. Liu, Controls of CO2 Sources and Sinks in the Earth Scale
Surface Ocean: Temperature and Nutrients, Global Biogeochemical Cycles,
Vol. 2, No. 2, 73-89, (1988).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

27 Dixon, R., Global Carbon Cycle and Climate Change: An OQuerview. In The
Science of Global Change, American Chemical Society Press (1992).

28Takahashi, T. Carbon Diozide Chemistry in Ocean Water, In Proceedings of
the Workshop on the Global Effects of Carbon Dioxide from Fossil Fuels (W.
Elliot and L. Machta, eds.), Conference Publication 770385-UC-11, U.S. Dept.
of Energy, Washington, DC (1977).

29 Rosati, A. and K. Miyakoda, A General Circulation Model for Upper Ocean
Simulation, J. of Physical Oceanography. Vol. 18, 1601-1626, (1988).

30 Moore, B. Four Simple Ocean Carbon Models. In Modeling the Earth Sys-
tem, (D. Ojima, ed.), p. 197-223. UCAR (1992).

31 Taut, P. and J. Gundermann, The Gree shouse Effect: Current Knowledge,
Future Options and the Decicion Maker’s Dilemma, 1991 International Sym-
posium on Energy and Environment, Espoo, Finland (1991).

32 Acock, B. and L. Allen, Crop Response to Elevated Carbon Diozide Concen-
trations. In Direct Effects of increasing Carbon Dioxide on Vegetation. U.S.
Dept. of Energy, Washington, DC

33 Russell, G. and J. Lerner, A New Finite-Differencing Scheme for the Tracer
Transport Equation, J. of Appl. Meteorology, Vol. 20, 1483-1498. (1981).

34 Prather, M. et al., Chemistry of the Global Troposphere: Fluorocarbons as
Tracers of Air Motion, J. of Geophysical Res., 92, D6, 6579-6613, (1987).

35 Houghton, Biotic Changes Consistent With the Increased Seasonal Ampli-
tude of Atmospheric COq Concentrations, J. of Geophysical Res., 92, D4, 4223-

4230, (1987).

36 King, A., W. Emanuel, and W. Post, Using Ecosystem Models to Predict Re-
gional CO2 Ezchange Between the Atmosphere and the Terrestrial Biosphere,
Global Biogeochemical Cycles, Vol. 3, No. 4, 326-338, (1989).

37Townsend, A., S. Frolking, and E. Holland, Report: Modeling Cycling in High
Latitude Ecosystems, In Modeling the Earth System, (D. Ojima, ed.), UCAR
p. 315-326, (1992).

38 Siegenthaler, U., Uptake of Ezcess CO2 by an Outcrop- Diffusion Model of
the Ocean, J. of Geophysical Res., 88, C6, 3599-3608, (1983).

39 Sarmiento, J., Oceanic Uptake of Anthropogenic CO2: The Major Uncer-
tianties, Global Biogeochemical Cycles, Vol. 5, No. 4, 309-314, (1991).

40 R. Jahnke, Ocean Fluz Studies: A Status Report, Rev. of Geophysics, 28, 4.
381-398, (1999).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



171

41 S Rintoul, Report: Ocean-Atmosphere Linkages. In Modeling the Earth
System. (D. Ojima, ed.), UCAR p. 165-180, (1992).

42 3. Gemmrich and L. Hasse, Small Scale Surface Streaming under natural
Conditions as Effective in Air-Sea Gas Erchange, Tellus, Vol. 44B. 150-159.

(1992).

43 N. Ariyel et al., Estimates of the Rate of Gas Exchange Across the Ocean-
Atmosphere Interface, Izvestiya, Atmospheric and Oceanic Physics, Vol. 17,
No. 10, 782-787, (1981).

4 L. Hasse, On the mechanism of gas ezchange at the air- sea interface. Tellus,
42B, 250-253, (1990).

45 Jahne, B. et al., Investigating the transfer processes across the free aqueous
wiscous boundary layer by the controlled fluz method, Tellus, 41B. 177-195,

(1989).

46 Taylor, A. et al., A Modelling Investigation of the Role of Phytoplankton
i the Balance of Carbon at the Surface of the North Atlantic, Global Biogeo-
chemical Cycles, Vol. 5, No. 2, 151-170, (1991).

47 Takahashi, T., Carbon Diozide Chemistry in Ocean Water, In Proceedings
of the Workshop on the Global Effects of Carbon Dioxide from Fossil Fuels
(W. Elliot and L. Machta, eds.), Conference Publication 770385-UC-11, U.S.
Dept. of Energy, Washington, DC (1977).

BToggweiler, J. et al., Simulations of Radiocarbon in a Coarse-Resolution
World Ocean Model, Part2: Distributions of Bomb-Produced Carbon 14, J.
of Geophysical Res., 94, C6, 8243-8264, (1989).

49Maier-Reimer, E. and K. Hasselmann, Transport and Storage of carbon dioz-
ide in the ocean, and in organic ocean circulation carbon cycle models, Climate
Dynamics, 2, 63-90, (1987).

0Bryan, F. Maintenance and Variability of the Thermohaline Circulation, PhD
Thesis, Princeton University (1986).

51 Perry. A., Possible Changed in Future Use of Fossil Fuels. In: The Changing
Carbon Cycle: A Global Analysis, (Trabalka and Reichle, eds.), (1986).

52 Bowden, T.A., et al., eds., Trends 91: A Compendium of Data on Climatic
Change, Publication CDIAC/ORNL-46, Carbon Dioxide Information Analysis
Center, Oak Ridge, TN (1992).

53 Taylor, J., A Stochastic Lagrangian Atmospheric Transport Model to Deter-
mine CO2 Sources and Sinks — A Preliminary Discussion, Tellus 41B, 272-285,
(1989).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




172

>4 D. Lashof, The Dynamic Greenhouse: Feedback Processes that may Influ-
ence Future Concentrations of Atmospheric Trace Gases and Climate Change.
Climatic Change, Vol. 14, 213-242, (1989).

55Crutzen, P. and M. Andrae, Biomass Burning in the Tropics: Impact on
Atmospheric Chemistry and Biogeochemical Cycles, Science, 4:250. p. 1669-

1678, (1990).

6 Houghton R.A., Biomass Burning from the Perspective of the Global Car-
bon Cycle, In Global Biomass Burning: Atmospheric, Climatic. and Biospheric
Implications (Joel S. Levine, ed.), p. 321-325, MIT Press, Cambridge, Mas-

sachusets (1991).

57 B. Kauffmann, J.B., K.M. Till, and R.W. Shea, Biogeochemistry of Defor-
estation and Biomass Burning, In The Science of Global Change, American
Chemical Society, [p. 426-455, (1992)

57 Cahoon, D. et al, Seasonal Distribution of African Savanna Fires, Nature
Vol. 359, p. 812-815, (1992).

STW. Whitford, W., Biogeochemical Consequenses of Desertification, In The
Science of Global Change, American Chemical Society (1992).

3"Brewer, P. What Controls the Variability of Carbon Dioride in the Surface
Ocean? A Plea for Complete Information. In Dynamic Processes in the Chem-
istry of the Upper Ocean, Plenum Publishing (1986).

57 Andreae, M.O., Biomass Burning: Its History, Use, and Its I'mpact on
Environmental Quality and Global Climate. In Global Biomass Burning: At-
mospheric, Climatic, and Biospheric Implications (Joel S. Levine, ed.), p. 3-21,
MIT Press, Cambridge, Massachusets. (1991).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VITA
Alexis Kambis was born May 3, 1965 in Richmond, Virginia. Recieved B.S.
in Physics and Mathematics from Longwood College in Farmville, Virginia in
May of 1988. In September of 1988 he began graduate studies in Physics at
the College of William and Mary in Virgina, where he earned a M.S. in August
of 1992.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




	A numerical model of the global carbon cycle to predict atmospheric carbon dioxide concentrations
	Recommended Citation

	tmp.1539716419.pdf.ucEj3

