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Abstract
Change in precipitation, soil moisture, surface temperature and atmospheric CO2 concentration
regulates variation in carbon release and storage.These variables have considerably changed in the
20th century.Atmospheric CO2 concentration is anticipated to increase by about 20 to 200 ppmv
with a corresponding warming of 0.1 to 1.5 °C.This thesis aimed to quantify the response of carbon
fluxes and carbon pool to present and future environmental factors.TRENDY V7, CMIP5 (the
fifth phase coupled models intercomparison project) and Planet Simulator models were used to
quantify African carbon cycle response to climate and elevated CO2 concentration.TRENDY and
CMIP5 suggest that present and future seasonal pattern of the African carbon cycle varies regionally depending on the seasonal weather pattern. More carbon is released during dry months due
to increase in heterotrophic respiration and carbon uptake was experienced in wet months.Even
though the CMIP5 and TRENDY are able to capture the seasonal pattern, there is still high
discrepancy among models particularly in the tropics. Expected changes in climate reduced the
African mean carbon storage capacity.Terrestrial ecosystem shifted from a carbon sink of 0.5 GtC
yr-1 to carbon source of 0.2 GtC yr-1 due to climate change by the end of the 21st .Greater negative
impact occurred in soil carbon due to heterotrophic respiration.These makes soil carbon through
heterotrophic respiration a critical component of the carbon cycle.However, CO2 fertilization effect reduced the impact of climate change. Vegetation-CO2 positive feedback equally influence
African carbon cycle. Planet Simulator estimated warming of about 1 °C and CO2 concentration
of 128 ppmv higher than RCP8.5 scenario by the end of the 21st century due to positive feedback.
This means that net ecosystem exchange decreased while fossil fuel emission kept on increasing.
As a consequence, vegetation carbon uptake reduced leaving a greater portion of carbon in the
atmosphere. This occurred as early as 2040 based on the Planet Simulator.
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CHAPTER ONE

1
1.1

Introduction
Background

Changes in precipitation, temperature, soil moisture, and atmospheric CO2 regulate changes in carbon release and storage in the terrestrial biosphere. These environmental drivers have significantly
changed in the 20th century due to climate change. A previous study by Friedlingstein et al. (2006)
suggested an increase in CO2 concentration between 20 to 200 ppm and a corresponding warming
of about 0.1 to 1.5°C compared to the present temperature by the end of the 21st century. On
the other hand, the present soil moisture levels have declined due to increased evapotranspiration
caused by atmospheric drought and warming (Cao et al., 2001). Consequently, soil moisture might
increase if the amount of precipitation becomes higher than evapotranspiration. These changes
influence the net primary productivity (NPP), which is the carbon uptake from the atmosphere by
vegetation, and heterotrophic respiration (Rh), which is the release of carbon to the atmosphere
mainly through decomposition of the organic remains (Ahlström et al., 2012). Further, the net
ecosystem production (NEP), which is the difference between the NPP and Rh, and losses of carbon stocks through harvesting, fires, and riverine transport, determines whether the biosphere is
acting as a carbon source or a sink.
In the recent past, African climate has significantly changed from 1891 to 1995 (Cao et al., 2001).
Over this period, CO2 increased from 296 to 365 parts per million. Woodward and Lomas (2004)
suggested that an increase in CO2 concentration enhances plant production due to the fertilization
effect. On the other hand, temperature have increased with about 0.5°C, with the highest warming
(0.8°C) being witnessed in Southern Africa (Cao et al., 2001; Ciais et al., 2009). Additionally,
precipitation has changed with severe droughts occurring in 1950 followed by high rainfall in 1960s,
then a decline in the 1980s. Up to date rainfall have never returned to the level it was in the
1950s (Ciais et al., 2009). The future occurrence of droughts have an impact on the biosphere
within the tropical region. For instance, according to Tan et al. (2009), the forecasted increase
in drought might lead to a pronounced reduction in ecosystem carbon stocks, especially in the
tropical Savannah and forests as well as other regions of the world.
Cox et al. (2013) projected an enhanced release of carbon stocks by 53 ± 17 GtC K-1 to the
atmosphere due to warming within the tropical land. Increase in temperature or the frequency of
dry seasons influence soil decomposition (Ahlström et al., 2012). This might reduce the African soil
carbon pools in the 21st century. Even though previous studies show that atmosphere-biosphere
carbon uptake and release respond positively to climate variability, several uncertainties remain.
For example, Williams et al. (2007) suggested in their comprehensive evaluation of the African
carbon cycle that the African carbon balance is neutral, that is, taking up and releasing carbon
at equal proportion on a multi-year mean basis. In contrast, Ciais et al. (2009) determined that
African NBP (Net biomass production) shifted from a carbon source of about 0.14 GtC yearly in
the 1980s to a carbon sink of about 0.15 GtC yearly in 1990s. Thus it remains unclear whether this
shift in behaviour is due to changes in climate conditions or CO2 fertilization effect or anthropogenic
activities .
Therefore, analysing the biosphere and atmosphere carbon cycle response to climate change needs
comprehension of the combined impacts of rainfall, temperature, atmospheric CO2 , and other
climate variables. This will give an insight on how African carbon stocks will increase or decrease
with the rapidly changing environmental conditions by the end of the 21st century. The only
feasible approach to understand and investigate the present and future effects of climate variability
on the spatial-temporal variability of carbon stocks are through terrestrial ecosystem modelling
(Cao et al., 2001) as used by Friedlingstein et al. (2006); Peng et al. (2014); Cao et al. (2001).
They found significant sensitivities of carbon stocks to environmental factors.
Previous studies have explicitly concentrated either on one dynamic ecosystem model (Cao et al.,
2001; Levy et al., 2004; Ciais et al., 2009) or more than one ecosystem biogeochemical models

1

(Ahlström et al., 2012; Zeng et al., 2004) to quantify these response. Furthermore, these studies
have either focused on the global as whole or other parts of the world like Amazonia (Cox et al.,
2004), Europe (Van Oijen et al., 2014) with only a few e.g (Ciais et al., 2009; Cao et al., 2001;
Friedlingstein et al., 2010) shifting their attention to Africa in particular. Therefore, this study
found it vital to explicitly focus on Africa. In this thesis, I preferred a range of models because
there is a link between simulated changes in carbon sources and sink and the choice of the climatic
or vegetation models. This linkage is due to different representations of biosphere (Ahlström et al.,
2012).
This thesis employs, first, Trendy v7 models. These are dynamic global vegetation models (DGVMs)
that were developed following the intensive research some of which were done by Le Quéré et al.
(2009); Sitch et al. (2008). Second, CMIP5 models (the fifth phase coupled models intercomparison
project) which offer a framework to compare and contrast the carbon stocks response to past and
future climate simulations. Lastly, Planet Simulator (PS) which is earth system mode for intermediate complexity (EMIC). This thesis provided an analyses from 1986 to 2017 to quantify African
carbon cycle state of the art using TRENDY models. Then analyses data until 2100 to estimate
future dynamic terrestrial carbon stocks and fluxes reaction to future environmental conditions
based on CMIP5 and PS models.

1.2

Problem Statement

Weather conditions such as drought, high temperatures, increase in atmospheric CO2 concentration and precipitation are shown to influence GPP, TER, carbon stocks and fire occurrence in
Africa. However, the magnitude of Africa’s carbon stocks and their response to changes in these
environment drivers at the ecosystem level remain poorly understood. Therefore, an assessment of
past, current, and future carbon exchange in Africa across state-of-the-art land-atmosphere models
is crucial.
To address this problem, this study used three research questions. Specifically,
1. How did the African GPP, NEP, Ra, Rh and carbon pools respond to past climate conditions?
2. How sensitive is African GPP, NEP, Ra, Rh and carbon stocks to future environmental
conditions (soil moisture, precipitation, temperature,shortwave radiation) in CMIP5?
3. How do Africa’s annual NEP, GPP, TER and carbon stocks respond to change in CO2 , soil
moisture, temperature, shortwave radiation and precipitation in the planet simulator?
To achieve question three of this thesis, I formulated the following two specific research questions.
i What is the individual impact of CO2 fertilization and climate on Africa’s GPP, NEP, Rh
and carbon pools?
ii By what amount will vegetation - CO2 feedback influence Africa’s GPP, NEP, Rh and carbon
pools?
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1.3

Hypotheses

Based on the questions above, this study hypothesized the following,
• African seasonal carbon cycle is influenced by seasonal weather pattern of the region.
• Terrestrial ecosystem to change from sink to source due to climate change.
• Terrestrial ecosystem to become a carbon sink due to CO2 before reaching saturating level.
• An additional atmospheric CO2 which enhances vegetation production because of carbon-vegetation
positive feedback.

1.4

Aims

This thesis aimed at giving comprehensive insight into the influence of past and long-term variations
in environmental conditions on African carbon pools and fluxes. Thus, I quantified the magnitude
and seasonal behaviour of the African future carbon sink/source. To achieve this aim, this thesis
outlined the following objectives;
1. To give an insight into African carbon cycle using the state-of-the-art TRENDY Models.
2. To quantify/estimate the response of the Africa carbon cycle to future climate variability
using CMIP5 and Planet Simulator.
3. To quantify the effect of increasing CO2 and fossil fuel emissions on future behaviour of
terrestrial ecosystem.

1.5

Study Outline

The structure of this thesis is as follows; Chapter 2 presents the methodological section where
we described the study area, models, data, experimental design, and analysis. In Chapter 3,
we provides the results on how African carbon fluxes and stocks respond to the past climate
conditions. In Chapter 4, the results of the sensitivity analysis of the African carbon fluxes and
stocks respond to future soil moisture, precipitation and temperature are presented. In chapter
5, we present the results of Planet Simulator how it simulates the African GPP, NEP, TER in
response to environmental factors. Chapter 6 discusses the findings of chapters 3, 4, and 5 and
limitations/recommendations and then ends with a conclusion in Chapter 7.
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CHAPTER TWO

2

Data Methods

This chapter is divided into three major parts. First part is section 2.1, this section describe the
study area used in this thesis. In section 2.2, models, experimental designs and how data was
obtained for every research question is described. Lastly, section 2.3 describes the analysis utilised
in this study.

2.1

Study Area

Africa is the second most populated and second largest continent in the world. It is situated
between longitude 51.38° East and 17.52° West and latitudes 37.34° North and 34.80° South. The
continent is characterised with different types of vegetation. That is, the tropical rain-forest covers
the equatorial region, Madagascar and the Coast of West Africa. Tropical moist and deciduous
forest is found in the Northern and Southern part of the rain-forest. Also, some parts of tropical
moist deciduous forest are located in some parts of Madagascar and Mozambique. The evergreen
Mediterranean forest is located in the far north and south of Africa. Desert is found in the
northern and southern part of Africa. The semi-desert follows the same spatial pattern with some
parts located in the southern part of the Sahara desert and some part in the south-west of South
Africa. Other vegetation types include temperate grassland, Savannah grassland, montane forest
and coastal forest in East Africa as shown in Figure 1.a.
This variation in African ecological zones greatly relies on climatic and geographic variables like
soils, topography, temperature and rainfall. The distribution and intensity of African vegetation
depend on the type and nature of human practices predominant in a particular locality. The
forests, and Savannah and woodland ecosystem experience intense human practices. The intense
human practice is due to the highest population. This has resulted in the variation of land cover
and land use change from one region to another Figure 1.b.

Figure 2.1: Spatial pattern maps. a.White’s (1983), Africa Vegetation map
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2.2

Models and Experimental Design

This section gives a detailed description of the models and experimental designs used in chapter
three, four and five. The first section 2.2.1 provides a description of the Trendy v7 models and
their experimental protocol. Then section 2.2.2 describes then Earth system models (ESMs) and
their experimental design. Last section 2.2.3 describes Earth System Models for Intermediate
Complexity (EMICs) and simulation set up.
2.2.1

Dynamic Global Vegetation Models (DGVM) and TRENDY Version 7 Experimental Design.

Dynamic Global Vegetation Models (DGVMS)
The first models used in this thesis are DGVMs that participated in the TRENDY V7 projects
to answer the first question. The rationale of DGVMs development was to examine spatial and
temporal evolution in land-atmosphere carbon fluxes over the past and present years. This thesis
selected five DGVMs, they include; ORCHIDEE (ORganizing Carbon and Hydrology in Dynamic
EcosystEm), JULES (Joint UK Land Environment Simulator), LPJ-GUESS (Lund-Potsdam-Jena
General Ecosystem Simulator), SDVGM (the Sheffield Dynamic Global Vegetation Model) and
CLM5.0 (Community Land Model version 5). These models meet the necessary measures for
most of the analyses that this thesis considered. The models provide simulated monthly or annual
variables of GPP, precipitation, soil moisture, and temperature. Other vital outputs are the carbon
in soils, vegetation, and autotrophic and heterotrophic respiration.
Table 1 shows the fundamental description of the five DGVMs used to answer the first question.
These models share important commonalities that enable them to represent their carbon cycle. For
instance, they categorised the vegetation types based on various plant functional types (PFTs).
That is, shrubs, C3 (temperate) grasses, needle leaf, C4 (Tropical) grasses, and broadleaf trees,
among others. However, some models used in this thesis have more plant functional types compared
to others as shown in Table 1. Despite the differences in PFTs, the processes such as growth
respiration and maintenance, litter decomposition, carbon allocation, and soil carbon dynamics,
photosynthesis and plant respiration are assumed to be the same throughout the PFTs. However,
dynamic characterization may vary across the model (Zeng et al., 2004). The models calculate the
fluxes based on photosynthesis, and plant respiration.
Table 1: Fundamental description of the five Trendy models used in this study and years of
simulations
Models

Spatial
tion

Resolu-

Fire
tions

Simula-

Nitrogen Harvest
Cycle
Flux

ORCHIDEE
JULES
LPJGUESS
SDGVM
CLM5.0

2 °× 2 °
1.875°× 1.25°
0.5°× 0.5°

No
No
Yes

No
No
No

3.75° × 2.5°
1.25°× 0.94°

Yes
Yes

Ye
Ye

Period

Yes
No
No

Amount
of
PFTs
15
9
26

No
No

10
17

1900 - 2017
1700 - 2017

1901 - 2017
1700 - 2017
1700 - 2017

Trendy Version 7 experimental design and Data
The Trendy version 7 project designed five experiments to substantiate the role of climate, landuse, and CO2 change. TRENDY models used climate-forcing data from the United States National
Centre for Environmental Predictions (NCEP) and Climate Research Unit (CRU). The simulations
used the 0.5°× 0.5° Climate Research Unit monthly historical climate forcing data from 1901 to
2017 (Zhao et al., 2016). Moreover, the global atmospheric CO2 concentration from 1700 to 2017
from ice core and NOAA at annual time scale resolution was used. The land-use change data from
1700 to 2017 and with yearly time scale resolution, and a spatial resolution of 0.5°× 0.5° were
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obtained from the History Database of the Global Environment (Hyde). Each model experiment
was subjected to spin up recycling climate variability and mean starting from the early decades
of the 20th century. After that, transient simulations from 1901 to 2017 followed the trendy
protocol. Out of the five experiments, this thesis only used the S2 experiment (Table 2) to answer
question one. The simulated data was obtained from the university of Exeter ftp site (sftp trendyv7@emps-cpdn.ex.ac.uk). Most of the data sets (heterotrophic respiration, autotrophic respiration,
gross primary production) were in monthly time scale. However, some of the Trendy model outputs
did not have the monthly output. Furthermore, some models did not include net ecosystem data
and this had to be calculated. On the other hand, we could not calculate monthly net ecosystem
production (NEP) for the LPJ-GUESS because it simulated autotrophic respiration on annual time
scale while NPP was in monthly scale.
Table 2: Trendy version seven experimental protocol used in this thesis.
Experiment
Name
S2

2.2.2

Simulation
Duration
1901 to 2017

Land use
Time-invariant

Atmospheric
CO2
Time-varying

Climate Forcing
Time-varying

Earth System Models (ESMs) and CMIP5 experimental design

Earth System Models
In the second question, we used ESMs. Earth system models are coupled, atmosphere-land circulation models. These models participated in the fifth phase of the Coupled Model Intercomparison
Project (CMIP5). These models provide a framework (Taylor et al., 2012) to examine and compare
the response of carbon flux to the changing climate. we selected five models from several other
models that participated in the CMIP5 project.
These models have different representation of vertical and horizontal resolution (atmosphere and
ocean), nitrogen pools, soil properties, types of vegetation and human disturbances. Despite the
differences, these models have similarities as we have seen in DGVMs on how they treat the
terrestrial carbon cycle (Zeng et al., 2004). Table 3 summarises the model characteristics. Further
details on the models and their references are found in the Appendix B.
we selected these models based on their performance from the past study. That is, how the models
managed to capture the historical climate when compared to observations. For instance, the study
by Friedlingstein et al. (2014) found that most of them had simulations outputs within 10% of the
historical observations. we believed that this is essential, as the models will have a small shift from
the observation in the future projections. Notably, some of the Trendy models are used as land
carbon components for the CMIP5 models. Additionally, from the available CMIP5 models, we
only selected the ones simulating land and atmosphere variables and give outputs of at least at a
monthly level.
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Table 3: Overview of the CMIP5 Models used in this thesis research.
Description

CanESM2
9
CLASS

INMCM4.0
11
No name

IPSLCM5A-LR
13
ORCHIDEE

NorESM1ME
15
CLM4

MPI-ESMLR
13
JSBACH

No of PFTs
Land
Model
Vegetation
model
Nitrogen
Cycle
Dynamic
Vegetation
cover
Fire
Forcing
(detailed
description
Appendix
B)

CTEM

No name

ORCHIDEE

CLM4CN

BETHY

No

No

No

Yes

No

Yes

Yes

No

Yes

Ye

No
GHG,Oz ,
SA,BC,
OC, LU, Sl,
CO2 ,CH4,
N2O,

N/A

Yes
Nat,Ant,
GHG,SA,
Oz ,LU,
SS,Ds,
BC,MD,
OC,AA

Yes
Yes
GHG,SA,Oz , GHG,O2 ,
Sl,BC,OC
SD,Sl,
Vl,LU
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CMIP5 experimental design and Data
CMIP5 projects involve so many experimental protocols as described by (Peng et al., 2014; Taylor
et al., 2012; Wenzel et al., 2014). However, this thesis only used representative concentration
pathway (RCP) 8.5 (Table 4). Even though the experiments offer a climate projection up to the
23rd century, we only considered until the end of 21st century. RCP8.5 is founded on the radiative
forcing pathway resulting to 8.5 W/m2 and the CO2 atmospheric concentration of 935 ppm by 2100
(Van Vuuren et al., 2011). In RCP8.5, the cultivated land is to increase to 185 million hectares
from 2000 to 2050, then another increase of about 120 million hectare from the mid-century to
2100 (Riahi et al., 2007). The total arable land used particularly in developed nations to slightly
reduce, while an increase to occur in the developing countries (Hurtt et al., 2011). This in turn
will lead to a decline in forest cover from 2000 to 2050 by 300 million hectare and from 250 to 2100
by another 150 million hectare. Increase in cultivated land is due to the projected population of
about 12 billion by 2100.
The simulated variables for CMIP5 models is freely available in https://esgf-node.llnl.gov/search/cmip5/.
The following search criteria were used to obtain the readily available data. First,We selected the
climate project CMIP5. Then we selected models of our interest that fall within our description
of selection stated before, and then selected RCP8.5 experiment. We selected atmosphere and
land as our realm. Despite the daily data in CMIP5 models archive, we selected time frequency
as monthly. We believed that this would offer a reasonable comprehensive analysis. Lastly, we
selected simulated variables of our interest. However, not all variables were available for all the
models, hence we hand to calculate some with the available data. For example, there was no NPP
data for INM-CM4.0, we calculated this by subtracting autotrophic respiration from gross primary
production. MPI-ESM-LR did not have net ecosystem production at the time of download, we
therefore calculated NEP as the difference between NPP and heterotrophic respiration.
Table 4: Summary of the simulations experiment used in the second question of this thesis.
Type of experiment
rcp8.5

2.2.3

Concentration or
emission driven
Future projection forced by
RCP8.5

Nature of coupling
Fully coupled

Available
period
20062300

Time resolution
Monthly

Simulation
years
294

Earth System Models for Intermediate complexity (EMICs)

Earth system models for intermediate complexity (EMICs) are developed for a wide range of reasons
(Claussen et al., 2002). Some (e.g. Bern 2.5D, MPM and MoBidiC) address general studies such
as climate for a time scale of about 100 to 100000 years. Others (e.g. EcBilt and EcBilt-CLIO)
concentrate on the dynamics between ocean, vegetation and atmosphere in both mid and high
latitudes as well as globally (e.g. Planet Simulator) (Claussen et al., 2002). In this study, I used
Planet Simulator (PS) version 16.022, which focuses on ocean-atmosphere-vegetation dynamics
globally.
Planet Simulator Description
Planet simulator (PS) has a coupling interface that incorporates a vegetation model, an ocean
model and an ice model. It makes use of a graphical user Model Starter (MOST) that enable easy
and fast experimental configuration and setup. The model is highly flexible, hence, applicable in
simulating other planets (Grieger et al., 2004). Because of its intermediate complexity, PS runs
are reasonably first even on an ordinary desktop or laptop computers. Therefore, making Planet
Simulator feasible to make extended model simulations (Kleidon, 2004). The ordinary set up of
Planet Simulator has a spectral resolution of T21 for smooth and fast simulations. This corresponds
to horizontal grid resolution of nearly 5.6° latitude and 5.6° longitude (Kleidon, 2004).
Planet Simulator uses four model components. The first component is the atmosphere; this component makes use of Portable University Model of the Atmosphere (PUMA) module. This module
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solves the dynamical equations of the atmospheric model. These equations include equation of
state, the law of thermodynamics, conservation of mass and momentum as well as hydrostatic
equation (Lunkeit, 2007). The atmosphere component includes a radiation scheme that takes
into account absorption by clouds and water vapour, carbon dioxide and ozone; interactive clouds
scheme that account for precipitation (Fraedrich et al., 2005). The second component is the ocean
based on the mixed layer ocean model. The third component is sea ice model founded on zero
layer model.
The last component is terrestrial biosphere (Lunkeit, 2007). For the terrestrial biosphere component, PS uses the Simulator for Biospheric Aspects (SimBA) model. SIMBA model simulates the
interaction among vegetation cover, surface wetness, temperature and biomass (Fraedrich et al.,
2005). SimBA simulates these interactions as follows. First, Planet Simulator simulates the land
surface and climate conditions. This set the restrictions for photosynthetic (GPP) activity or gross
carbon uptake by the plants. Photosynthetic activity results in a biomass build up (Kleidon, 2006).
This biomass build up influences land surface parameters such as surface albedo, surface roughness length, plants rooting zone. As a result, these affects mass and land surface energy exchange
mainly in the Planet Simulator. NBIOME, which is the SimBA code in the Planet Simulator, is
effected at every single time step of the climate model (Planet Simulator) physical code (Kleidon,
2006). In the following, I discuss the formulation of the Planet Simulator.
Planet Simulator formulation
Here a detailed emphasis on main equations is provide a clear understanding on how vegetation
couples with climate system simulated by the Planet Simulator. As well as how GPP and NPP is
incorporated in Planet Simulator formulation.
The key variable found in SimBA is carbon in vegetation. Vegetation carbon is the balance between
the carbon uptake by vegetation through photosynthesis and release through autotrophic respiration. The carbon uptake is estimated using Monteith’s approach. That is, expressing atmospheric
CO2 uptake as a minimum of a water and light limited rate min(GPPlight , GPPwater ) (Kleidon,
2006; Lunkeit, 2007). The GPP light is the light-limited GPP and GPP water is the water-limited
GPP (Equation 1 and 2)
GP P light = luemax ∗ β(CO2 ) ∗ f (T sfc ) ∗ f (P AR) ∗ SW ↓

(1)

Where luemax is a global constant of light use efficiency, (CO2 ) is the algorithm based factor, known
as the ‘beta’ function (Equation 3), f(Tsfc ) is a temperature function that limits the productivity
at cold temperatures with Tsfc being the surface temperature, f(PAR) is the photosynthetically
active radiation absorbed by plants particularly at their canopy, SW↓ is the down welling shortwave
radiation in Watts/m2 .
GP P water = max(0, αCO2 .f veg .

F
.(0.7C02 ))
V PD

(2)

Where Fq is the evaporation factor, VPD is the vapour pressure deficit in Pa, αCO2 is CO2 conversion factor of 4.26*10−4 , CO2 is the mixing ratio of the carbon dioxide in the atmosphere.
Planet Simulator simulates the influence of carbon dioxide concentration in the atmosphere on
vegetation cover through the fertilization effect using the beta algorithm known as the Keeling’s
formula (Alexandrov et al., 2003). The CO2 fertilisation effect is given by:
β = 1.0 + λ. ln(

CO2 − CO2comp
)
CO2REF − CO2comp

(3)

Where λ is the atmospheric carbon dioxide sensitivity, CO2 is the available carbon in the atmosphere and CO2ref = 360 ppmv, which is the carbon dioxide reference that is used to bring the
model to a steady state. CO2comp is the carbon dioxide compensation value for photosynthesis.
set to zero in the model. CO2comp is set to zero because β factor is doubled when CO2 =2CO2ref
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(Alexandrov et al., 2003). However, CO2comp value can varies depending on the environmental
conditions and plant species (Alexandrov et al., 2003). For C3 plants that normally thrive in the
arid regions, CO2comp is set to 50 ppmv while C4 that are perceived to perform better in temperate
regions the value is set to zero (Alexandrov et al., 2003). However, this thesis uses zero value for
the reason indicated above. Notably, Planet Simulator almost has no water limited vegetation or
GPPwater is always not the minimum (Figure 2.2), thus, light-limited GPP is always the smallest
which regulates to the plant production (GPP).

Figure 2.2: Simulated water limited GPP (GPPwater ) and light limited GPP (GPPlight )
With the typical assumption that soil decomposition rate increases rapidly as a result of warmer
conditions (Cox et al., 2004), we expected an increase in heterotrophic respiration with increasing
near-surface temperature.By that assumption, Planet simulator calculates global heterotrophic
respiration based on temperature through the Q10 formulation (Equation 4). However, because of
the model simplicity we did include other carbon pool emitting process like insect, land use change,
and or wildlife disturbances.
Rh = Q10

T −283
10

.

C soil
τ soil

(4)

Where T-283 is the change in surface temperature, T is surface temperature at a given time and
283 is surface temperature reference point, Q10 is respiration response and equals to 2, τ soil is
soil carbon pool residence time and given a value of 42 years. Planet simulator calculate the
global vegetation biomass as balance between litter production and net primary production (NPP)
(Lunkeit, 2007). The planet simulator assume that 50% of the of gross primary production is taken
back to the atmosphere through autotrophic respiration (Kleidon, 2006). This is mainly through
through plant maintenance and growth, therefore, the Planet Simulator estimates net primary
productivity (NPP) as 0.5*GPP. This assumption prevents NPP from becoming negative even
at higher temperatures, this can delay vegetation ’dieback’ mortality (Huntingford et al., 2000).
Litter production in Planet Simulator is presumed to be a function of carbon in vegetation Cveg
and τ veg which is vegetation carbon pool residence time (Equation 7). The amount of carbon pool
10

in soil is the difference between litter and heterotrophic respiration. Therefore, Planet Simulator
estimates the time evolution of global biomass as in equations (5 and 6)
δBM
= C veg + C soil
δT

(5)

Where Cveg is equal to (NPP- Litter) and Csoil is (litter – Rh). Thus, Equation 5 translates to
Equation 6
δBM
= (N P P − litter) + (litter − Rh )
(6)
δt
litter =

C veg
τ veg

(7)

It is assumed that the global soil respiration from the Planet Simulator is the same as the total
carbon (carbon pool in vegetation and soil), rather than representing respiration from the soil
carbon. This avoids introducing several carbon pools in the Planet Simulator (Lade et al., 2018).
Model Input data
In Planet Simulator, we used fossil fuel emissions and atmospheric CO2 concentrations from the
RCP8.5 scenario (Figure 2.3). The RCP8.5 scenario data was used for conformity with the
CMIP5 experiments (section 2.2.2). This data contains explicitly long-term (1995-2100) yearly
means of fossil fuel emissions and CO2 concentration. The data is taken from http://www.pikpotsdam.de/ mmalte/rcps/. Meinshausen et al. (2011) describe the harmonization for RCP8.5
scenario. For the vegetation, PS uses the vegetation distribution from the dynamic vegetation
model (SIMBA) (Lunkeit, 2007). This estimates the carbon pools and fluxes of the terrestrial
ecosystem.

Figure 2.3: : Projected future change in fossil fuel emissions and atmospheric CO2 concentration
based on the RCP8.5 scenario.
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Incorporating land-atmosphere RCP8.5 CO2 and fossil fuel emissions feedback.
Planet simulator has a simple function that allows the CO2 feedback. This is set by changing
the specific value of CO2 concentration. This means that Planet Simulator does not have CO2
emissions but only has one CO2 concentration per year. Thus, we added a simple parameterization
in Planet Simulator model such that we can determine net ecosystem exchange based on the land
surface model or RCP8.5 scenario emissions/concentrations. This was done in the following ways;
We formulated Planet Simulator to get the CO2 concentration value as per RCP8.5 scenario which
allow transient change in CO2 , however, the fossil fuel emissions hold value per year. This parameterization link new value of CO2 to the carbon balance model output (NPP, TER, Litter, Carbon
in soil and vegetation) from the land surface exchange. Net ecosystem exchange from the land
surface is parameterized or calculated as a linear function of NPP and TER (equation 7). This is
done based on NEE from the previous year
N EE = −1.0 ∗ (N P P − T ER)

(8)

To link NEE from RCP8.5 scenario emissions/concentrations, Planet Simulator estimates NEE
based on the available CO2 change and the fossil fuel emissions of a given year (Equation 8).
N EE =

∆CO2
0.488

(9)

Where FF is annual fossil fuel emissions for the present year, ∆CO2 is change in atmospheric CO2
concentration, TER is terrestrial ecosystem respiration, 0.488 is a conversion value from pg to ppm.
Simulations Setup
First, Planet Simulator was made to run for about 150 years to bring it into a steady-state. We
preferred 150 years run for our steady because we assumed that the terrestrial biosphere carbon
dynamics of the planet simulator in each grid cell reached an equilibrium state. Notably, fluxes
and carbon pools have different residence time or turn over time, therefore, the equilibrium run
(150 years) would result in a different stable pool value. For instance, soil carbon has a residence
time of 42 years while carbon in vegetation equals to 10 years.
Four transient runs (1995 to 2100) were made, from the stable state. This was to determine the
influence of CO2 fertilization effect, climate, and biosphere CO2 feedback. First run, atmospheric
CO2 concentration remains constant at 360 ppm without considering fossil fuel emissions. Second
run, transient change in atmospheric CO2 concentration and fossil fuel emissions (Figure 2.3). In
this run, Planet Simulator experiences an increase in CO2 concentration but vegetation do not
experience the increasing CO2 concentration. That is, CO2 sensitivity is set to zero making Planet
Simulator sees the Beta factor as one (Equation 3). This makes the vegetation not to experience
the CO2 fertilization effect.
Third run is similar to the second run except that the model experiences an increase in beta factor
(Equation 3) with increasing CO2 concentration. The CO2 sensitivity factor value is set to 0.4.
This makes the vegetation growth to see the transient change in CO2 concentration. Note, in
second and third simulation, the biosphere does not take up the CO2 concentration. This makes
the atmosphere act as the main CO2 storage.
Fourth simulation, the transient change of fossil fuel emissions and atmospheric CO2 concentration
are used like in 2nd and 3rd runs. Similar to the third run, the model vegetation experiences
increase in fertilization effect with a transient change in atmospheric CO2 concentration and fossil
fuel emissions. The CO2 sensitivity is set at 0.4. Additionally, the biosphere act as a carbon sink
of the available CO2 the atmosphere due to carbon-biosphere feedback.
We preferred CO2 sensitivity value of 0.4 in this thesis because Wullschleger et al. (1995) argued
that CO2 sensitivity value ranges from 0.35 to 0.6. However, this is not the main reason for using
0.4 as my value. Alexandrov et al. (2003) pointed out that the growth factor does not have to
fall within this range. Alexandrov et al. (2003) found that different plants have their own growth
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response to CO2 concentration. Through the process-based global model (TsuBiM0) Alexandrov
et al. (2003) emphasized that growth factor lies between 0.3 and 0.4 to incorporate a reasonable
percentage of plants response to CO2 growth.

2.3

Analysis

we extracted data for Africa’s (longitude 51.38° East and 17.52° West and latitudes 37.34° North
and 34.80° South) from the global data set. However, the size of Africa was not consist among the
TRENDY models. Some models (JULES and CLM5.0) indicate Africa start from 0° West unlike
others ( LPJ-GUESS, ORCHIDEE and SDGVM) that shows the exact starting longitude (17.52°
West). For consistency in my analysis across the TRENDY models and CMIP5, we assumed that
the size of Africa start from longitude 0° West rather than 17.52° West. This implies that we did
not include some parts of the western Africa in LPJ-GUESS, ORCHIDEE and SDGVM models to
have the same size as JULES and CLM5.0. This provideD a fair ground to compare the models’
outputs. The observed model inputs climate data from Climate Research Unit for the period of
1901 to 2017 was used to analyse the continental carbon cycle drivers (temperature, soil moisture,
precipitation) and their changes.
Africa was divided into four regions both for TRENDY and CMIP5 models to incorporate different
vegetation types, different weather pattern and climatic zones. This division include, Northern
(longitude 0° and 40° East, and latitude 15° North and 37° North), Southern (longitude 0°,52°
East; latitude 12° South,35.52°South), Western (longitude 0° and 27° East and latitude 12°South,15°
North)and Eastern (longitude 27° East and 52 °East ; and latitude 12° South ,15° North ). In Planet
Simulator, this division did not apply due to the small size of the grids.
First, precipitation, surface temperature, soil moisture was analysed in every chapter to give an
overview of how they have been changing and how each model simulate the climate variables.
We then compared the seasonal carbon cycle response to these climate drivers across the models.
Finally, for the Planet Simulator, we analysed the yearly changes for the variables from 1995 until
the end of the 21st century. The analysis for the PS is done for the whole Africa as we could not
subdivide Africa due to the model small grid as stated earlier.
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CHAPTER THREE

3

TRENDY Results

This chapter focuses on the results of carbon cycle response to past climate conditions. First
section 3.1.1 give spatial overview of how the past climate have been changing overtime.In section
3.1.2 and 3.1.3, we provide the results of monthly seasonal and long dynamics. Lastly, the results
of the carbon cycle response to these climate variables are provided in section 3.2.

3.1
3.1.1

Carbon cycle drivers
Annual mean spatial patterns and their changes

This section provide and overview of spatial variation patterns of a section of carbon cycle drivers
using the climate inputs of the LPJ-GUESS model. The input data is the same across all the
models. This model is used because previous study show that the model simulations agrees with
the observation based estimates of GPP using covariance flux tower data (Ahlström et al., 2012).
Precipitation
The equatorial regions have the highest precipitation levels (above 2000 mm/year).The evergreen
broad-leaf forest region shown in Figure 2.1.a, receives the highest mean annual precipitation level
(Figure 3.1.a). This is due to the influence of the Congo basin. The Congo basin is one of the key
convective regions, which regulates the tropical rainfall, especially during the seasonal transition
(Washington et al., 2013). The spatial mean rainfall pattern shows a distinct boundary, and this
spatial characteristic controls land use and land cover (Figure 2.1.b). This implies that changes in
the spatial pattern of precipitation result in boundary change between the deciduous forests and
evergreen tropical forest (Cao et al., 2001). Considering the change in mean annual precipitation
in Africa.
Regional decrease or increases in precipitation varies across Africa (Figure 3.1.b). The Savannah
region experience both an increase and a decrease in mean annual precipitation by 200 and 100
mm per year respectively. The majority of people in Africa live in this region (Sultan et al., 2005);
and such variation in precipitation might influence their practices. There exist some patches of an
increase in precipitation in the northern (desert and semi-desert region) (Figure 3.1.b). Increased
precipitation in arid and semi-arid areas can cause soil erosion, which has a significant impact on
the soil carbon (Gruber et al., 2004). Not only precipitation regulates the carbon cycle, also other
factor such as temperature plays a role.
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Figure 3.1: Spatial precipitation pattern. a. Mean annual precipitation from 1901 to 2017, b.
precipitation change (means of 1901 to 1931 relative to means of 1986 to 2017). This figure is
based on the inputs from LPJ-GUESS.
Temperature
Sahara region has the highest mean annual temperature (above 26°C) while South of Africa has
the lowest (Figure 3.2.a). Mean annual temperature change increases across Africa (Figure 3.2.b).
However, Sahara region and some parts of Savannah have the highest temperature change (more
than 2°C). The decrease in rainfall and increase in temperature caused by climate variability can
lead to desertification in the current and future subtropical regions (Gruber et al., 2004). Soil
moisture also influence the release of carbon pools (Gruber et al., 2004)

Figure 3.2: Continental temperature in degrees Celsius. a. Mean annual temperature from 1901
to 2017), b. temperature change (means of 1901 to 1931 relative to the means of 1986 to 2017.
Same as as Figure 2 but for temperature.
Soil Moisture
There exist patches of high mean soil moisture content in the desert and semi-desert region of
North Africa soil (Figure 3.3). Soil moisture increases in the Savannah region and some parts of
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the tropical area (Figure 3.3.b). Typically, soil moisture enhances the decomposition of soil organic
matter (Gruber et al., 2004). Therefore, high soil moisture content in semi-desert region of North
Africa can stimulate heterotrophic respiration.

Figure 3.3: The soil moisture content over Africa. a. means of annual soil moisture content (from
1901 to 2017), b. soil moisture content change (means of 1901 to 1931 relative to means of 1986 to
2017). This figure shows how soil moisture content varies and changes spatially. The values here
are based on the simulated output from LPJ-GUESS model.
3.1.2

Monthly Seasonal Dynamic

In this section, we give an overview on how rainfall and temperature vary across the four regions.
This is because weather systems and patterns vary across the regions.
Precipitation
Mean monthly precipitation seasonal dynamics vary across the continent. The western, eastern
and parts of northern Africa have a bimodal rainfall pattern, while southern Africa have a unimodal rainfall pattern (Figure 3.4). This seasonal variation is due to the different weather systems
controlling the regions. For example, the Eastern and Western regions rainfall pattern is controlled
by the Intertropical convergence zone (ITCZ). The ITCZ crosses the area twice a year resulting
in the bimodal rainfall pattern. The seasonal changes of rainfall pattern in Africa might have an
impact on GPP response to precipitation. This is because each environment contribute differently
to carbon fluxes response to temperature and precipitation (Ciais et al., 2009). Notably, seasonal
temperature cycle has the same pattern as the seasonal precipitation pattern (Figure not shown).
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Figure 3.4: Regional mean monthly precipitation from 1986 to 2017 across four DGVMs outlining
seasonal rainfall patterns for different regions, a. Southern region b. Northern region c. Western
region d. Eastern region. The black dashed horizontal line represent the transition from dry season
to wet season. Typically, this occurs at 100 mm/month; however, in my case some regions receive
more precipitation than others do. Thus, in Northern and Eastern I assumed that the transition
occurs at 15 mm/month and 80 mm/month respectively while in the Southern and western the
transition occurs at the typical 100 mm/month.
3.1.3

Long-term variation of rainfall and precipitation

This part provide an overview of annual variation of precipitation and temperature variation both
at a regional and continental level.
Precipitation
The mean annual precipitation attained its maximum in the 1960s (the wettest period), with a
decrease after 1976 until the 1980s (Figure 3.5). Regionally, Eastern and Western Africa attained
maximum precipitation in the 1960s, followed by a decline in the 1970s, with another increase
in the 1980s. In Southern Africa, maximum precipitation was reached in the 1970s, followed by
a decline in the 1980s. In the four regions, the rainfall started to increase after 2000 but further
decreased after 2015. The mean annual temperature of Africa has shown some significant variation,
as discussed below.
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Figure 3.5: Mean annual precipitation over Africa as prescribed across four Dynamic vegetation
models from 1901 to 2017.
Temperature
Africa’s mean temperature increased by 1.25℃ (Figure 3.6). Highest temperature increase occurred
in Northern Africa (1.8°C), followed by Southern Africa (1.5℃). The western and eastern regions
had the least temperature rise of about 0.9℃ and 1℃, respectively). The long-term variation of
mean annual temperature influences both evapotranspiration and soil moisture content (Zeng et al.,
2004). This long-term variation in soil moisture might influences carbon fluxes as will examine in
the coming sections and chapters.

18

Figure 3.6: Africa’s mean annual near the surface temperature anomaly from 1901 to 2017. This
figure shows the inter-annual variation of temperature from the 1901 to 2017.
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3.2

Simulated Carbon Cycle Climatology

Figure 3.7: Seasonal monthly climatology of gross primary production from 1986 to 2017 for four
different regions of Africa, a. Northern, b. Southern, c. Western, d. Eastern. Panel b, c and d
have the same y-axis range to allow easy comparison on how the seasonal patterns are influenced
by the environmental factors. However, y-axis for panel a is smaller than other panels due to its
smaller values. The lime vertical colors indicates months of high precipitation while pink vertical
lines indicate months of low precipitation.
The variability in GPP follows the seasonal change in precipitation (Figure 3.4) and temperature
(section 3.2). This response is seen across all the models (Figure 3.7), although the magnitude of
the seasonal variation in GPP varies across the regions.
For example, in the Northern region, the GPP simulated by LPJ-GUESS responds earlier to precipitation and temperature. LPJ-GUESS simulates the highest GPP earlier in the season (March)
than other models. JULES, ORCHIDEE, CLM5.0 and SDGVM simulate high GPP in wet period
(Figure 3.7.a). After the wet period, the GPP decrease with decreasing monthly precipitation
across all the models. LPJ-GUESS simulates higher GPP in June, this is the month with the least
precipitation while the other models simulate a decrease in GPP in the same period.
In the Southern region, models agree that the biosphere takes up less carbon in the dry month
(April to August) and more during the wet months (November to January) (Figure 3.7.b). GPP
starts to increase in September when the precipitation level increase. In the western region, seasonal
rainfall influences GPP differently. Long rainy season (June to November) has a stronger influence
on GPP compared to the short rainy season (February to May) (Figure 3.7.c). For example, the
highest GPP on average is between September and November (wettest months). LPJ-GUESS
responds to inter-season low precipitation months (June and July) unlike other models. Just like
in the western region, the eastern part of Africa GPP is influenced by the long rainy season (March
April May). In this period, all the models simulate higher GPP at different magnitude (Figure
3.7.d)). In all the regions, LPJ-GUESS GPP output responds positively to seasonal precipitation.
Analysing the GPP seasonal response to downwelling shortwave radiation, the variability of GPP
across the models follows the seasonal radiation pattern both in the southern and western regions.
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However,the northern and eastern region do not show the same variability with the shortwave
radiation.

Figure 3.8: Seasonal monthly climatology of net ecosystem production from 1986 to 2017 for four
different regions of Africa, a. Southern, b. Northern, c. Eastern, d. Western
The seasonal monthly positive and negative NEP varies regionally (Figure 3.8). In the Southern
part, the models simulate a NEP shift from a net carbon sink in the rainy season to a net carbon
source in the dry season (Figure 3.8.a). The biosphere takes up between 0.6 and 1 GtC per month
in January. During low precipitation months (April to September), the terrestrial ecosystem release
0.5 GtC (SDGVM) in June, July and August, and 0.5 GtC (ORCHIDEE) in October. Contrary,
the JULES model simulate terrestrial carbon sink in dry months. We think that JULES behaviour
is linked to weak exponential response of heterotrophic respiration to near surface temperature or
soil temperature (Zhao et al., 2016). This might have lowered heterotrophic respiration than net
primary production in dry months. In the Northern region, mean monthly NEP became positive
from February to July, then negative except in ORCHIDEE. This varies in magnitude across the
models depending on how the model treats the simulated total ecosystem respiration (Figure not
shown). The region’s terrestrial ecosystem absorbs on average 0.35 GtC (SDGVM) in June, 0.15
GtC (ORCHIDEE and CLM5.0) in May, and 0.15 GtC (JULES) in March. In the tropical region
(western and Eastern regions), most of the models are out of phase hence disagree on when the
terrestrial biosphere become a carbon source or sink.

3.3

Spatial and Latitudinal Variation of carbon stocks

More soil and vegetation carbon are stored between 10 °N and 10 °S (Figure 3.9.a and b). The same
latitudinal range stores more vegetation carbon than in soil. This contradicts our expectation, this
study expected to find more carbon stored in the soil than in vegetation between 10 °N and 10
°S. The low soil carbon content could be due to large land use flux in the tropical region (Figure
3.9.c). Above 10 N, the models simulate a gradual decrease in vegetation carbon before coming
to an agreement between 15 N and 40 N (nearly zero). In the southern region, the models show
little or no agreement on the simulated amount (Figure 3.9.a). This corresponds to high monthly
GPP seen in the western and eastern regions of Africa and low monthly GPP in the southern and
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northern areas (Figure 3.7). This resulted in more carbon content in vegetation biomass in the
western and Eastern regions than the Northern and Southern regions. Moreover, the simulated
mean carbon stocks corresponds to high mean annual precipitation (Figure 3.1).

Figure 3.9: Latitudinal variation of Carbon stocks and land use change. a. simulated mean carbon
in vegetation. b. simulated carbon in soil. c. simulated mean land use change flux from (1986 to
2017) from five Dynamic Global Vegetation Models as a function of latitude.
The spatial pattern of the present soil carbon across the models (Figure A. Appendix) shows that
the tropical region (10 °N and 10 °S) stores more carbon than between 15 °N and 35 N and the
Southern region. The southern 15 S and 30 S and northern part are dry regions, for instance,
the Sahara desert to the North and the Kalahari desert and Namib desert to the South. Desert
regions are often associated with high temperatures, by assumptions, high temperatures enhances
the decomposition of soil and autotrophic respiration. This might resulted in less soil carbon being
stored in the regions (Cox et al., 2004). Linking the spatial pattern of carbon in soil and vegetation,
models simulate more carbon content in the tropical rain-forest. This region characterized by the
evergreen broad-leaf forest and deciduous broad-leaf forests (Figure 2.1).
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CHAPTER FOUR

4

CMIP5 Results

In Chapter 3, we examined the past and present change in environmental factor from 1986 to 2017.
Similarly, we assessed GPP, NEP, carbon pools and respiration change and response to precipitation, surface temperature, soil moisture and shortwave radiation based on TRENDY models.
This chapter now shift to examining the future change in environmental factors and examine their
influence on future carbon pools and fluxes based on CMIP5 models. First, section 4.1 provide
details on long-term and seasonal dynamics of future precipitation, surface temperature. In section 4.2, we provide the results of simulated carbon cycle response to future change in climate
variables. We expect future change in precipitation, temperature, shortwave radiation to influence
future change in Africa’s NEP, GPP, Rh across all the regions. However, WE expect precipitation
to play a major role in controlling future seasonal cycle. To answer this hypothesis, we extracted
Africa’s data from the global data set, thereafter, we obtained regional data across the models
then obtained both monthly and yearly average. Also, we did the correlation analysis to determine
which climate variables have a significant impact on carbon fluxes and stocks.

4.1
4.1.1

Long-term dynamics of the future carbon cycle drivers.
Multi-annual trend of future temperature and precipitation

Figure 4.1: Projected Africa’s mean annual (a) near surface temperature and (b) precipitation over
the period of 2006 to 2100 using the five Earth Systems Models participating in CMIP5 project.
Continental temperature increases gradually with different magnitude over the period (Figure
4.1.a). Temperature to increase by about 3 °C by the end of the 21st century. Regionally, highest
increases in mean annual temperature occurs in the Northern Africa (3°C), then Western and
Eastern region (2.2 °C) and the least warming (1.8°C) occurs in the Southern region. Precipitation
also vary annually as discussed below.
NorESM1-ME simulates the highest precipitation than other models (Figure 3.1.b). Models that
simulate relatively high precipitation does not necessarily simulate high increases in temperature
in future (Figure 3.1.b). Figure 3.1.a shows disagreement in magnitude and point of start across
the models, even though they depict similar trend in future. This difference is probably due to
differences in atmospheric forcing (Anav et al., 2013). Varying magnitude and gradual increase in
temperature might be caused by cooling linked to increase in aerosols or warming associated to
increased green house gases (GHGs). When we compared the forcing across the models, all the
models indicated the type of forcing implemented in the runs, however, INM-CM4 indicate that
there was no forcing used, since in forcing section, it only indicated ’N/A’. This is somehow strange
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as it was expected the models to have followed the same simulation protocol. This results is in
line with other studies e.g Anav et al. (2013) that found that INM-CM4 model tend to have a
cold bias of 2.3 °C, with the highest bias in the tropics and the least in the Northern Hemisphere.
Temperature and precipitation variation have an impact on the soil moisture content.

Figure 4.2: Calculated soil moisture anomalies based on the projected soil moisture across the
earth system models.
Soil moisture anomaly varies annually from 2020 to 2100 (Figure 4.2). This variation might be
linked to the differences in which the models simulate precipitation and temperature (Shao et al.,
2013). Rather not due to variation in water evaporation flux from the soil across the models as
anticipated. Among the five models, IPSL-CM5A-LR model simulates a continuous decreasing
soil moisture all through the years (Figure 4.2). This could be due to water stress functions that
controls the plants activity (Huang et al., 2016). Huang et al. (2016) argued that the variability
in water stress among models is due to their parameterizations and formulations. Some of the
parameterizations and formulations are based on the volume of soil water content, leaf water
demand, soil matrix potential, explicitly soil water conditions (Lade et al., 2018). These difference
in water stress functions are capable of creating variation on how GPP respond to change in
precipitation (Huang et al., 2016).
Being that the physical behavior of soil moisture, precipitation and temperature also changes with
season (Zeppel et al., 2014), we analysed the seasonal behaviour of the projected temperature and
precipitation.
4.1.2

Seasonal Dynamics of the future precipitation and temperature

To examine the future seasonal change in the near-surface temperature and precipitation, we
presented the mean precipitation and near surface temperature from 1937 to 2017 from Climate
Research Unit (referred to as Climatology in the figures), and also computed mean projected
precipitation and temperature for each model over the same temporal period. If the mean seasonal
values of the models fall bellow the climatological values, we assume future decrease in seasonal
temperature or precipitation and vice versa. For temperature, it shows that seasonal temperature
increase in all the regions as expected while precipitation increases only in Northern and Southern
regions (Figure not shown). Notably, all the models captures the normal seasonal pattern in the
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Northern and Southern region. However, in the Western and Eastern region (within the tropics)
all models do not reproduce the normal seasonal pattern (Figure 4.3). Models suggest a shift
in seasonal precipitation peak from August to about October (Figure. 4.3.b) and small shift is
also evident in (Figure 4.3.a). That is, maximum precipitation occurring two months later than
expected. This reflects the inability of the CMIP5 models to correctly capture or predict the
seasonal and yearly changes in precipitation (Scherrer, 2011). In the next part (section 4.2), we
examine how carbon cycle respond to changes in these variables.

Figure 4.3: Regional monthly precipitation from 2020 to 2100 across five ESMs outlining seasonal
rainfall pattern covering at least one major plant functional types in the region. The thick black
line represents the observed precipitation climatology from 1937 to 2017. The thick black line act
as a reference in which the value above or below represent change in precipitation.
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4.2

Simulated carbon cycle by the end of the 21st century.

This section analyses, regional seasonal dynamics of the carbon cycle in the future.
4.2.1

Seasonal carbon cycle dynamics

Figure 4.4: Seasonal monthly climatology of net ecosystem production from 2020 to 2100 for four
different regions of Africa, a. Southern, b. Northern, c. Western, d. Eastern. Panel a, c and
d have the same y-axis range to allow easy comparison. However, y-axis for panel (b) is smaller
than other panels due to its smaller magnitude. The lime vertical colors indicates months of high
precipitation (long rainy season) while pink vertical lines indicate months of low precipitation
(short rainy season).
Seasonal pattern of the precipitation plays does not play a key role in controlling the seasonal
pattern of the carbon uptake or release in all the regions (Figure 4.4). ESMs disagree on when the
terrestrial ecosystem becomes a carbon source or a sink (Figure 4.4). In the southern region, IPSLCM5A-LR and MPI-ESM-LR simulate high carbon uptake compared to CanESM2 and NorESM1ME which have smaller carbon uptake in the dry months. However, CanESM2 and NorESM1-ME
follow the seasonal precipitation towards the ends of the dry months (Figure 4.4.a). Only INMCM4 captures the normal seasonal precipitation cycle. The high carbon uptake by IPSL-CM5A-LR
and MPI-ESM-LR is strange, because looking at the seasonal behaviour, the two models are able
to reproduce the dry seasons (months of low precipitation). Therefore, the reasons behind this
unique behaviour can be due to the overproduction of GPP by the land surface models during the
dry periods (Anav et al., 2013). Indeed looking at the ORCHIDEE model (Figure 3.7.a) section
3.4, we see that ORCHIDEE model used by IPSL-CM5A-LR as land surface model simulate higher
GPP. Additionally, ORCHIDEE does not have nitrogen cycling which limits carbon uptake even
during the dry months (Friedlingstein et al., 2014).
In the Northern region, the models do not capture the seasonal precipitation cycle pattern, how26

ever, all except IPSL-CM5A-LR agree that northern region terrestrial ecosystem to release carbon
between May and September (Figure 4.4.b). MPI-ESM-LR model simulates the highest monthly
carbon intake and release. However, NorESM1-ME and CanESM2 simulates monthly uptake and
release with smaller amplitude. The reason behind this is probably due to their inconsistency
in simulating precipitation and near surface temperature (Figure 4.1). These models, CanESM2
simulates high temperature (Figure 4.1.a) while at the same time simulating low precipitation (Figure 4.1.b) while NorESM1-ME simulates high precipitation (Figure 4.1.b) with low temperature
(Figure 4.1.a).
In the western and Eastern regions, the models fail to produce the seasonal cycle of the net
ecosystem production (Figure 4.4.c and d). This is both in terms of magnitude, phase and sign.
MPI-ESM-LR and NorESM1-ME predict the both western and eastern regional terrestrial ecosystem to act as a carbon sink all through the season with a strong sink happening during dry months.
The other three models indicate that the region’s ecosystem act as a carbon source during the dry
months. This significant disagreement within the tropics could probably due the models’ failure to
reproduce the normal seasonal precipitation pattern in the tropical region (Figure 4.4). However,
this cannot be the sole reason for this strong disagreement among the models since the models
reproduced seasonal pattern of other variables like temperature.
Notably, just like in the Northern and southern, NorESM1-ME and CanESM2 simulate low strength
carbon uptake within the region. This might be due to limited response of these models to gradual increase in atmospheric CO2 concentration as reported by (Arora et al., 2013). Similarly,
NorESM1-ME uses CLM4 model as its land surface component, but CLM4 considers nitrogen cycling. Normally, the addition of nitrogen cycling results in lower land carbon sink estimates (Wu
et al., 2018). Another reason highlighted by Friedlingstein et al. (2014) is that CLM model has a
short residence time for soil carbon and litter, this reduces the lag between heterotrophic increase
and NPP or GPP increase, hence making the model to produce a weak land sink.
In an attempt to further determine the the origin of the pronounced future disagreement among
the models on when the regions’ terrestrial ecosystem become a carbon source or sink. We assessed
seasonal variation in GPP, respiration (Figure 4.5 and 4.6) and Leaf Area Index (Figure 4.8) for
the five models across the regions. In the Southern region, the models (IPSL-CM5A-LR and MPIESM-LR) that suggest the Southern region to act as a carbon sink in the dry months (Figure
4.4.a) have higher GPP, and lower respiration compared to other models (Figure 4.5.a). In the
Northern region, MPI-ESM-LR simulates the highest GPP which decreases gradually over time
(Figure 4.5.b). The same model simulate a steady increase in soil and plant respiration which
decreases four months later (Figure 4.5.d and f) after the decline in GPP. This probably could
have led to the carbon intake in the Northern region in January to April (Figure 4.4.b) before
shifting to a carbon source. However, for IPSL-CM5A-LR, GPP, soil and plant respiration does
not explain the carbon intake in June to August.
In both western and Eastern region, models disagree on regional carbon intake by plants through
photosynthesis and release through respiration (Figure. 4.6.). Also, from Figure 4.6, regional seasonal behaviour of the carbon cycle responds differently to environmental factors such as precipitation and temperature across the models in the tropics (western and eastern region). INM-CM4 and
IPSL-CM5A-LR reproduce the precipitation and temperature seasonal cycle. On the other hand,
MPI-ESM1-ME, NorESM1-ME and CanESM2 show that region GPP response to precipitation is
very minimal, hence does not exactly produce the carbon drivers seasonal cycle.
Southern region terrestrial production respond to seasonal cycle pattern of precipitation and temperature (Figure 4.5.a). This is because all the models in the southern region simulates GPP
minimum during the months of minimal precipitation and GPP maximum during the months of
high precipitation. Models that simulate high precipitation (Figure 4.1.b) still has low GPP response across the regions (Figure 4.5.a,b and Figure 4.6,a,b). CanESM2 simulates the highest
precipitation in the Northern region, but still simulates lower GPP. Other environmental factors
such as surface temperature, soil moisture,incoming shortwave radiation maybe playing role in
explaining the GPP pattern (Figure 4.7) .
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Figure 4.5: Seasonal monthly climatology of gross primary production (gpp), autotrophic (Ra)
and heterotrophic (Rh) respiration from 2020 to 2100. Left panel indicates GPP, Ra and Rh for
the Southern region while the right panel indicate the GPP, Ra and Rh variables for the Northern
region.
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Figure 4.6: Same as Figure 4.5 but for Western region (vertical left panel) and Eastern region
(Vertical Right panel).
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Figure 4.7: The correlation between Gross Primary Production with (a) Precipitation (b) Soil
moisture (c) near surface temperature (d) Incoming shortwave radiation indicating how other
climate variables plays significant role on future Africa GPP.
The plant functional types across the models plays a key role on how models simulate regional
GPP Zeng et al. (2004), this might have an impact on NEP. Therefore, we plotted regional leaf
area index and examined how this corresponds to regional GPP (Figure 4.8). The majority of the
models captures the seasonal variability of leaf area index with change in seasonal precipitation.
The high LAI in the Southern and Northern region replicates the higher GPP in the regions by
MPI-ESM-LR (Figure 4.5.a.b and 4.6.a.b). Notably, the LAI in the tropical region do not reproduce
the GPP pattern seen in the tropics. In other words, the models that have high LAI in the western
and eastern region simulate lower GPP. This is probably due to the poor relationship between the
biomass production and the LAI in most models in these regions (Shao et al., 2013). Subsequently,
this could be due to poor simulations of the tropical ecosystems in relation to assimilation of solar
photons both by carbon and leaves (Shao et al., 2013). Therefore, regional leaf area index do not
dictate or regulate models’ simulation of gross primary production.
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Figure 4.8: Seasonal monthly climatology of net ecosystem production from 2020 to 2100 for four
different regions of Africa, a. Southern, b. Northern, c. Western, d. Eastern
To understand the future change in mean carbon in soil in every region across the models, as well
as to get to know which region of Africa have pronounced variation in mean carbon in future.
Figure 4.9 shows the regional soil carbon anomaly across the models. Models suggest an increase
in Africa;s soil carbon content until 2060 when we see a decreasing trend (Figure 4.9). This is
probably due to high-temperature anomalies that occurred in this period (Figure A.3 in appendix)
causing high heterotrophic respiration. Some models suggest small or negligible change in soil
carbon anomaly overtime. This might be due to overestimating the rate at which the soil carbon
is decomposing (Anav et al., 2013) in models that simulate the least carbon in soil. This is visible
in the monthly NEP across the region (Figure 4.4), for example, NorESM1-ME and CanESM2
simulate the least seasonal NEP in future.
Looking at the carbon in vegetation, this thesis ignores the assumption that an increase or decrease
in carbon soil anomaly is due to an increase or decrease in carbon in vegetation anomaly (Cao et al.,
2001). This is because models that simulate high carbon in vegetation anomaly are not necessarily
simulating an increase in soil carbon anomaly. However, the assumption may hold because the
models have different soil layers which this thesis did not consider.
To examine whether surface temperature, soil moisture and shortwave radiation influence future
behaviour of NEP, GPP, Rh, ra, and carbon in vegetation in the models compared to other environmental factors, we assessed the correlation between climate variables with GPP, NEP, Ra, Rh and
cVeg. The Pearson correlation of GPP, NPP, Rh, Ra with surface temperature, soil temperature
and precipitation are stronger than those with soil moisture, shortwave radiation in most models.
Minimal correlation is with soil moisture and shortwave radiation. This could indicate that soil
moisture and incoming short wave radiation play less role in controlling the GPP, NPP, Rh, Ra
and carbon in vegetation in the models (Shao et al., 2013). Thus, the soil moisture and shortwave
radiation have less impact on future carbon cycle of Africa.
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Even though precipitation has significant correlation with GPP (R vary from -0.089 to 0.681) and
NPP (R ranges from 0.020 to 0.680) across the models, the effect is not pronounced as in temperature. This is because the effect of precipitation on primary productivity vary from one region to
another (Wu et al., 2018). That is the correlation significance would have been seen if regional
analysis would have been done, Wu et al. (2018) found that dry regions are susceptible to climate
variation, thus, small change (decrease or increase) in future precipitation has an impact on the
terrestrial ecosystem unlike in wet regions. The future continental net carbon sink and source are
majorly driven by soil temperature, surface temperature, precipitation, however, short wave radiation also has small role (Figure 4.7). We can conclude that soil temperature, surface temperature
and precipitation have a stronger impact on the future carbon cycle of Africa. However, this result
is different from what Shao et al. (2013) which included soil moisture, they determined that soil
moisture influences future carbon cycle in the Amazon.

Figure 4.9: Soil carbon anomaly from 2020 to 2100 based on the five CMIP5 models, showing the
yearly variation in four regions.
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Figure 4.10: The correlation between Net Ecosystem Production with mean annual (a) Precipitation (b) Near surface temperature (c) Incoming shortwave radiation (d) Soil temperature climate
variables indicating how the Africa carbon uptake and releases will vary upon an increase or decrease in the future climate.
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CHAPTER FIVE

5

Planet Simulator Results

From chapter three and four, it is now evident that seasonal monthly precipitation, surface temperature, shortwave radiation influence carbon fluxes either positively or negatively despite the
uncertainty or disagreement across the models. This chapter examine long term influence of precipitation, soil moisture, short wave radiation and surface temperature on future carbon fluxes
and pool using PS and link them back to chapter three and four. First, we shortly describe how
PS simulate future climate variables in section 5.1 and link them to CMIP5 results. we then give
the results of the separate impact of past and future simulated climate and CO2 concentration
on carbon fluxes and pools in section 5.2 and 5.3. Lastly in section 5.4 we represent the results
of the impact of CO2 -vegetation feedback on Africa’s carbon cycle using Planet Simulator. In
this chapter, we expect Planet Simulator to simulate gradual increase in temperature and inter
annual changes in precipitation similar to CMIP5 models (Chapter 4). However, we expect the
PS to overestimate future temperature because we have only used fossil fuel emissions and CO2
concentration as the climate forcing. This is different with CMIP5 models which include radiative
and aerosol forcing among others (Table 3).
On the terrestrial ecosystem, we expect terrestrial ecosystem to change from sink to source. This
is because carbon pools and fluxes are greatly at risk to climate change (Gruber et al., 2004).
Similarly, we expect the terrestrial ecosystem to act more of a carbon sink due to CO2 fertilization
before saturating. Lastly, we expect higher concentration of CO2 in the atmosphere because of
carbon-vegetation feedback. To answer the questions, First, we extracted Africa’s data from the
global data set, thereafter, we assessed time series analysis of the key variables. Also, we performed
correlation analysis to determine how individual environmental drivers influences carbon fluxes and
pools.

5.1

Future Climate and CO2 concentration

Planet Simulator suggest a warming of about 6.72 °C by the end of the 21st century (Figure
5.1). This is 3.72 °C warmer than CMIP5 predictions (Figure 4.1.a) as seen chapter four. The
associated change in surface temperature is linked to transient increase in CO2 concentration and
fossil fuel emissions (Figure 5.3) which enhanced positive feedback. This is probably caused by
climate-CO2 feedback which results in an increase in long wave radiation with increasing CO2
(Figure A.4 Appendix). The projected surface temperature differs between CMIP5 and PS due
to differences in atmospheric forcing (Anav et al., 2013). Planet Simulator uses green house gases
(CO2 ) and fossil fuel emissions as the only climate forcing. Fossil fuel emissions and CO2 are always
associated with warming unlike aerosols which are typically linked to cooling (Anav et al., 2013).
Additionally, PS suggest an increase in Africa’s precipitation by about 128 mm on average (Figure
5.1). Increase in precipitation is caused by increase in evaporation (Figure 5.2). This suggest an
enhanced atmospheric transport of moisture due to convergence over the land surface (Kleidon,
2007) leading to formation of clouds (Figure 5.2). The next part (section 5.2) outlines how these
variables regulates the Africa’s carbon cycle in PS linking the results with the previous chapters.
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Figure 5.1: Simulated change in precipitation (mm/yr) and surface temperature (°C) over the 21st
century. The black line is the Base run with constant atmospheric CO2 concentration without
fossil fuel emission.

Figure 5.2: Simulated change in mean annual total cloud cover and evaporation from 1995 to 2100
with the transient change in atmospheric CO2 in four runs.
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Figure 5.3: The change in atmospheric CO2 concentration as projected in RCP8.5 scenario/emissions, simulated change in CO2 with the changing fossil fuel emissions due to Fertilization/no
fertilization, and simulated change in CO2 due vegetation - CO2 feedback with fertilization effect.

5.2

Carbon cycle response to climate change without CO2 fertilization

GPP respond to inter-annual variation in precipitation (Figure 5.4). Every year of high precipitation correlates to high GPP variation and vice versa (Figure 5.4). This is also evident in chapter
three and four where we see GPP following the seasonal rainfall pattern (Figure 3.7 and Figure
4.5). This indicates a strong coupling between precipitation and GPP. GPP responds positively to
precipitation with Pearson correlation coefficient of R = 0.70. This could be due to adequate soil
moisture availability for plants growth and development increasing green biomass fraction cover
Equation 12 and vegetation production (Cao et al., 2001; Zeng et al., 2005). However, this hypothesis is debatable because in the planet simulator there is nearly no water limited vegetation
making light-limited GPP to be the smallest.
Additionally, GPP responds positively to temperature, however, this is not significant unlike with
precipitation, R = 0.02. This contradict both our expectation and the finding from chapter 4. In
chapter four, we found a significant correlation between GPP with surface temperature (R = 0.7
to 0.9). The expectation was linked to function f(Tsfc ) in Equation 1 which suggest an increase
in photosynthesis with increasing temperature. However, Cao et al. (2001) found that Africa’s
GPP correlates negatively with temperature (R= -0.38). On the other hand, GPP correlates
negatively with incoming shortwave radiation (R= -0.40). This should not be the case based on
Equation 1 (section 2.2.3), we expected GPP to increase with the increasing incoming shortwave
radiation. However, this results is the same with IPS-CM5A-LR and INM-CM4 results where
we found negative correlation (R = -0.5 to -0.8) but different with Nor-ESM-LR, CanESM2 and
MPI-ESM-LR where the correlation was positive (Figure 4.7 d).
Net ecosystem production (NEP) shift from positive to negative until 2045, thereafter, it shift to
positive (Figure 5.6 and Table 5). The negative NEP is because of low precipitation (Figure 5.1) and
increasing temperature in the same period making NPP lower than RH (Table 5). This behaviour
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is also evident in seasonal cycle of NEP (chapters 3 and 4) where the Africa’s regional terrestrial
ecosystem shift from a carbon sink during rainy months to carbon source during months of low
precipitation and vice versa (Figure 3.8 and Figure 4.4). NPP decreased because of soil moisture
limitation on vegetation (Cox et al., 1999) that became water stressed hence reducing photosynthesis (production) (Lunkeit, 2007). Planet Simulator estimates the fraction covered by leaves
(green biomass) either as structurally minimum (fveg,s ) or water limited value (fveg,w ) (Equation
10) (Lunkeit, 2007). fveg,w is estimated from the available soil moisture (Wsoil ) in the PS (Equation
11).
f veg = min(f veg,w , f veg,s )
(10)

f veg,w = f W soil

(11)

where fWsoil is calculated as shown in Equation 12.
f W soil = min(1, max(0,

W soil /W max
)
W crit

(12)

where Wmax is soil depth which depend on biomass, Wcrit is the critical value at 0.25. The
calculation of area covered by the green biomass is motivated by the assumption that plants
become water stressed once the amount of water attains the critical value.
The enhanced NEP after 2045 (Figure 5.6 and Table 5) is due rainfall recovery (Figure 5.1) that
enhanced plant production resulting in an increase in GPP. The climatological mean NEP indicate
that African carbon source reduced from -1.2 GtC yr-1 in 2020 to -0.2 GtC yr-1 in 2095 (Table
5). This is probably due to climate that enhanced the terrestrial ecosystem respiration (Figure
5.8) (Levy et al., 2004). Figure 5.7 show the negative influence of climate on both vegetation and
soil carbon. Carbon in the soil decreased by 495 GtC while carbon in vegetation decreased by 112
GtC in 2095 (Table 5) rather than deceasing by 275 GtC and 109.9 GtC respectively when the
climate effect is constant. Soil carbon reduction is due to higher warming from the CO2 feedback.
Warming triggers the heterotrophic respiration as shown in Equation 4. This confirms our previous
result where we see an increase in heterotrophic respiration with increasing surface temperature
reducing future soil carbon (Figure 4.9). With climate only, NPP (Figure 5.4) does not show a
clear changing trend. The carbon in vegetation decreases gradually then remains constant with
little variation. This slight variation is certainly due to the balance between litter production and
NPP (Figure A.10 Appendix). In the PS, litter production is presumed to be a function of Cveg and
τ veg which is vegetation carbon pool residence time (Kleidon, 2006) (Equation 7). Africa change
from carbon sink to source which persist in the remaining years (Table 5).
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Figure 5.4: : Simulated gross primary production (GPP), surface temperature and precipitation
from 1995 to 2100 without CO2 fertilization.

Table 5: Heterotrophic respiration (Rh), Net primary production (NPP), Soil carbon (cSoil),
vegetation carbon (cVeg) and total carbon in response to climate without CO2 fertilization
Years
and
Variables

NPP (GtC
yr-1 )

Rh
yr-1

1995
2020
2045
2070
2095

8.0
6.6
6.6
6.8
7.0

7.5
7.8
7.0
7.1
7.2

5.3

(GtC

NEP (GtC
yr-1 )

cSoil (GtC)

cVeg
(GtC)

0.5
-1.2
-0.4
-0.3
-0.2

1512
1440
1220
1116
1017

938
854
782
810
826

Total
Carbon
(GtC)
2451
2293
2002
1925
1843

Carbon cycle response to climate and CO2 fertilization

For the CO2 fertilization and climate, we anticipated GPP and positive NEP to increase before
saturating at some point. Figure 5.5 shows a clear increase in GPP due to CO2 fertilization. This is
evident particularly from 2040 where there is more rapid increase in atmospheric C02 concentration
(Figure 5.3) and temperature (Figure 5.1). The CO2 fertilisation factor ’beta’ (shown in Equation
3) increases with transient increase in CO2 concentration. Increase in ’beta’ factor results in an
increase in GPP following Equation 1. As a result, the mean climatological NPP increased from 7.8
GtC yr-1 in 1995 to 9.0 GtC yr-1 by 2095 (Table 6). The early decline in GPP between 1995 and
2030 is due to the drop in terrestrial precipitation (Figure 5.1) combined with stable increase in
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temperature in the same period. This implicates that increase or decrease in precipitation (Figure
5.1) have direct impact on current or future GPP (Figure 5.5). Table 6 indicates that the biosphere
shift from a carbon source of 0.8 GtC yr-1 in 2020 to a carbon sink of 0.6 GtC yr-1 by 2095. Unlike
in the previous section where we see mean climatological carbon source of 0.2 GtC yr-1 by 2095
(Table 1). This definitely leads more carbon in vegetation or soil due to increase in NEP.
Increase in NEP and GPP due to CO2 stimulation lead to an increase in vegetation carbon (Figure
5.7). In turn this lead to an increase in litter production over the years (Figure A.10). Because
soil carbon is a function of litter and heterotrophic respiration as shown in Equation 5 and 6, the
increase in litter production reversed the decreasing trend of soil carbon (Figure 5.7) leading to a
slight increase in soil carbon. The carbon in vegetation increased from 939 GtC in 1995 to 1029 GtC
between 2071 and 2095 while carbon in soil decreased from 1512 GtC in 1995 to 1119 GtC (Table 6).
This suggest that due to CO2 stimulation, Africa to store additional carbon in soil and vegetation
of about 203 and 182 GtC respectively. The decrease in total carbon (Table 6) is linked to losses
of carbon in soil through respiration as ascribed in Equation 4 due to increasing temperature Cox
et al. (2000) despite the fertilization effect. Planet Simulator assumes that heterotrophic respiration
(Equation 4) increase with the increase in surface temperature , with Q10 = 2 (Lunkeit, 2007).
From this section, we conclude that soil carbon continue to decrease as long as surface temperature
increases in future despite the CO2 fertilization. However, the rate of decrease in soil and vegetation
carbon is slightly reduced. As a result of CO2 fertilization, vegetation plays key role by taking
in extra carbon from the atmosphere. This in turn regulates the amount of carbon that is added
in the soil causing carbon sequestration. Therefore, fertilization effect due to CO2 counteract the
negative effect of climate change on carbon cycle. Contrary to what this study expected, the effect
of CO2 fertilization is not going to saturate soon. Figure 5.5 shows an increasing trend of GPP
with increasing CO2 concentration without becoming constant. This also contradicts Cao and
Woodward (1998) whose findings indicated that CO2 fertilization effect saturates once the CO2
concentration exceeds 500 ppmv. Vegetation - CO2 feedback also plays some role on carbon cycle.
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Figure 5.5: Simulated gross primary production from 1995 to 2100 with the CO2 fertilization (Blue
line) compared gpp with No fertilization (Lime line)

Table 6: Heterotrophic respiration (Rh), Net primary production (NPP), Soil carbon (cSoil),
vegetation carbon (cVeg) and total carbon in response to climate and CO2 fertilization
Years/ Variables

NPP
(GtC
yr-1 )

Rh (GtC
yr-1

NEP
(GtC
yr-1 )

cSoil
(GtC)

cVeg
(GtC)

1995
2020
2045
2070
2095

7.8
7.1
6.9
7.8
9.0

7.6
7.8
7.5
7.5
8.4

0.2
-0.8
-0.6
0.3
0.6

1512
1470
1268
1168
1119

939
889
826
892
1029

40

Total
Carbon
(GtC)
2451
2358
2094
2060
2228

Figure 5.6: : The projected variation in net ecosystem production from 1995 to 2100 with the CO2
fertilization (Blue line), No fertilization (Lime line), CO2 - biosphere feedback (Red line) under
RCP8.5 transient change in fossil fuel emissions and atmospheric CO2 concentration.

5.4

Impact of CO2 -Vegetation feedback on carbon cycle

Because of positive feedback between vegetation and atmospheric CO2 concentration, we expected
an extra temperature and CO2 by 2050. An extra CO2 concentration increases ’beta’ factor due
to fertilization effect which in turn increases plant carbon intake. This results in additional carbon
in vegetation, and soil. Figure 3 shows the change in atmospheric CO2 concentration by 2100.
Additional CO2 of about 128 ppmv (Figure 5.3) and additional temperature of about (1°C) is
added in the atmosphere (Figure 5.1). we expected this additional CO2 in the atmosphere to occur
as from 2050, however, it occurred too early. This could be linked to attaining its optimal carbon
absorption rate (Green et al., 2019). However, the sole reason is due to the decrease in net ecosystem
exchange while at the same time fossil fuel emissions increases (Figure A.6 Appendix). This results
in additional carbon into the atmosphere from fossil fuel emissions (Figure A.8 Appendix). Further
warming and increase in CO2 concentration can influence GPP/NPP, Rh and carbon pools as
already seen.
GPP increased slightly overtime (Figure 5.5) due to increase in CO2 (Figure 5.3) which in turn
further stimulate CO2 fertilization effect. Africa’s annual NPP intake increased from 7.2 GtC
yr-1 by 2045 to 9.5 GtC yr-1 by 2095 (Table 7). Notably, Table 7 shows a decrease in mean
annual NPP from 1996 to 2045. This is due to reduction in GPP caused by low mean annual
precipitation (Figure 5.1), decrease in total cloud cover (Figure 5.2), increase in albedo (Figure
A.9) over the same period. Increase in albedo reduces the absorption of f(PAR) (photosynthetically
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active radiation) Kirschbaum and McMillan (2018) by plants particularly at their canopy (Equation
1), hence reducing GPP. Decline in total cloud cover enhanced more shortwave radiation reaching
the earth surface (Kleidon, 2007). As stated earlier in this thesis, GPP correlates negatively with
shortwave radiation (Figure A.7 Appendix). This is similar to the findings in chapter four as stated
earlier where GPP correlated negatively in three out of five models (Section 4.2 Figure 4.7).
Vegetation carbon decrease then increase gradually over the period (Figure 5.7 and Table 7). The
decrease in vegetation carbon is probably due to reduction in soil moisture (Equation 12) that
would have reduced plant vegetation carbon intake through ecosystem water stress (Zhao and
Running, 2010). This mortality of vegetation due to warming or drying is referred to as ’dieback’
by Cox et al. (2000). Thereafter, the vegetation carbon increased to 1069 GtC by 2095. This
translates 40 GtC and 243 GtC more soil carbon compared to with fertilization and no fertilization
effect respectively.
From this section, there exist an extra positive feedback of vegetation cover on increasing CO2
concentration by 2095. This is line with Cox et al. (2000) who found that more CO2 concentration
and increase in temperature is expected because of the positive feedback between vegetation and
CO2 .
Table 7: Heterotrophic respiration (Rh), Net primary production (NPP), Soil carbon (cSoil),
vegetation carbon (cVeg), total carbon and litter in response to vegetation-CO2 feedback
Years/ Variables

NPP
(GtC
yr-1 )

Rh
(GtC
yr-1

NEP
(GtC
yr-1 )

cSoil
(GtC)

cVeg
(GtC)

1995
2020
2045
2070
2095

7.8
7.1
7.2
8.3
9.5

7.6
7.7
7.7
7.9
8.9

0.2
-0.5
-0.5
0.4
0.6

1512
1481
1316
1223
1215

939
892
855
948
1069
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Total
Carbon
(GtC)
2451
2373
2171
2171
2284

Figure 5.7: The projected variation in carbon in vegetation and soil from 1995 to 2100 with the CO2
fertilization effect (Blue line), No fertilization effect (Lime line), CO2 - biosphere feedback (Red
line) under RCP8.5 transient change in fossil fuel emissions and atmospheric CO2 concentration.
The black line is the Base run with constant atmospheric CO2 concentration and without fossil
fuel emissions.
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Figure 5.8: : The projected variation in Heterotrophic respiration from 1995 to 2100 with the CO2
fertilization (Blue line), No fertilization (Lime line), CO2 - biosphere feedback (Red line) under
RCP8.5 transient change in fossil fuel emissions and atmospheric CO2 concentration.
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CHAPTER SIX

6

Discussion

This discussion section focuses on two main parts, first part (section 6.1) gives a detailed possible
explanation of why models simulates carbon fluxes differently in response to change in precipitation,
surface temperature, soil moisture and shortwave radiation. This section focuses on each model
versions separately looking at some important carbon cycle variables. Additionally, we discus
Planet Simulator results linking them to CMIP5, TRENDY and other studies that have been
done. In the second part (section 6.2), we point out the possible limitations in the methods, data,
and models used as well as included possible future recommendations.

6.1
6.1.1

Model results
Dynamic global vegetation models

African seasonal gross primary production (GPP) generally follow the seasonal trend of precipitation and surface temperature from 1986 to 2017. However, the magnitude varies widely depending
on which region of Africa. Despite the difference in magnitude, GPP increases or decreases with the
increase or decrease in regional precipitation. When the rainy season starts we see an increase in
regional GPP which persist up to the peak of the season, thereafter GPP drops with the decreasing
precipitation before starting to increase again in the next precipitation season. This is linked to
plants developing leaves and later starting to shedding off their leaves after the wet seasons. Then
again start to create young leaves which are not strongly photosynthetic active at first. But this
increases fast enough during the rainy months while taking advantage of the available light of the
cloud free dry season.
For the regions with bi-modal rainfall pattern (western, Eastern and Northern), long rainfall plays
a key role in regulating plant production (Figure 3.7 a,c and d). Even though the TRENDY agrees
on GPP seasonal change, there is clear differences in phase separation among the Trendy models.
This could be link to differences in climatologically induced phase separation in photosynthesis
across the models,that is, some models respond first to change in climate than others. This results
in climate induced greening at different time intervals in the models (Myneni et al., 1997). Again
we see that some TRENDY models suggest high GPP even in dry months such June, July, August,
this could be link to soil moisture carry over effects (Wu et al., 2018) from the wet months to the
dry months alleviating the strong decline of GPP in dry seasons.
The DGVMs varies in amplitude and response to seasonal precipitation depending on the region.
In the Northern region of Africa, LPJ-GUESS model response earlier to increase precipitation
than other models in the same region (Figure 3.7.a). This quick response is linked to deeper and
earlier draw down of atmospheric CO2 in the regions growing season (Zhao et al., 2016). GPP
does not reproduce shortwave radiation seasonal cycle in all the regions as seen with the seasonal
precipitation. For example, GPP follows the seasonal short wave radiation pattern in the Southern,
western and eastern while this is not the case in the Northern region (Figure 6.1).
African regional terrestrial net ecosystem production does not follow seasonal precipitation, and
temperature pattern as observed with the plant production except in the Northern and Southern
regions (Figure 3.8). In the Southern region, the models agree that terrestrial biosphere is acting as
carbon source in dry months (April to August) and carbon sink in wet months except JULES that
shows the opposite. This model behaviour is similar to the results found by Zhao et al. (2016).
Zhao et al. (2016) linked this unrealistic carbon uptake in JULES during dry seasons to weak
exponential response of heterotrophic respiration to near surface temperature or soil temperature.
This might lead to less heterotrophic respiration than net primary production in dry months. For
instance, HadCM3LC and HadGEM2-ES which employ latest version of JULES used in TRENDY
v7 managed to produce better seasonal pattern of the carbon fluxes (Collins et al., 2011). This
version of JULES has large seasonal soil temperature with increased temperature sensitivity which
is used in the present version of JULES (Zhao et al., 2016).
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In the western and eastern region which fall within the tropics, there is large uncertainty amongst
the models on when the monthly net ecosystem uptake or release of carbon occurs. Similarly, most
models are out of phase (Figure 3.8 c and d). This could be linked to seasonal migration of the
Inter-tropical convergence zone (ITCZ), the tropical rain belt (Zhao et al., 2016). This uncertainty
can be further linked to other factors such as sparse observation sites for the forcing parameters
such as temperature, and precipitation. Also, tropical terrestrial ecosystem is influenced by the
biomass burning, but three out of five TRENDY models used in this thesis did not incorporate fire
dynamics. For models with fire dynamics, we see the models reproduce a cycle in the terrestrial
ecosystem shift from a carbon source to sink just before the early season of the rains. This carbon
release just before the rainfall season in the tropical could be linked to human being clearing by
burning just before the planting season. This is because majority of people in Africa live in the
Savannah region (Sultan et al., 2005); thus, terrestrial ecosystem carbon intake and release is
affected by human disturbance. Despite this uncertainty, most of the TRENDY models suggest
that the tropical regions of Africa in the past have been taking carbon in a monthly basis.
6.1.2

Earth System Models

There exist uncertainty in CMIP5 in simulating Africa’s terrestrial ecosystem carbon uptake and
release. Just like in DGVMs, CMIP5 disagree on the future African carbon cycle behaviour particularly in the tropics. This disagreement on future carbon projection is evident when the models
disagree on the months in which the terrestrial ecosystem become a carbon source or sink (Figure 4.4) CMIP5 reproduce both Southern and Northern regional GPP response to precipitation
seasonal cycle (Figure 4.5 and 4.6). As stated before in DGVMs, CMIP5 models are able to simulates plants shedding of their leaves leading to low GPP and leaves springing out and maximum
growing rainy season leading to high GPP. Some models like NorESM1-ME suggest African regional terrestrial ecosystem to respond minimally to future seasonal precipitation in all the regions.
This leads to lower net ecosystem production. This is because NorESM1-ME has limited response
to transient change in CO2 concentration (Arora et al., 2013). Similarly, its land surface model
(CLM4) accounts for the terrestrial biosphere nitrogen cycle, making it the only ESM model that
has nitrogen cycling feature (Table 3).
Africa’s future seasonal terrestrial biosphere carbon uptake or releases does not reproduces the
seasonal cycle of environmental drivers just like we have seen in the TRENDY models. In all the
regions, models tends to disagree both in magnitude and when the terrestrial ecosystem act as a
carbon source or sink in future (Figure 4.4). In the southern region, IPSL-CM5A-LR and MPIESM-LR suggest terrestrial carbon intake during low rainy seasons unlike INM-CM4, NorESM1ME and CanESM2 (Figure 4.4.a). This behaviour is unrealistic, because IPSL-CM5A-LR and
MPI-ESM-LR are able to produce the seasonal precipitation cycle. Anav et al. (2013) argued that
this unrealistic behaviour of the model is linked to the overproduction of GPP by land surface
model. IPSL-CM5A-LR uses ORCHIDEE while MPI-ESM-LR uses JSBACH model as their land
surface models (Table 3), these models tend to overestimate GPP. Figure 3.7.a indicates that most
of the dynamic global vegetation model, ORCHIDEE included simulates high GPP during the dry
months. Another possible reason is that JSBACH and ORCHIDEE do not include nitrogen cycling
which often limits carbon uptake during the dry months. Models with carbon-nitrogen interactions
always simulate weaker GPP and NPP response to environmental factors such as precipitation than
those with carbon cycling only (Wu et al., 2018; Friedlingstein et al., 2014; Anav et al., 2013; Shao
et al., 2013). Another possible argument could be that IPSL-CM5A-LR and MPI-ESM-LR do not
have a strong water stress in the dry period (Anav et al., 2013).
Terrestrial ecosystem in the Northern region Africa to act as carbon source between May and
October by the end of the 21st . However, in the tropics (Western and Eastern region) this is not
clear as the models are totally in disagreement and out of phase (Figure 3.8). At first, we linked this
model disagreement to poor simulation of seasonal precipitation within the tropics that made the
models not producing proper GPP seasonal cyle (Anav et al., 2013). Another possibility for this
discrepancy behaviour could be linked to coarse or missing parameterization of land use change,
fire and harvesting (Saleska et al., 2003). This strong disagreement within the tropics was also seen
Anav et al. (2013) work where CMIP5 models were being compared with the global observations.
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6.1.3

Planet Simulator

Transient increase in atmospheric CO2 concentration influences future environmental factors such
as precipitation, temperature, radiative forcing etc. This changes in future climate in turn affects
the biogeochemistry. Biogeochemistry respond to changes in temperature and other climate variables (Peng et al., 2014). For example, CO2 -induced warming lead to an increase in temporal
evapotranspiration which can cause drought in Africa just like in Amazon region (Nepstad et al.,
2004). In this thesis we see that changes in climate have a negative impact on the net primary
production, soil and vegetation carbon.
Climate change affects African carbon cycle negatively, Africa to loose 495 GtC in soil and 112
GtC of vegetation by 2100 (see Chapter 5, section 5.2). Being that this analysis was done for
Africa as a whole, it should be noted that this change in soil and vegetation carbon in Africa
might vary from one region to another due to different climatic zones or weather patterns (section
3.1) and vegetation types (Section 2.1). This thesis finds that Africa to act as a carbon source of
0.2 GtCyr-1 between 2070 and 2095 from a carbon sink of 0.5 GtCyr-1 in 1995 (Table 5). This
implicates that climate change can make an African terrestrial ecosystem to tip from being a sink
to a source (Ciais et al., 2009). However, in Planet Simulator we did not include the effect of land
use change on the surface vegetation and spatial pattern of the land use change emissions. We only
parameterized PS to take CO2 concentration per year from RCP8.5 scenario without the spatial
pattern. According to Houghton and Hackler (2006), land use change due to change in land use
pattern alone caused a carbon release of about 12.8 Gtc from 1850 to present. More carbon (9.8
GtC) was released from vegetation biomass, while 3.8 GtC was released from the soil as a result of
farming. Therefore, we think that if these effects would have been considered in my simulations,
Africa terrestrial ecosystem would have released more carbon depending on RCP scenarios used.
When the effect of CO2 fertilization is considered, we see Africa’s terrestrial ecosystem shift from a
carbon sink to source by 2045 then to sink of about 0.6 GtCyr-1 by 2095. The carbon source we see
in 2020 and 2045 despite the CO2 fertilization is linked to vegetation die back as stated before. This
is visible in the decrease in vegetation carbon in the same period (Table 6). Therefore, despite
the CO2 fertilization, this thesis finds that climate change have negative impact on vegetation
carbon storage which might lead to the reduction in vegetation biomass (Cox et al., 2004). Cox
et al. (2004) determined the vegetation die back to begin from the middle of the 21st in Amazonia.
However, from our PS simulations we found vegetation die back for Africa to occur to early before
the middle of the 21st century. Despite the vegetation ’dieback’ due to climate, its worth noting
that CO2 fertilization plays a key role in African carbon cycle. From this thesis we see that the
CO2 fertilization to some extent reduces the impact of climate on terrestrial ecosystem. Vegetation
carbon increased by 90 GtC (Table 6) due to CO2 fertilization instead of a decrease of 112 GtC
(Table 5) caused by climate change alone. Even though there is a decrease in soil carbon by 297
GtC by 2095, we see an extra carbon in the soil.
On the other hand, vegetation-carbon feedback influence the future change in climate which in turn
influence the bigeochemistry as discussed above. Due to positive feedback between vegetation and
CO2 concentration, we see further increase in atmospheric CO2 concentration, temperature and
precipitation by 2095. We see additional CO2 concentration and temperature of about 128 ppmv
and 1°C respectively in Africa by 2100. Cox et al. (2000) suggested an extra carbon of 250 ppm
and an additional temperature of 2.5°C by 2100 due to vegetation-CO2 positive feedback. The
simulated CO2 concentration exceeds the RCP8.5 scenarios in future due to vegetation feedback.
This increase in CO2 is due to the decrease in NEE while the fossil fuel emissions is constantly
increasing (Figure A.6 Appendix).
This results in additional carbon in the atmosphere. We see that as atmospheric CO2 further
increase, the fertilization effect increases leading to more carbon stored in vegetation and reducing
the negative influence of climate by reducing the soil carbon decreasing trend. This findings
contradicts Cox et al. (2000); Woodward and Lomas (2004), they found that as CO2 increase the
terrestrial biosphere carbon decreases because the direct effect of CO2 fertilization saturates at
some point while soil respiration continues to increase with temperature. However, in this study
there is no evident of photosynthetic saturation at high CO2 due to the fertilization effect, what
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we see is an increasing trend in terrestrial carbon and increase in heterotrophic respiration due to
increase in temperature. Climate change affect soil carbon regardless of CO2 fertilization effect
(Figure 5.7). These makes soil carbon through heterotrophic respiration a critical component of the
carbon cycle (Anav et al., 2013). Particularly the tropical carbon where there is high uncertainty
across the models (Gruber et al., 2004).

6.2

Limitation and Recommendations

Normally, the results of every study are subjected to own limitations. This section focuses on
limitations due to data used in this study (section 6.2.1). Then limitation due to simplicity of
the Planet Simulator (section 6.2.2). Then shift to limitations as result of CMIP5 and TRENDY
models formulations (section 6.2.3). In every section I equally give the possible recommendations
for future research.
6.2.1

RCP scenarios

This thesis used RCP8.5 scenarios as forcing in Planet Simulator and experiment for CMIP5 models,
however, there are other RCP scenarios. Each scenario has its own protocol, for instance, in RCP8.5
used in this thesis assume that cultivated land to increase to 185 million ha from 2000 to 2050, then
another increase of about 120 million from the mid century will be experienced. Contrary, RCP4.5
assume that climate change to occur from 2006 until the end of the century under stabilization
and mitigation scenarios whereby radiative forcing is is considered to stabilize at about 4.5 Wm-2 .
Land used for pasture, wood harvesting and crops is considered to increase gradually until 2050 for
bio-energy, and food use assuming population increase. Then after 2050 the forested areas increase
due to decline in crop and pasture areas. With this variation in RCP scenario protocol, I believe
different RCP scenario will give different results particularly in vegetation-CO2 feedback and the
seasonal magnitude of carbon fluxes to climate. However, the sensitivity of the Africa’s carbon
cycle to remain the same. Therefore, it will be very interesting to carry the same research for
the CO2 -vegetation feedback with at-least two RCP scenario. Maybe terrestrial biosphere might
behave differently hence taking more carbon from the atmosphere unlike in RCP8.5 where we found
that NEE to reduce in future.
6.2.2

Stomatal conductance

As stated earlier, Planet Simulator is a model of intermediate complexity, therefore, the formulations of terrestrial vegetation, climate processes are in most case simplistic, thus, other essential
details are not included unlike in DGVMS and ESMs. Planet Simulator does not continuously
simulate surface/stomatal conductance over the land surface. However, Planet Simulator only simulate surface/stomatal conductance under water stress conditions (Lunkeit, 2007). This means that
there is no impact of the stomatal conductance on land surface productivity and evapotranspiration. This result to the PS simulating a continuous increase in evapotranspiration with increasing
atmospheric CO2 concentration (Figure 5.2). Previous studies Cox et al. (2004) using HadCM3LC
and Kleidon (2007) using improved Planet Simulator showed a decrease in evapotranspiration with
increasing CO2 concentration. Normally, when CO2 increases, stomata closes at high CO2 concentration hence suppressing evaporative cooling and amplifying warming which in turn affect the
biogeochemistry. Unfortunately our model did not include stomata parameterization such that
the vegetation surface continue to transpire water regardless of the amount of CO2 concentration.
Stomatal conductance controls how the model simulates evaporation, surface energy balance, solar
radiation, cloud cover and precipitation (Kleidon, 2004). Therefore, I believe that in the next
research, the simple stomatal conductance parameterization should be incorporated in the Planet
Simulator. Another factor that should be considered, is the inclusion of other carbon pool emitting
processes/factors such as insect, land use change (human), and or wildlife disturbances. Another
crucial factor that maybe considered is future is the nutrients availability in the model, nutrients
availability might interfere with the results regardless of the environmental factors. For example,
the effect of CO2 fertilization effect and increase in temperature may not be pronounced when
nutrients are too low in a region.
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6.2.3

Limitation in plant Functional types (PFTs)

Another limitation in this thesis particularly in the TRENDY and CMIP5 models that might
have lead to discrepancies among the models is the representation of the PFTs. Some models
such as CLM5.0, LPJ-GUESS, ORCHIDEE, NorESM1-ME have a significant high number of
land classification with 17, 26, 15, 15 PFTs compared to CanESM2, MPI-ESM-LR, INM-CM4.0,
JULES and SDGVM with smaller number of PFTs. This difference in land cover types across
the models can lead to variation in plant functional processes linked to parameter settings such as
carbon transfer and allocation rates amongst carbon pools. This might contribute different among
the models depending on the number of PFTs (Wullschleger et al., 2014). Additionally, each of
these models have different ways of representing anthropogenic and natural disturbance such as
croplands, harvesting, fire, grazing and land use changes. Even though the simulated climate is
the key drivers of the carbon cycle in the models. This differences in PFTs and representations
approaches might have different impact in the model leading to different results. The results would
have been different if the whole models could have nearly the same number of PFTs. Therefore, It
would be interesting to use models with nearly the same number of PFTs. Additionally, DGVMs
have dynamic vegetation, as a result their land cover tend to adjust to climate which tend to
influence carbon calculations. This might influence the results, particularly when trying to interpret
the role and impact of environmental factors such as precipitation which is considered to be highly
uncertain.
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7

Conclusion

This thesis aimed at providing a comprehensive insight into the influence of past and long-term
variations in environmental factors on African carbon pool and fluxes. First, we analysed the
climatological seasonal response of carbon fluxes to past and present environmental factors such as
precipitation, surface temperature and shortwave radiation based on the TRENDY V7 (Dynamic
global vegetation models). This analysis provided the state-of-art response of the African carbon
fluxes to present past and present climate. Next, we examined how simulated seasonal carbon cycle
respond to simulated future climate based on CMIP5 (Earth system models). Then we investigated
the influence of long-term climate change, increase in atmospheric CO2 concentration and fossil
fuel emissions on African carbon fluxes and pools using Planet Simulator (Earth system model
for intermediate complexity). On the same note we investigated the impact of CO2 -vegetation
feedback on African carbon cycle.
Our analysis indicate that the present seasonal pattern of the African carbon fluxes varies regionally
depending on the regional seasonal pattern of the environmental factors (Figure 3.4). The primary
driver of the seasonal GPP in all the four regions is precipitation. Most models were able to simulate
GPP that reproduce precipitation seasonal cycle (Figure 3.7). However, seasonal temperature
variation which seems to be controlled by the precipitation cycle equally had some role in regulating
the terrestrial ecosystem production. In the Southern and Northern region, terrestrial seasonal
carbon in take were majorly controlled by precipitation. Such that the Southern region acted as
a carbon source in dry months and a carbon sink in wet months (Figure 3.8.a). The same trend
happen in the Northern region. However, the western and eastern region terrestrial ecosystem
carbon intake and release do not entirely follow the precipitation seasonal cycle (Figure 3.8.c and
d). This implies that apart from environmental factors, there exist other factors such as land use
change, deforestation, fires that regulates tropical ecosystem carbon intake and release and were
not included in my analysis.
As seen in TRENDY models, future GPP follows the seasonal cycle of the environmental factor
across all the four regions. Regional terrestrial ecosystem carbon uptake and release is mainly
driven by low and high precipitations (Figure 4.5 a and b, Figure 4.6. a and b). In future,
regional terrestrial ecosystem to act as carbon source in dry months and carbon sink in wet months.
With the increasing temperature, soil carbon to decrease further due to increase in heterotrophic
respiration. Notably, there is high discrepancies amongst CMIP5 models particularly in the tropical
region, the models tends to disagree on which months the tropical region become a source or a sink
(Figure 4.4). With some models indicating that the Western and eastern region to act as a carbon
source while others indicate sink all through the century.
Climate change, increase in CO2 concentration have an impact on vegetation variation and composition. Climate influence African terrestrial ecosystem negatively. This means that due to warming
African to act as a carbon source of 0.2 GtC yr-1 by 2095 from carbon sink of 0.5 GtC yr-1 . Soil
carbon is anticipated to decrease by 495 GtC while carbon in vegetation to decrease by about 112
GtC. However,increase in CO2 stimulates vegetation production through the fertilization effect,
this effect to some extent reduces the negative impact of climate on future African carbon cycle.
We see reduction in soil carbon decreasing trend and extra carbon (90 GtC) is accumulated in the
vegetation (Figure 5.7). Therefore, were it not for the fertilization effect we would have lost more
soil and vegetation carbon by 2100. But again, despite the role of CO2 in minimising the impact
of climate, at some point, CO2 enhances stomata closure hence amplifying regional warming or
drying. This results in reduction in vegetation carbon before increasing again as seen between 2020
and 2045 (Figure 5.7 and Table 6 and 7). Therefore, we can say that climate still poses a great
threat on future African carbon cycle, especially on the soil carbon which continue to decrease
despite the CO2 fertilization effect.
On the other hand, we project more atmospheric CO2 (128 ppmv) and further increase in temperature of (1°C) due to vegetation-CO2 positive feedback. This means that with the increase of fossil
fuel emissions, by 2050 the biosphere will no longer take as much carbon as it is taking now leading
to the accumulation of CO2 concentration (Figure 5.3). Therefore, we expect the vegetation to
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take a small fraction (low NEE) of the increasing carbon emitted through fossil due to emissions
leaving a bigger fraction not taken by plants (Figure A.6 Appendix). As a consequence, more
carbon will continue to build up in the atmosphere. This will further have an either a positive
or negative impact on African carbon. In general, this thesis indicated that seasonal pattern of
the environmental factors dictates future behaviour of the carbon fluxes. climate change might
make Africa shift from a carbon sink to carbon source. However, if CO2 concentration increased
considerably, Africa to act as a carbon sink in future due to the fertilization effect because the
fertilization effect minimises the negative impact of climate. The fertilization effect to continue
up to the end of the 21st century before reaching saturation point even though contradicts other
studies. Soil carbon remains the most vulnerable component of the African carbon cycle.
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Appendix

Figure A.1: State of art simulated mean annual carbon in the soil from 1986 to 2017..

Figure A.2: The correlation between Gross Primary Production with Precipitation
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Figure A.3: Calculated regional tempearture anomaly from 2020 t0 2100
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Figure A.4: Simulated incoming long-wave radiation due to increase in fossil fuel emissions and
CO2 from 1995 to 2100.
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Figure A.5: Seasonal monthly climatology of net ecosystem production from 1986 to 2017 for four
different regions of Africa, a. Southern, b. Northern, c. Eastern, d. Western
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Figure A.6: Simulated net ecosystem exchange (NEE) and RCP8.5 fossil fuel emissions from 1995
to 2100.
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Figure A.7: The correlation between shortwave radiation and gross primary production

61

Figure A.8: Projected change in additional carbon in the atmosphere due to decrease in NEE and
increase in fossil fuel emissions from 1995 to 2100.
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Figure A.9: Simulated surface albedo indicating years of high Albedo and low albedo from 1995 to
2100.

Figure A.10: : The projected variation in net ecosystem production from 1995 to 2100 with the
CO2 fertilization (Blue line), No fertilization (Lime line), CO2 - biosphere feedback (Red line)
under RCP8.5 transient change in fossil fuel emissions and atmospheric CO2 concentration.
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Figure A.11: Simulated monthly seasonal climatology of shortwave radiation and GPP from 1986
to 2017.

Figure A.12: Calculated regional soil moisture anomalies based on future simulated soil moisture
by five ESMs until the 21st century for every region of Africa (a) South, (b) North, (c) West, (d)
East.
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Appendix: Earth system models climate Forcing

Table 8: Overview of the CMIP5 Models climate forcing.The forcing information is obtained from
http://www.cesm.ucar.edu/CMIP5/forcingi nf ormation/
Abbreviation
GHG
LU
VI
Nat
Ant

Oz
SS
Ds
BC
MD
OC
AA
SO
sA
SD
S1
Sl

C

Forcing description
well-mixed greenhouse gases (CH4,CO2 ,N2O)
land-use change
volcanic aerosol
natural forcing (a combination, not explicitly defined here, that
might include, for example, solar and volcanic)
anthropogenic forcing (a mixture, not explicitly defined here, that
might include, for example, well-mixed greenhouse gases, aerosols,
ozone, and land-use changes).
ozone (= tropospheric and stratospheric ozone)
Sea salt
Dust
Black carbon
mineral dust
organic carbon
anthropogenic aerosols (a mixture of aerosols, not explicitly defined here)
stratospheric ozone
anthropogenic sulfate aerosol direct and indirect effects
anthropogenic sulfate aerosol, accounting only for direct effects.
solar irradiance
anthropogenic sulfate aerosol, accounting only for indirect effects

Appendix: Earth System Models Descriptionn

CanESM2 is the current generation of the Earth system model that has succeeded in the first
generation (CanESM1) (Christian et al., 2010). The CCCMA (Canadian Centre for Climate Modelling and Analysis) developed the model. The model has a horizontal resolution of approximately
2.81 degrees in each of its atmospheric component grid cells. Its terrestrial carbon cycle makes
use of CTEM (Canadian Terrestrial Ecosystem Model) to simulate terrestrial carbon. Soil organic
carbon and litter (dead pools), root, stem, and leaves (live vegetation pools) support the terrestrial
biosphere carbon for all the PFTs.
INM-CM4.0, this is a coupled world climate-carbon model that encompasses the global carbon cycle
and interactive vegetation (Wu et al., 2013). Its atmospheric component has a horizontal spectral
resolution of about 2.8125°×2.8125°, with 26 vertical sigma levels of the atmosphere. It has a land
surface component that includes 25 Plant Function Types, including crop and natural vegetation.
Each grid cell in the land component can accommodate a maximum of four PFTs. It can efficiently
simulate the physiological and biochemical processes such as respiration and photosynthesis of the
vegetation, carbon loss as a result of mortality and turn over vegetation as described by (Arora
et al., 2013).
IPSL-CM5A-LR, this is new generation ESM developed by the Institute Pierre Simon Laplace. Its
atmospheric and land components have a latitudinal and longitudinal resolution of about 3.61.5°.
The model has 39 vertical sigma coordinates of the atmosphere (Peng et al., 2014). It makes use
of the ORCHIDEE land component, which assists in simulating processes of carbon allocation, soil
carbon dynamics, photosynthesis, litter decomposition, phenology, growth, and maintenance for
about 13 different PFTs (Dufresne et al., 2013).
NorESM1-ME is the recent version of the NorESM (carbon cycle model), which uses CCSM4
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(the latest version of the Community Climate System Model). The model is managed by the
National Center for Atmospheric Research (Tjiputra et al., 2012). NorESM1-ME adopts the different components in its physical parts. They include the atmospheric component that utilizes the
CAM4-Oslo model, which is an improved version of NCAR (National Centre for Atmospheric Research) atmospheric community model. The second component is the oceanic part, which employs
HAMOCC5 (the Hamburg Oceanic Carbon Cycle). Lastly, the land component uses the CLM4
model (Community Land Model version 4), which is lately produced under the CLM model family
(Lawrence et al., 2012).
MPI-ESM-LR is a coupled carbon cycle model, which combines the land surface, ocean, and
atmosphere through the exchanging of carbon dioxide, momentum, water, and energy. It has
three components, each using a different model. The atmosphere component uses ECHAM6;
ocean component uses MPIOM, terrestrial biosphere component uses JSBACH, and lastly, oceanic
biogeochemistry uses HAMOCCC (Giorgetta et al., 2013).
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