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Abstract

The problem of air pollution has a long history, which probably dated back to
the beginning of human existence. In addition to its local and regional impact,
such as its effect on human health, and damage to vegetation including agricultural
crops, infrastructure and other historical artefacts, and its reduction of visibility, air
pollution is also a global problem because pollutants can be transported far away
from their source region, and the ability of photochemical pollutants to influence
the radiative balance of the earth, thereby causing climate change.

Air pollution emitted in Africa is from biomass burning, emissions from vegeta-
tion and soil, lightning, and anthropogenic emissions. The atmospheric trace species
emitted from these sources include NOy, CO, methane (CH4) and non-methane or-
ganic compounds (VOCs). Emissions of these trace species significantly affect tro-
pospheric chemistry and lead to the formation of tropospheric ozone, which is a
greenhouse gas with atmospheric radiative forcing of 0.35 (0.25-0.65) W/m? (IPCC
ARA4, 2007). Africa intricate meteorological patterns and high concentrations of OH
radical, makes the continent a region of intense mixing, transport and photochem-
istry. This thesis therefore investigates the global and regional impact of each of the
Africa emission categories, by quantifying the magnitude, the seasonality, the inter-
annual variability and assessing the dynamics of transport of primary and secondary
air pollutants due to African emissions.

This study employs the 3-D global chemistry climate model ECHAM5-MOZ,
which provides a consistent link of the chemistry calculation (MOZART2 tropo-
spheric chemistry) to the parameterisation of the dynamics and the physics of the
ECHAMS5 model. This thesis presents the first evaluation of the ECHAM5-MOZ
model, and it shows that the ECHAM5-MOZ model is both able to simulate the
magnitude and the seasonality of ozone and surface CO concentrations worldwide,
with a general bias of less than 30 ppbv for ozone. As a contribution of this work to
the ECHAMS5-MOZ development, the MEGAN biogenic emissions was implemented
into the ECHAM5-MOZ model. The global annual emissions estimated by MEGAN
are about 488 Tg(C) /yr for isoprene, 172 Tg(C) /yr for terpenes, 41 Tg(C)/yr for CO
and 175 Tg(C)/yr for other non-terpene VOCs.

The transport of idealized tracers in the ECHAMS5 model is rather similar across
various model resolutions (T21L19, T42L.19, T42L31, T63L31 and T106L31), ex-
cept that large differences occur when there is a change in the vertical resolution or
lifetime of the artificial tracers, or when the model is forced towards ERA40 meteo-
rology. The T42L31 resolution gives very similar results to the other finer horizontal
resolutions with the same vertical levels, although the ECHAMS5 model climate sim-
ulations give better results at higher spatial resolutions (Roeckner et al., 2006). The
use of ERA40 data only slightly affect the meridional and vertical transport of trac-
ers at the surface and the tropopause, whereas it increases the inter-hemispheric and
vertical transport of tracers in the stratosphere by about 10% — 150% and a factor
of 2.5, respectively.
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The model studies indicate that the surface ozone concentration may rise by
up to 50 ppbv in the burning region of Africa during the biomass burning seasons.
Biogenic emissions yield between 5 ppbv and 30 ppbv increase in the near surface
ozone concentration over tropical Africa. The impact of lightning on surface ozone
is negligible, while anthropogenic emissions yield a maximum of 7 ppbv increase in
the annual-mean surface ozone concentration over Nigeria, South Africa and Egypt.
The results show that biogenic emissions are the most important African emission
source affecting total tropospheric ozone worldwide, due to the combined effect of
intense convection on biogenic isoprene and methanol emissions, and their reaction
products, which increases the upper troposphere ozone concentrations. The influence
of each of the African emissions on the global tropospheric ozone burden (TOB) of
384Tg yields about 9.5 Tg, 19.6 Tg, 9.0 Tg and 4.7 Tg for biomass burning, biogenic,
lightning and anthropogenic emissions emitted in Africa respectively. The impact of
each of these emission categories on African TOB of 33 Tg is 2.5 Tg, 4.1 Tg, 1.75 Tg
and 0.89 Tg respectively, which together represents about 28% of the total TOB
calculated over Africa, indicating that more than 70% of the tropospheric ozone
produced by each of the African emissions is found outside the continent, thus
exerting a noticeable influence on a large part of the tropical troposphere. Apart
from the Atlantic and Indian Ocean, Latin America experiences the largest impact
of African emissions, followed by Oceania, the Middle East, Southeast and south-
central Asia, northern North America (i.e. the United States and Canada), Europe
and north-central Asia, for all the emission categories.



Chapter 1

Introduction

1.1 What is air pollution?

Air pollution is a broad term, and the following definitions describe its utilisation
in this thesis:

e Air pollution is the contamination of the atmosphere by the discharge of emis-
sions of undesirable substances and gases, or the formation of these gases
from the emissions by chemical reactions in the atmosphere. This definition
can be found in the glossary of the department of Environment and Conser-
vation, Environmental Protection Authority, New South Wales, available at
http://www.epa.nsw.gov.au/soe/95/28. htm.

e Air pollution is the presence of substances in the atmosphere, particularly those
that do not occur naturally. These substances are generally contaminants that
substantially alter or degrade the quality of the atmosphere. The term is often
used to identify undesirable substances produced by human activity, that is,
anthropogenic air pollution. Air pollution usually designates the collection of
substances that adversely affects human health, animals, and plants; deteri-
orates structures; interferes with commerce; or interferes with the enjoyment
of life. This definition is from the glossary of the American Meteorological
Society, available at http://amsglossary.allenpress.com/glossary /.

The first definition identifies primary and secondary pollutants. The primary
pollutants are emitted directly into the atmosphere, while the secondary pollutants
are formed by the chemical reactions involving the primary pollutants. Examples
of primary pollutants include nitrogen oxides (i.e. NOy = NO + NO,), volatile
organic compounds (VOCs) and carbon monoxide (CO). Tropospheric ozone (O3)
and peroxy acetyl nitrate (PAN) are good examples of photochemically produced
secondary air pollutants (Seinfeld and Pandis, 1998).

In the second definition, the impact of air pollution is clearly elucidated. It also
links air pollution with human activity. Energy is consumed by various human
activities, and as long as this energy is derived by fossil-fuel combustion, rise in air
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pollution will remain the natural consequence of increasing energy use. However, the
adoption of clean energy technology, such as hydrogen fuel, solar and wind energy,
can abate this consequence.

1.2 Historical perspective on Air pollution

The history of air pollution probably dated back to the beginning of human existence.
During the stone age, the cavemen invented fires in their poorly ventilated cave,
causing indoor air pollution. For example, Mummies from Egypt and other places
have been found with signs of anthracosis! and other respiratory disorders (e.g.
Bernard Shaw, 1938; Brothwell et al., 1969; Walker et al., 1986; Pabst and Hofer,
1998), which may be related to exposure to open fires.

In the thirteenth century, shortly after the introduction of imported coal in Lon-
don, the problem of air pollution caused public reaction (Brimblecombe, 1975).
Despite this initial dispute, coal shortly afterwards became an alternative source of
fuel, in place of firewood and charcoal, due to rise in the prices of firewood. This
change to coal for domestic and industrial purposes engendered air pollution on an
urban scale. By the end of seventeenth century, London air quality had greatly
deteriorated (Brimblecombe, 1976) and anti-air-pollution sentiments became popu-
lar (Brimblecombe, 1978a, and references therein). The industrial revolution that
began in England and later spread throughout part of Europe in the eighteenth and
nineteenth century also resulted in urbanisation. Former rural dwellers moved to
urban centres in search of factory work. These industrial advancement and urban-

isation gave rise to an increase in environmental pollution (Brimblecombe, 1976,
1978b, 1992).

A particularly bad smog (mixture of smoke and fog) episode, termed as “London
smog” in 1952, caused by sulphur and soot emissions from bituminous coal burning
for heating and industrial purposes led to about 4000 deaths in approximately one
week (Wilkins, 1954; Bell et al., 2004). Also in the 1960s, another type of smog,
caused by high concentrations of secondary air pollutants (ozone, organic nitrates
and aldehydes) was observed in the Los Angeles area. This was dubbed “summer
smog” or “Los Angeles smog” and resulted in respiratory illnesses and significant
decrease in crop yields (Haagen-Smith, 1964). This “summer smog” later became a
serious problem all over Europe.

Although the governments and local authorities of the developed countries, espe-
cially Europe, have responded to the problem of air pollution by regulating pollutant
concentrations or emission levels, as demonstrated by the successful reduction of SO4
and surface sulphate concentrations in Europe (Mylona, 1996; Boucher et al., 2002)
and the decreasing trends in NOy, CO, benzene concentrations and particulates in
urban areas due to catalyst-equipped vehicles and anti-lead fuels, the problems of air

lalso known as black lung, anthracosis is defined as the accumulation of carbon in the lungs
from inhaled smoke or coal dust by The American Heritage Stedman’s Medical Dictionary, 2nd
Edition 2004 by Houghton Mifflin Company.
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pollution still persists (e.g. Solberg et al., 2005). For example, most densely popu-
lated urban regions of the world still exceed the U.S. National Ambient Air Quality
Standard (NAAQS) and European ozone exposure limit (Benton et al., 1995; Lin et
al., 2001; De Leeew and De Paus , 2001; Chan et al., 2003). Moreover several devel-
oping countries, such as China and India, are currently experiencing rapid economy
growth, which results in rising energy consumption, high coal dependency, growing
traffic of vehicles and increasing urbanisation, all of which increases pollutant emis-
sions (International Energy Outlook, 2006) and subsequent formation of secondary
air pollutants. The recent developments in Africa have also led to severe air pollu-
tion problems in parts of the continent. The specific nature of African air pollution
and its historical perspective will be discussed in Section 1.4.

In addition to its local and regional impact, such as its effect on human health,
its corrosive effect on building and other historical artefacts, damage to plants and
agricultural crops, and its reduction of visibility, air pollution is also a global problem
due to their inter-hemispheric and long-range transport by the wind (e.g. Li et al.,
2002; Hudman et al., 2004), and the ability of secondary photochemical pollutants
to influence the radiative balance of the earth (Chalita et al., 1996; Naik et al., 2005;
Dentener et al., 2005), which results in climate change (Wang et al., 1980; Hansen
et al., 2002).

1.3 The global nature of air pollution

1.3.1 Global distribution of sources

The major classification of pollutants is based on their sources, and their two broad
categories include anthropogenic and natural sources. Anthropogenic emissions oc-
cur as a result of day-to-day human activities connected with industry, transporta-
tion, mining, construction, and domestic life in the household (such as cooking and
heating). Natural sources include volcanic, lightning, and all biogenic emissions from
living vegetation, soil, termites, and the digestive tracts of animals. Biomass burn-
ing is a special category of sources, categorised as savanna, forest and agricultural
waste burning. It consists of both human-made and natural fires.

The estimate of global emissions of CO, NOy, CH; and non-methane
volatile organic compounds is about 664 Tg(C)/yr, 52 Tg(N)/yr, 598 Tg(C)/yr and
571 Tg(C)/yr, respectively according to IPCC TAR (2001).

1.3.2 Air pollution and tropospheric chemistry

The lowest 6-15km of the earth atmosphere, known as the troposphere, is like a
chemical reactor in which trace species emitted into the atmosphere from various
sources are transported by winds and turbulence, chemically processed and con-
verted into products. Many tropospheric reactions are induced by solar ultraviolet
(UV) radiation reaching the troposphere. The complex reactions involving VOCs,
CO, NOy and other emitted trace species, are initiated through the oxidation by
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the hydroxyl (OH) radical (Levy II, 1972; Thompson, 1992; Kley, 1997). OH rad-
icals are formed through the photodissociation of tropospheric ozone by solar UV
radiation, aided by water vapour (H20), according to Reactions (R1) and (R2).

O3+ — O('D) + 0, (R1)
O('D) +H,0 — 20H (R2)

where hv is a photon of wavelength, A < 320 nm.

OH does not react with the major constituents of the atmosphere, such as No,
02, CO2 and H2O. However, it is the major tropospheric sink for many trace species.
Therefore, the resident times and spatial distribution of tropospheric trace species
are largely determined by their reactivity with OH and by the OH spatio-temporal
distribution. Besides the primary source of OH in the troposphere through photolysis
of tropospheric ozone (Reaction R1 and R2), OH is also recycled and regenerated
in the polluted atmosphere.

(CO,CH4, VOCs) + OH — --- 4+ HO, (R3)

where Reaction (R3) represents a generalised description of the oxidation of carbon
monoxide, methane and other non-methane VOCs.

Tropospheric ozone is central to the chemistry of the troposphere, due to its role
as OH precursor and its influence on the oxidation capacity of the atmosphere. It is
also a greenhouse gas (Wang et al., 1980; Chalita et al., 1996; Hansen et al., 2002)
with atmospheric radiative forcing of 0.35 (0.25-0.65) W/m? (IPCC AR4, 2007), due
to its ability to absorb solar and infrared radiation. Close to the boundary layer,
high ozone concentrations in the air also affect human health (e.g. Peden, 2001;
Desqueyroux et al., 2002; Mortimer et al., 2002) and damage vegetation, including
agricultural crops (e.g. Mauzerall and Wang, 2001; Oksanen and Holopainen, 2001).

Transport from the stratosphere was long thought to be the dominant source
of ozone in the troposphere (e.g. Junge, 1962; Danielsen, 1968). However, in the
early 1970s, Crutzen (1973) and Chameides and Walker (1973) suggested that the
dominant source of tropospheric ozone is by photochemical oxidation of CO and
hydrocarbons (HC), catalysed by NOy and HOy (i.e. OH + HOs). Since then, sev-
eral studies using global budget analysis (e.g. Fishman, 1985), scaling of precursor
emissions (Liu et al., 1987), aircraft observations (Jacob et al., 1996) and models
(Fishman and Crutzen, 1978; Crutzen, 1994; Miiller and Brasseur, 1995; Roelofs and
Lelieveld, 1995; Wang et al., 1998a) all agree that a substantial amount of tropo-
spheric ozone concentration is due to photochemical production in the troposphere.
Using separate tracers for ozone produced in the stratosphere and different regions of
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the troposphere, Wang et al. (1998b) show in a model study that the contribution of
transport of ozone from the stratosphere to ozone concentrations in the troposphere
is about 30% at mid-latitudes in winter, 10% in summer, and 5% in the tropics.

Photochemical production of ozone is linked to the presence of NOy emitted from
various sources, through the reactions:

NO; +hs — NO+O(P) (R5)
OCPP)+0:+M — O (R6)

where hv is a photon of wavelength, A < 420 nm and M is any atmospheric molecule
to which the excess energy produced is transferred. Through Reactions (R4)—(R6),
a fast photochemical cycle is established between NO and NOs. The efficiency of
ozone formation depends critically on the NO/NOs ratio. Tropospheric chemistry
becomes much more complex when CO, methane and VOCs reactions are included
(Finlayson-Pitts and Pitts, 1997; Kley, 1997; Seinfeld and Pandis, 1998; Brasseur
et al., 1999) due to the possibility for several reaction pathways, depending on the
concentrations of reactants and the condition of the atmosphere (especially, the
amount of radiation and humidity).

The increase in NOy, VOCs and CO emissions has led to a worldwide increase
in tropospheric ozone concentrations. This increase has been observed globally over
the past century (Fishman and Crutzen, 1978; Logan, 1985; Bojkov, 1986; Volz and
Kley, 1988; Anfossi et al., 1991; Crutzen, 1995). Specifically, the reconstructed data
of ozone concentrations show more than two-fold increase in ozone concentrations
over the entire troposphere of Europe (Anfossi et al., 1991; Staehelin et al., 1994).
Presently, mean surface ozone concentrations measured in the remote areas of the
world (about 30 — 40 ppbv) are between two to three times higher than those mea-
sured in the pre-industrial times (about 10 — 15 ppbv) (Volz and Kley, 1988). Per-
haps even more meaningful is the fact that peak ozone concentration at Montsouris
never exceeded 40 ppbv, while concentrations well above 200 ppbv were frequently
measured in Los Angeles and Mexico city in the 1970s and 1990s respectively.

1.3.3 Transport of air pollution

Most tropospheric trace species are not homogeneously distributed. This is because
they have spatially inhomogeneous sources. Also, they have different atmospheric
resident times, which is determined by how fast they are oxidized by OH, O3 or
NOgs. The atmosphere also transports and mixes trace gas constituents at various
time scales. Transport times in the troposphere are governed by wind speeds, small
and large scale turbulence, planetary wave action and slow residual circulations
(Mahlman, 1997).

Inter-hemispheric exchange is achieved in about 1 to 2 years, meridional transport
across latitude belts takes months, and zonal transport in bands of constant latitudes
is achieved in about 2 weeks. Vertical mixing can occur in as long time as 1 month, or
in as short time as 1 hour, when deep convection is active, and boundary layer air is
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lifted to the upper troposphere. Pollutants are also affected by advective transport,
which leads to export and import of species emitted far away (e.g. see Schultz and
Bey, 2004). Hence the impact of the species can be felt farther from their region of
emissions or formation, thereby making air pollution a global problem.

The similarity of oxidation and transport time scales leads to the connection
between transport and chemistry (Kley, 1997). Due to this connection and the com-
plexity of tropospheric chemistry, chemistry transport models are needed to simulate
the inter-dependency of trace gas emissions, concentrations and their chemical reac-
tions. Models also represent the only way to assess how perturbations in emissions
or from climate change might affect the atmospheric chemical composition and air
pollution. However, models need to be evaluated in order to test their ability to
correctly predict the distributions of atmospheric trace species. The global nature
of air pollution and summary of this section is represented in the schematic diagram
in Fig. 1.1.

) FREE
TROPOSPHERE

BOUNDARY
LAYER

Figure 1.1— Schematic of air pollution, chemical transformation and transport processes related
to atmospheric trace species. These processes link the atmosphere with other components of the
Earth system, including the oceans, land, and terrestrial and marine plants and animals. Picture is
taken from the US Climate Change Science Programme website http://www.climatescience.gov/.
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1.4 Air pollution in Africa

1.4.1 Air pollution history and future changes in Africa

Economic and industrial development in Africa is much slower than in other parts
of the world (UNIDO Industrial development report, 2004, 2005). The World Bank
World Development Indicators (2006) indicate that about 44% of African popula-
tion live on less than 1 USD per day in 2003. Agriculture is the principal source
of employment and income for most poor people in Africa, therefore emissions of
atmospheric trace species in Africa are mostly from natural and agriculture-related
sources.

Despite the slow economy, rapid urbanisation occurred in some regions of Africa,
for example Nigeria, caused by rural-urban migration due to a combination of factors
serving as incentives to migrants, which include social amenities, industry, schools
and health-care facilities (Afolayan, 1985). Lagos, Nigeria population has increased
from 1.7 million in 1975 to about 10.9 million in 2005, and it is projected to become
the first and the eleventh most populous city in Africa and the world, respectively by
2015 (UN World Urbanization Prospects, 2005) with about 16 million inhabitants.
This high population density resulted in high emissions (e.g. Baumbach et al., 1995).

Farmers clear agricultural land in preparation for planting season (i.e. the onset
of wet season). These include clearing forest and brush land, conversion of forests
to agricultural and pastoral lands, and removal of bush and litter. The residues are
typically burnt in open fires or used as firewood. In its most general form, biomass
burning is the burning of living and dead vegetation. It includes human-initiated
burning of vegetation for land clearing and land-use change as well as natural and
lightning-induced vegetation burning.

Repeated burning modifies the nutrient balance of soils, especially through the
process of pyrodenitrification (Crutzen and Andreae, 1990). Over longer time peri-
ods, fires may also result in partial or complete destruction of vegetation, through
landscape disturbance and impact on soil nutrients. Biomass burning, agriculture,
land-use change, deforestation and population dynamics are therefore closely linked
in a complex and non-linear interaction (Ojima et al., 1994; Hugh and Lambin,
2000; Hunter, 2000). For example, fires affect vegetation cover, and land-use changes
driven by human need for agricultural extension and other human activities result
in deforestation (Houghton, 1994), but deforestation directly influences available
biomass for burning. Deforestation also influences the spontaneous propagation of
fires, due to landscape fragmentation (Hugh and Lambin, 2000). Therefore quan-
tifying the spatio-temporal distribution of the amount of trace gases and aerosols
emitted during biomass burning is difficult and complex (Hao and Liu, 1994). The
UNDP reported that the African continent lost more than 53 000 km? of its virgin
forest in the 1990s, apart from the regular savanna burning.

Studies on air pollution over Africa did not become popular until after the dis-
covery of the influence of African biomass burning emissions on tropospheric ozone
in the 1970s (e.g. Crutzen et al., 1979). Long before then, research on fire in Africa
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focused on the ecological and management aspects, with little or no thought given to
the regional and global atmospheric implications of emitted trace species from fires
(e.g. see Charter and Keay, 1960; Hopkins, 1963, 1965). The large-scale impact of
African fires first became clear from the satellite data obtained from the Total Ozone
Mapping Spectrometer (TOMS) and the Stratospheric Aerosol and Gas Experiment
(SAGE) between 1979 and 1989 (Fishman and Larsen, 1987), when the tropospheric
data show a well-defined maximum of ozone of more than 45 DU over large part of
central Africa during September and October (Fishman et al., 1990). Since then,
many field experiments and campaigns have been carried out in Africa in order to
quantify the enormous amount of trace species emitted by African biomass burning
and to understand their transport and impact on tropospheric chemistry. The major
international field experiments on the African continent are listed in Table 1.1.

Although, African anthropogenic emissions are currently much lower than those
in other parts of the world, this may change in the future, due to industrial ad-
vancement, transfer of old technologies from western world and continued increase
urbanisation. On the other hand, biomass-burning emissions may be reduced as a
result of firmer legislation on bush burning and improvement in the dissemination
of information regarding health and climate implications of bush burning.

1.4.2 Main sources of air pollution in Africa

Biomass burning and natural sources dominate emissions in Africa, while the emis-
sions of industrialised countries are mainly anthropogenic in origin. This is due to
higher energy consumption and industrial activities in industrialised countries than
in Africa. For example the total energy consumed by the OECD countries? in the
year 2003 is about 56% of the total energy consumed by the world, despite that
these countries are just 18% of the world population (International Energy Outlook,
2006). Natural emissions in Africa are mainly from vegetation and soil, lightning
NOy emissions. Africa contributes a significant amount to the global emissions from
these three sources, while emissions from fossil fuel combustion are important only
on the regional scale.

Biomass burning is a leading source of air pollution in the tropics (Crutzen and
Andreae, 1990; Hao and Liu, 1994). Presently, Africa is responsible for about 40% of
biomass burning activities occurring globally (Crutzen et al., 1979; Andreae, 1991;
Hao and Liu, 1994; Helas et al., 1995a; Schultz et al., in review). Human activi-
ties are the primary source of African biomass burning emissions and they include
savanna, forest and agricultural waste burning (Crutzen and Andreae, 1990). The
large variation observed in biomass burning emissions is driven by the “slash and
burn” agricultural practices that take place during the dry seasons — late Novem-

2Organisation for Economic Cooperation and Development (OECD) countries include United
States, Canada, and Mexico, Austria, Belgium, Czech Republic, Denmark, Finland, France, Ger-
many, Greece, Hungary, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Poland,
Portugal, Slovakia, Spain, Sweden, Switzerland, Turkey, and the United Kingdom, Japan, South
Korea, Australia, and New Zealand.
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Table 1.1— Major African campaigns and experiments conducted to understand the complex
interaction of emissions (biomass burning, biogenic and aerosols) and tropospheric chemistry

Acronym Place and Duration References

TROPOZ* 1 West Africa (WA), Dec. 11-22, 1987 Jonquieres et al. (1998)
TROPOZ I1 WA, Jan. 9-Feb. 1, 1991

DECAFE Congo, Central Africa, Feb. 1988 Fontan et al. (1992)
FOS/DECAFE? Cote d’ Ivoire, WA, 1991 Lacaux et al. (1995)
SAFARI-92¢ South Africa (SA), Sept.—Oct., 1992 Lindesay et al. (1996)
TRACE-A“ Fishman et al. (1996)
SA’ARI-94¢ SA, May 1994 Helas et al. (1995b)
EXPRESSOf Central Africa, Nov.—Dec., 1996 Delmas et al. (1999)
Aerosols99 Cruise from Norfolk, Virginia Bates et al. (2001)

(USA) to Cape Town (SA)
Jan.—Feb., 1999
SAFARI-2000 Lusaka, Zambia, Aug.—Sept(1999,2000) Swap et al. (2002, 2003)

SHADQOZY Kenya, SA and Benin, 1998 (ongoing) = Thompson et al. (2003a,b)

MOZAIC* Major African cities, 1997 — 2004 Marenco et al. (1998)

*TROPOZ: TROpospheric OZone experiment.

YFOS/DECAFE: Fire of Savannas/Dynamique et Chimie Atmosphérique en Forét Equatoriale.
°SAFARI: Southern Africa Fire-Atmosphere Research initiative.

ITRACE-A: Transport and chemistry near the Equator-Atlantic.

°SA’ARI: Southern African Atmosphere Research Initiative.

’EXPRESSO: EXPeriment for Regional Sources and Sinks of Oxidants.

ISHADOZ: Southern Hemisphere ADditional OZonesondes.

"MOZAIC: Measurement of OZone and water vapour by Airbus In-service airCraft.

ber to early March in the northern hemisphere (NH), and July to October in the
southern hemispheric (SH) part of Africa (Marenco et al., 1990).

African biomass burning exerts large influence on tropospheric chemistry
(Crutzen and Andreae, 1990; Andreae, 1993; Helas et al., 1992, 1995a; Marufu et al.,
2000). For example tropospheric ozone data obtained from ozone sondes, launched
over a 2-year period at Brazzaville, Congo show a maximum of 45 DU between July
and September during the fire season in southern Africa (Cros et al., 1992; Nganga
et al., 1996). The climatological analysis of MOZAIC data over equatorial Africa
also shows elevated ozone throughout the whole troposphere (Sauvage et al., 2005).

Transport of African biomass burning emissions has been observed to influence
tropospheric ozone concentrations over the southern Atlantic Ocean (Roelofs et al.,
1997),and over the tropical South Pacific (Schultz et al., 1999; Staudt et al., 2002).
The latter found that southern Africa and South America make comparable contri-
butions to the long-range transport of biomass burning pollution to the southern
Pacific Ocean, from a global chemical model interpretation of Pacific Exploratory
Mission-Tropics A (PEM-Tropics A, Hoell et al., 1999) observations. Chatfield et
al. (1998, 2002) show the role of African biomass burning emissions in causing el-
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evated CO concentrations over the tropical southern Atlantic and Pacific ocean; a
feature they referred to as “great African plume” and “subtropical global plume”.
The spatial scale of the transport of biomass burning plumes observed extends over
approximately 10000 km, making it a planetary-scale phenomenon.

The tropical region has maximum lightning activity. Africa is located in the
tropical region, therefore substantial amount of global lightning activity occurs over
Africa. Lightning produces NOy, mostly in the middle to upper troposphere (Ridley
et al., 1996; Pickering et al., 1996; Lamarque et al., 1996; Pickering et al., 1998;
DeCaria et al., 2000), where it has longer lifetime and greater ozone production
potential than in the lower troposphere (Liu et al., 1987; Pickering et al., 1990).
However, the uncertainty of tropical lightning NOy is particularly large, because
tropical thunderstorms are the least well characterized.

Vegetation emits a wide range of VOCs (Kesselmeier and Staudt, 1999), including
isoprene and terpenes, which are the two most important (Fehsenfeld et al., 1992;
Guenther et al., 1995, e.g. ). Biogenic VOCs can have a significant impact on
tropospheric chemistry as soon as they are released into the air, because of their high
reactivity. They lead to the production (or destruction) of ozone in high (or low)
NOy conditions (Wang and Shallcross, 2000; Tie et al., 2003). African rainforest
and savannas occupy an area of about 2 million and 10 million km?, respectively
(Achard et al., 2002). Although, the rate of deforestation of virgin rainforest in
Africa is about 0.43% per year (this represents 8500 km?/yr), the results of global
biogenic VOCs emissions from vegetation calculated by Guenther et al. (1995) shows
that Africa remains one of the main source regions of biogenic emissions. This is
because tropical plants have high biomass and are strong emitters of biogenic VOCs.

Anthropogenic emissions occurring in Africa are driven by emissions from trans-
portation in the large cities (e.g. Lagos, (Nigeria) and Cairo (Egypt)), industrial
activities in the few industrial regions of the continent (e.g. the Highveld region
of South Africa, and the Niger-Delta in Nigeria), and gas-flaring (e.g. flares from
Libya and the ever-burning flares across the entire Niger Delta region of Nigeria).
The aggregate of these three classes of anthropogenic emissions in almost the same
region of the continent makes their regional impact substantial.

1.4.3 Factors influencing the export of air pollution from Africa

The tropical region is a photochemically active region of the atmosphere, due to
the combination of high concentrations of water vapour and solar radiation, which
lead to the highest OH concentrations worldwide. In combination with this, Africa
intricate meteorological patterns, also make the continent an interesting region for
intense mixing, transport, and chemistry.

The known dynamical processes at play in Africa include deep convection, ad-
vection, monsoon flow, Africa easterly jet (AEJ), tropical easterly jet (TEJ) and
anti-cyclones. These processes control the distribution, formation and deposition
of atmospheric trace species in Africa. Deep convection is very intense in Africa
(Figure 1.2). It causes trace species emitted at the surface to be transported into
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Figure 1.2— Convective cloud over west African region on December 3, 2005. Picture taken by
A. M. Aghedo.

the upper troposphere and the stratosphere.

Monsoons are macroscale phenomena, occurring as a result of the differential
heating of the land and the ocean, latent heat release into the atmosphere, plan-
etary rotation, and land surface characteristics of the continents (Webster, 1987).
Xue et al. (2004) show that exchange of water and energy between vegetation and
atmosphere is also one of the important mechanisms governing the development of
monsoon, especially the West African and east Asian monsoon. The West African
monsoon is a synoptic flow from the south to the west in May through October (e.g.
Adefolalu, 1983), extending from the surface to pressure levels around 700 hPa.

The African easterly jet (AEJ, also known as the West African jet) is a westward
propagating, synoptic-scale disturbance over West Africa from June to early Octo-
ber, with a period of 3-5 days, a wavelength of about 20004000 km (Piersig, 1936;
Regula, 1936; Hubert, 1939; Carlson, 1969; Burpee, 1972). The wave is located be-
tween 700 — 600 hPa, with a maximum at around 600 hPa (Burpee, 1972; Reed et al.,
1977; Cook, 1999). These waves propagate across the tropical North Atlantic Ocean
often reaching the Caribbean and even the eastern Pacific. These waves have been
recognized to contribute to the initiation of tropical storms and hurricanes not only
in the Atlantic and the Caribbean (e.g. Riehl, 1954; Frank, 1970; Landsea, 1993)
but also in the eastern Pacific basin (Avila and Pasch, 1992).

The Tropical Easterly Jet (TEJ) is located higher up in the troposphere at around
100 — 200 hPa. It covers 5-20°N, and extends from South China across Southern Asia
to Northern Africa, in June through September (Koteswaram, 1958; Flohn, 1964).
The TEJ is much stronger than the AEJ, with a maximum speed of about 40 m/s
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over India, which decreases to about 10m/s over Africa (Krishnamurti, 1971a,b). It
has been linked to the meridional thermal gradient, which settles over the Tibetan
highlands and the Indian Ocean during the southwest Asian monsoon circulation. It
exhibits high inter-annual variability (e.g. Kobayashi , 1974; Tanaka, 1982). Recent
studies show a decreasing trend in the strength of TEJ (e.g. see Rao et al., 2004;
Sathiyamoorthy, 2005). A good review on the description, formation and influence
of TEJ on Sahel rainfall is provided in (Hulme and Tosdevin, 1989). The arrival of
TEJ is coincident with the onset of the monsoon over Africa and Asia.

During the north-African dry seasons (October — April), north Africa is under
the influence of the northeasterly winds referred to as Harmattan, which carries the
Saharan dust over to the western Africa, the tropical Atlantic and the gulf of Guinea.
The Harmattan wind is met by the southwesterly trade winds at the Inter-tropical
convergence zone (ITCZ). The ITCZ shifts from its equatorial position during the
dry season to around 10-12°N during the wet season.

The southern Africa region located between the Atlantic and Indian Oceans, is
influenced by the large-scale subsidence occurring between the Hadley and Ferret
cells of the southern hemisphere general circulation (Newell et al., 1972). Apart
from this, the region is also being affected by large-scale recirculation of air, occur-
ring over southern Africa south of 10°S (e.g. see trajectory analysis by Pickering
et al., 1994) due to anticyclones. This circulation of air may also occur locally over
individual countries, e.g. South Africa (Annegarn et al., 1993; Held et al., 1994).
Specifically, Garstang et al. (1996) show that during the NH summer, five anti-
cyclonic modes can be used to describe the horizontal transport out of southern
Africa, while three major levels of stable discontinuities persist vertically at around
3, 5 and 8km respectively. These vertical stability layers limit vertical mixing and
transport. The 3 km stable layer often experiences breakage by passage of westerly
waves, hence it occurs on and off, whereas the 5 km layer is the most persistent of all
the stable layers. The horizontal anticyclones spatial scales vary from few hundreds
to thousands of kilometres. On exit from the anticyclones, atmospheric species pre-
viously trapped within the cyclone can be transported over the Atlantic ocean by a
semi-stationary easterly wave, or by the westerlies to the east into the Indian Ocean.
Diab et al. (1996) show the influence of this circulation on the distribution of ozone
data collected during SAFARI-92.

In contrast to western and southern Africa, the eastern Africa circulation is
slightly different due to the influence of topography and the proximity of the In-
dian ocean. The Arabian and Mascarene anticyclones, with East African low-level
Jet (EAJ, popularly known as Somali Jet) (Findlater, 1969, 1972, 1974) prevail over
eastern Africa. The Eastern Africa and Malagasy mountains have been shown to
constitute an important factor in the evolution of EAJ (Krishnamurti et al., 1976).
The EAJ originates from South Indian Ocean in form of southeast trades, crossing
the tips of Malagasy mountain in Madagascar. Their typical speed is 5-10 m/s.
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1.5 Scope and contents of this thesis

This thesis aims at investigating the global impact of air pollution emitted in Africa.
It quantifies the magnitude and characterises the seasonality, the inter-annual vari-
ability and the dynamics of transport of primary and secondary air pollutants due
to African emissions. Due to the global nature of pollution impact, this work is car-
ried out with a global three-dimensional (3D) model, which encompasses a detailed
general circulation model of the atmosphere and a chemistry transport model. The
thesis is structured in the following way:

Chapter 2 provides the description of the global 3D general chemistry climate
model (ECHAM5-MOZ) employed in this study.

Chapter 3 presents the contribution of this PhD work to model development by
the implementation of the model of biogenic VOCs emissions (MEGAN) into
ECHAMS5-MOZ. The results of a study on the influence of climate on biogenic
VOCs emissions are also presented in this chapter.

Chapter 4 offers a detailed evaluation of ECHAM5-MOZ by comparing the simu-
lated tropospheric ozone and CO to measurement data.

Chapter 5 gives the results of the sensitivity analysis of the transport patterns
in ECHAMS5. The sensitivity study presents the results involving nine global
tracers “emitted” at various latitudinal and vertical levels of the atmosphere.
Sensitivity of transport of tracers to variation in model resolution, driving
meteorology and lifetime of tracers is tested.

Chapter 6 presents an investigation into the influence of African air pollution.
The regional and global impacts of biomass burning, biogenic, lightning and
anthropogenic emissions were simulated in series of model simulations, and are
discussed here together with some estimates of uncertainty.

Chapter 7: This chapter contains the summary and conclusions. The main findings
of the thesis are highlighted.

The work presented in Chapter 5 is being prepared for submission to a peer-review
journal, while the study described in Chapter 6 has been published in Atmospheric
Chemistry and Physics.
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Chapter 2

The global chemistry climate
model ECHAMS5-MOZ

The 3-D global chemistry climate model ECHAMS5-MOZ is part of the Max Planck
Institute, Hamburg Earth System Model (ESM) and consists of the 3-D global gen-
eral circulation model (GCM) ECHAMS5 (Roeckner et al., 2003) into which the tro-
pospheric chemistry of the chemical transport model (CTM), MOZART?2 (Horowitz
et al., 2003) has been implemented. The surface ultraviolet (UV) albedo was adapted
from Laepple et al. (2005). The ECHAM5-MOZ model also includes a dry and wet
deposition scheme, and interactive calculation of lightning NOy and biogenic VOC
emissions. This chapter presents a brief description of the ECHAMS5-MOZ model,
the full description of the model and its sensitivity to different emission inventories
and driving meteorology can be found in Rast et al. (in prep.)!. Figure 2.1 shows the
schematics of the ECHAM5-MOZ model. In addition to this gas-phase chemistry
module MOZ, a multi-model aerosol scheme HAM has also been developed by Stier
et al. (2005) as part of the Hamburg ESM. Recently, HAM and MOZ were coupled
together to form the HAMMOZ model (Pozzoli, 2007).

2.1 Model description

2.1.1 Atmospheric dynamics

The dynamical core of ECHAMS solves prognostic equations for vorticity, diver-
gence, logarithm of surface pressure and temperature expressed in spectral coeffi-
cients. The vertical axis uses a hybrid terrain-following sigma-pressure coordinate
system (Simmons and Burridge, 1981). The model uses a semi-implicit leapfrog time
integration scheme (Robert et al., 1972; Robert, 1981, 1982) with a special time fil-
ter (Asselin, 1972). Details of the physical parameterisations including radiation,

'Rast, S., Schultz, M. G., Aghedo, A. M., Diehl, T., Rhodin, A., Schmidt, H., Stier, P.,
Ganzeveld, L. and Walters, S.: Sensitivity of a chemistry climate model to changes in emissions
and the driving meteorology, in preparation.
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Physics of ECHAMS

MEGAN:
biogenic emissions
(CO and VOCs)

Advective tracer
fransport

1 |

Vertical Diffusion

Soil, aircraft, ocean
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emissions Atmospheric
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Figure 2.1— Schematics of the ECHAM5-MOZ model. ECHAMS transports the trace species
and calculates meteorological variables such as temperature and humidity. The MOZART2.4 tro-
pospheric chemistry accepts emissions as inputs and calculates the concentration of trace species.
Deposition, lightning NOx and all emissions are as shown.

surface processes such as heat and water budget, gravity wave drag, cumulus con-
vection, stratiform cloud formation, orbit variations, and subgrid scale orography
can be found in Roeckner et al. (2003).

ECHAMS5-MOZ (just as ECHAMS5) can be run as a coupled ocean-atmosphere
model or in an atmosphere-only mode. It can also be run in various horizontal res-
olutions such as T42 (~2.8°x2.8°), T63 (~1.9°x1.9°) and T106 (~1°x1°) using 19
or 31 o-hybrid vertical levels and standard ECHAMS5 time steps. The time step de-
pends on both horizontal and vertical resolutions; for L.19, it is 30, 20 and 10 minutes
while for L31, it is 20, 12 and 6 minutes for T42, T63 and T106 respectively. The
effect of varying model resolutions on simulated climate in ECHAMS is described in
Roeckner et al. (2006). The sensitivity of transport of tracers in ECHAMS5 to model
resolution and forcing meteorology is discussed in Chapter 5.
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2.1.2 Chemistry scheme

The ECHAMS5-MOZ model uses the MOZART?2 tropospheric chemistry scheme,
consisting of 63 transported species and 168 chemical reactions. The details of the
chemical species, reactions, kinetic equations and the chemistry solver are described
in Horowitz et al. (2003). As in the original MOZART model, the ECHAM5-MOZ
chemical reaction scheme is flexible due to the MOZART2 pre-processor that pro-
duces machine dependent optimised (e.g. vectorized and parallelized) code for a
specific set of user-defined reactions. An implicit Euler method is applied for the
integration of the kinetic non-linear differential equations for most of the species.
The ECHAM5-MOZ model employs a consistent link of the chemistry calculation
with the parameterisation of the dynamics and the physics of the ECHAMS model.

2.1.3 Tracer transport and deposition

Tracers in ECHAMS5-MOZ undergo advective and convective transport, vertical dif-
fusion, dry and wet deposition, and chemical reactions in the atmosphere. The
advection of tracers is based on a mass conserving flux-form semi Lagrangian trans-
port scheme (Lin and Rood, 1996) on a Gaussian grid (Arakawa C-grid, Mesinger
and Arakawa (1976)). Convective transport is parameterised according to the mass-
flux algorithm of Tiedtke (1989) with modifications proposed by Nordeng (1994).
ECHAMS5-MOZ extends the vertical diffusion equations of ECHAMS to include the
net flux of tracers at the earth’s surface (e.g emission and dry deposition). The dry
deposition is according to the scheme of Ganzeveld (2001). The wet deposition is
based on the wet deposition scheme of Stier et al. (2005), with modifications for
below-cloud scavenging for species like HNOg3 using the model described in Seinfeld
and Pandis (1998), page 1003. This dynamical wet deposition scheme takes into
consideration the solubility of the tracers and the possibility of the release of trace
gases into the atmosphere by re-evaporation of precipitation.

2.2 Emissions

The ECHAMS5-MOZ model needs gridded emission data for NOy, CO and non-
methane VOCs. Emissions are either calculated interactively within the model (as
in the case of lightning and biogenic VOC emissions) or supplied as globally-gridded
files.

2.2.1 Biogenic emissions

The ECHAM5-MOZ model contains an interactive online calculation of species emit-
ted from vegetation according to the Model of Emissions of Gases and Aerosols from
Nature (MEGAN) (Guenther et al., 2006). The species calculated by MEGAN in-
clude isoprene, terpenes, carbon monoxide, methanol, formaldehyde, acetaldehyde,
acetone, propene, ethane and ethene.
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The description of the MEGAN module, its implementation and the estimated
emissions flux in the present-day, past and future climate is provided in Chap-
ter 3. Other biogenic emissions from soil and termites, which are not calculated by

MEGAN are prescribed as gridded fields.

2.2.2 Lightning emissions

ECHAMS5-MOZ includes interactive lightning NOy emissions according to the pa-
rameterisation of Grewe et al. (2001). The lightning frequency is calculated as a
function of the mean updraught velocity in a convective column. The mean up-
draught velocity is resolution dependent, because it depends on the size of the grid
boxes. Therefore, the parameterisation contains one freely adjustable global factor
that accounts for the grid-box dependency. The NOy emissions are proportional to
the calculated flash frequency and are distributed vertically in the atmosphere using
C-shaped profiles for tropical and extra-tropical continental and marine clouds as
described in Pickering et al. (1998). This parameterisation yields global lightning
emissions of about 2.7 Tg (N)/yr in ECHAM5-MOZ. Over Africa, total lightning
emissions are about 0.7 Tg (N)/yr.

The lightning NOy emissions is directly proportional to the lightning flash
frequency.  Figure 2.2 shows the comparison of total lightning flashes (i.e.
cloud-to-ground (CG) and intra-cloud (IC) flashes) calculated by the ECHAMS5-
MOZ model with Lightning Imaging Sensor (LIS) and Optical Transient Detec-
tor (OTD) data (Boccippio, 2002; Christian et al., 2003), available for free at
http://thunder.nsstc.nasa.gov/. Figure 2.2 compares the seasonal climatology of the
flash frequency calculated by the ECHAM5-MOZ model in 1991-2000 to LIS/OTD
data in 1995-2005. Figure 2.2 shows that the seasonal distribution of the lightning
flashes is well captured by the ECHAM5-MOZ model. The model slightly overesti-
mates the magnitude of the lightning flash frequency over the tropical Pacific and
Indian Ocean, and over the western Sahel region.

2.2.3 Other emissions

Other emissions besides lightning and biogenic emissions are not calculated interac-
tively within ECHAMS5-MOZ. These emissions are therefore prescribed as globally
gridded files. Usually the ECHAM5-MOZ model reads emission files once per month.
However, the frequency at which the files are read depends on the time resolution of
the emission files. ECHAMS5-MOZ also provides the possibility of switching off all
interactive emissions, and using prescribed emissions only. Aircraft and fire emis-
sions are injected into ECHAMS5-MOZ at various model heights, while surface emis-
sions are introduced as a flux boundary condition in the vertical diffusion routine of
ECHAMS.
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ECHAMS-MOZ [Flashes/km*2/day] - JFM LIS/OTD [Flashes/km*2/day] - JFM

Figure 2.2— The comparison of the seasonal climatology of the total lightning flashes (IC+CG)
calculated in ECHAM5-MOZ (left) in 1991 — 2000 with LIS/OTD data (right) of 1995-2005.
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2.3 Conclusion

The ECHAM5-MOZ model has been briefly described in this chapter. Based on
its combination of the full dynamics of the ECHAMS5 GCM and the tropospheric
chemistry of MOZART2, ECHAM5-MOZ provides a good model architecture for
studying and assessing the global impact of emissions occurring at any given location,
and it is one of the few existing models to allow for the assessment of climate-
chemistry interactions.
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Chapter 3

MEGAN: Biogenic emissions
from vegetation in

ECHAMS-MOZ

3.1 Introduction

The Model of Emissions of Gases and Aerosols from Nature (MEGAN) was devel-
oped at the Biosphere-Atmosphere Interaction research group of the Atmospheric
Chemistry Division, National Center for Atmospheric Research (NCAR) by Guen-
ther and co-workers (see http://bai.acd.ucar.edu/) . MEGAN replaces the global
volatile organic compounds (VOCs) model released in 1995 (Guenther et al., 1995).
The MEGAN model is designed for simple implementation into regional and global
models.

The version 1.0 of MEGAN can calculate emissions of 52 atmospheric trace
species from vegetation. These species consist of isoprene, 27 terpenes (which are
lumped together), 23 non-terpene VOCs, and carbon monoxide (CO). Isoprene, ter-
penes, CO and 7 non-terpene VOCs, which include acetaldehyde (CH3CHO), ace-
tone (CH3COCHj3), ethane (CoHg), ethene (CoHy), formaldehyde (CH20), propene
(CsHg), and methanol (CH3OH), are currently implemented in the MEGAN module
of ECHAMS5-MOZ. The remaining 16 non-terpene VOCs that are not included in
the MEGAN implementation altogether represents about 10% of the global biogenic
VOCs emissions. The global isoprene emissions calculated by MEGAN and their
sensitivity to various driving variables are presented in Guenther et al. (2006).

The emissions of isoprene, terpenes, CO and other VOCs from the terrestrial
vegetation are of great significance for the chemistry of the troposphere, in particular
in the tropical region. This chapter presents the present-day emission flux estimated
by MEGAN in ECHAM5-MOZ. As these emissions are temperature and radiation
dependent, one may expect significant impacts from global warming. We therefore
investigate the changes in emissions under the climate conditions of the past and
the future.
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The current version of MEGAN does not account for changes in the vegetation
types and their distribution due to the influence of climate change. This feedback
is nevertheless important and some of the results presented here may change if this
feedback is considered. For example Sanderson et al. (2003) shows that the increase
recorded in isoprene emissions from 1990s to 2090s reduces by about 39 Tg/yr (from
736 Tg/yr to 697 Tg/yr) when vegetation change is taken into account. However,
Constable et al. (1999) modelled the independent and combined influence of simu-
lated changes in temperature, CO49 concentration and vegetation distribution due to
climate change (caused by doubling CO4 concentration) on biogenic VOC emissions
over the United States. They show that the increase recorded in biogenic VOC
emissions due to increase in COy concentration is balanced by the decrease in bio-
genic VOC emissions due to the decline in area covered by vegetation classes which
emit VOCs at higher rates. In their conclusion, they state that “the total annual
U.S. VOC emission in the future climate scenario differs little from that predicted
by temperature alone”. Lathiére et al. (2006) show in a model study that land use
change (depicted by an artificial scenario of tropical deforestation) could result in
about 29% decrease in global isoprene emissions and about 22% increase in global
methanol emissions.

The implementation of MEGAN in ECHAM5-MOZ is presented in Section 3.2,
while the model simulation set-up is described in Section 3.3. The present-climate
emission rate estimated by MEGAN is discussed in Sections 3.4, estimations of past
and future emissions are presented in Section 3.5. Section 3.6 discusses the influence
of meteorology on biogenic emissions. The conclusion is given in Section 3.7.

3.2 MEGAN implementation in ECHAMS5-MOZ

The description in this section follows the MEGAN documentation. MEGAN cal-
culates the emission rate, E of a trace species, s from a terrestrial ecosystem to the
atmosphere at a specific location and time as:

Es =¢5 - Vs * Ps (31)

where ¢ (in pug (C)m=2h~!) is the emission factor at standard atmospheric condi-
tions. The standard atmospheric conditions include leaf area index (LAI) of 5, and
a canopy with 80% mature, 10% growing and 10% old foliage; environmental condi-
tions include air temperature of 303 K, photosynthetic photon flux density (PPFD)
of 1500 gmolm~2s~! at the top of the canopy, humidity of 14 g/kg, wind speed of
3m/s and soil moisture of 0.3 m3/m3. All vegetation types at the location and time
are classified into six plant functional types (PFTs) in MEGAN. These PFTs are
broadleaf trees, fineleaf evergreen trees, fineleaf deciduous trees, shrubs, crops and
grass. Grass includes other ground cover such as forbs, serges and mosses. The
emission factor, € therefore represents the weighted average emission factor of the
six PFTs at a certain location (i.e. grid-box). The activity factors, v and p account
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for changes in emissions due to deviation from the standard atmospheric conditions.
The activity factor, v accounts for changes in vegetation canopy (i.e. LAI and leaf
age), while p accounts for the influence of changes in temperature and solar radiation
on the emission flux of the species.

There are two types of 7. Type 1 (1) is for isoprene, while type 2 (72) is for
other species. v is defined as:

0.49 A
vy = (W) - (0.01 b, + 0.5%y + i + 0.331,) (3.2)

Where A is the LAI, and v are dimensionless factors, which depend on the canopy leaf
age. The subscripts n, g, m and o represent new, growing, mature and old leaves
respectively. The canopy is divided into age groups depending on the differences
between the LAI of the current month (\;) and the previous month (A,). If A =
Ap, then ¥, = 1 and ¢, = ¢y = ¥, = 0. If \c < Ay, then ¢, = 9, = 0, ¥, =
(Ap - Ac )/ Ap and 1y, = 1 — 1, In the final case where A\c > A, ¢, = 1, and y,,
g, and 1, is determined based on the number of days after bud-break required to
induce isoprene emissions, t; and the number of days after bud-break required to
reach peak isoprene emission rates, t,, as:

1= M/ ift<t
Y= (n) 1—§—§> i 1>t

0 ift <t

g:{<%><1_i‘\—’c’> if t >t
Ap/Ae if t <t
wm={k_i+(t—ttm)(1_§_ﬂ) it >ty

where

v is calculated from:
T2 =T (3.3)

There are also two types of p, based on the assumption that emissions of some
trace species such as isoprene are controlled by temperature and radiation, while all
the others (e.g. terpenes) are primarily influenced by temperature. Type 1 (p;) is
used for isoprene, while type 2 (p2) is used for all other species. p; is defined as:

_ 452 - 70" 121ap 24
pr= <200—70(1—e2005’3)> ‘ T+ a2 32 (34)
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where 8 (in gmolm~—2s7!) is the PPFD (also called the photosynthetically active
radiation, PAR), @ = 0.001, and x in Equation (3.4) is calculated from:

where R = 0.00831 kJ/(molK) is the universal gas constant, T,,, = 317K and T
(in K) is the air temperature directly above the canopy. The PPFD, 3 is the total
photon flux in the 400 to 700 nm wavelength band. It is approximated from the
incoming short wavelength solar radiation (GSW), w (in W/m?) by assuming that
half of GSW is in the 400 to 700 nm wavelength band, and a conversion factor of
4.766 (pmolm~—2s~! per W/m?), that is:

B =w x 4.766 x 0.5

p2 is given by:
p2 = exp|k(T — 303.15)] (3.5)

where £ = 0.09 K~!. Note that for standard atmospheric conditions, v and p are
equal to 1.0.

The quantity € is provided as global annual-average gridded data within MEGAN.
There are three such files for isoprene (g;), terpenes (¢;) and other non-terpene VOCs
(en) respectively. The emission activity, v is supplied as global monthly-average
gridded data. These global gridded data are supplied in 1° by 1° resolution. The air
temperature above the canopy, T needed in MEGAN is assumed to correspond to
the temperature at the lowest model level in ECHAMS5-MOZ. The incoming short
wavelength solar radiation is calculated in the ECHAMS5 radiation module as:

w = Wt — Wr (36)

where w; is the net solar radiation (code 176 in ECHAMS5), and w, is the reflected
solar radiation (code 204 in ECHAMS5). Note that w, is negative in sign, therefore,
Equation (3.6) depicts an addition.

The emission flux of each compound calculated by MEGAN within ECHAMS5-
MOZ is therefore:

Isoprene: FE; =¢; X y1 X p1
Terpenes: FE; =¢€; X y2 X pg

Other non-terpene compounds
Methanol: FE = 30.7 X &, X ¥2 X po2
Formaldehyde: FE =4.1 X &, X y2 X pg
Acetaldehyde: FE = 3.1 X e, X 72 X pg
Acetone: FE =1.9 X g, X 72 X po
Propene: FE =1.36 X €, X ¥ X pg
FEthane: FE =0.5X e, X 72 X p2
Ethene: FE = 0.5 X¢g, X 72 X pg
Carbon monoxide: FE = 12.5 X €, X 72 X pa
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where the emission flux, E of the non-terpene VOCs includes a factor (the first
numbers on the right-hand side of equations above), which relate the lumped
emission factor, ¢, (in ug(C)m=2h~1!) to emission flux, F (in millimoles of com-
pound km~2h~!). The emission flux, E; and FE; for isoprene and terpenes is in
pg(C)m~—2h~! respectively.

MEGAN in ECHAMS5-MOZ therefore calculates hourly, daily, seasonal and an-
nual variation in emissions of biogenic trace species from living vegetation. The
formula for calculating the emission flux, F for the remaining 16 non-terpene VOCs,
which are not implemented in the MEGAN module are provided in Appendix A.
The appendix also includes MEGAN input files (i.e. &;, €, €, 71 and ~2).

3.3 Model set-up and simulations

In order to investigate the potential changes in biogenic VOC emissions under differ-
ent climate conditions, we performed one experiment for the past (1891 — 1900), one
experiment for the present-climate (1991 — 2000) and two experiments for the future
climate (2091 — 2100). All experiments were run in the resolution T31L19 (approx-
imately 3.75°by 3.75°, which is about 400km by 400km) with a spin-up period of
6 years. The two future simulations are based on two different scenarios, which
are the most optimistic (B1) and the most pessimistic (A2) IPCC SRES scenarios.
These scenarios respectively correspond to the S11 and the S16 experiments in the
ECHAMS5-MPIOM IPCC simulations, which were performed at the Max Planck
Institute for Meteorology, Hamburg. All experiments were driven with sea surface
temperatures (SST), sea ice cover (SIC) and greenhouse gases (GHG) from these
coupled ocean-atmosphere simulations with ECHAM5-MPIOM.

The results of the present-climate conditions are reported in Section 3.4. The
difference between the past and the present-climate simulations is discussed in Sec-
tion 3.5.1, while the difference of the future and the present-climate experiments is
presented in Section 3.5.2. Table 3.1 gives the summary of the experiment set-up.

Table 3.1— Simulations performed to calculate biogenic emission rates by MEGAN in the
ECHAM5-MOZ model in the past, present-day, and the future climate.

Experiments Duration Driving meteorology

Present-climate 1991 — 2000 ECHAMS5-MPIOM IPCC SST, SIC and greenhouse gases
Present-day® 1991 — 2000 ERA-40 SST, temperature, surface pressure, vorticity and divergence
Past-climate 1891 — 1900 ECHAMS5-MPIOM IPCC SST, SIC and greenhouse gases
Future 1 2091 — 2100 ECHAMS5-MPIOM IPCC scenario B1 SST, SIC and greenhouse gases
Future 2 2091 — 2100 ECHAMS5-MPIOM IPCC scenario A2 SST, SIC and greenhouse gases

% This experiment is described in Section 3.6.
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3.4 Present-climate biogenic emissions

3.4.1 Emission distribution and seasonal variability

Figures 3.1 shows the spatial distribution of the emission flux of isoprene, terpenes
and CO and other non-terpene VOCs as calculated in the present-climate experi-
ment. The isoprene emission distribution shown in Figures 3.1 (top panel) reveals
high emissions over the Australian desert in January, and over western USA in July
due to high emission factor, &; over both regions (see Section 3.6 for the correction of
this overestimation and simulation using ERA-40 meteorology). The global annual
emissions flux estimated by MEGAN is 587 Tg(C) /yr for isoprene, 172 Tg(C) /yr for
terpenes, 41 Tg(C)/yr for CO and 175 Tg(C)/yr for other non-terpene VOCs (see
Table 3.5 for the individual non-terpene VOCs global annual emissions).

The contribution from various geographical land regions to global annual emis-
sions of isoprene, terpenes and CO and other non-terpene VOCs is shown in Ta-
bles 3.2, 3.3 and 3.4, respectively. The second column of Tables 3.2 to 3.4 shows
that Latin America, Africa, Southeast and South-central Asia together account for
about 61%, 67% and 69% of global isoprene, terpenes, and non-terpene VOCs emis-
sions respectively.

The seasonal variation of isoprene, terpenes and other non-terpene VOCs emis-
sions are as shown in Fig. 3.2. The seasonality shows that emissions occur through-
out the whole year in the tropical region, whereas emissions start in late-spring and
continue until early-autumn in the extra-tropical regions.

3.4.2 Comparison of present-climate emissions with other models

Table 3.5 presents the comparison of our global emission estimate to estimates from
other global studies. The table shows that our global isoprene emissions are within
the range of global values (440 — 660 Tg(C)/yr) calculated by other models that use
MEGAN (Guenther et al., 2006). Our global isoprene estimate also lies within the
values reported in other literature as shown in Table 3.5.

The global terpene emission estimate reported in Levis et al. (2003) and Naik et
al. (2004) are lower than our estimate (172 Tg(C)/yr) by about a factor of 2.5 and
5, respectively. This is because Levis et al. (2003) uses lower emission rates for some
plant functional types, and different land cover and LAI. Also Naik et al. (2004)
terpene emissions from tropical forests and temperate evergreen conifer forests are
particularly low.

Our estimate of global methanol emissions (102 Tg (C)/yr) is within the range
of those reported in earlier studies, except the estimate of Galbally and Kirstine
(2002) (37.5Tg(C)/yr), which is significantly lower. This is because the Galbally
and Kirstine (2002) model is based on an entirely different approach, which esti-
mates methane emissions based on flowering plant biosynthesis and metabolic prop-
erties. These plant properties were then extrapolated by the net primary production
of terrestrial ecosystems to calculate their global methanol emissions. Their result-
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Figure 3.1— The 1991-2000 monthly average emission flux of isoprene (top), terpenes (middle)
and CO and other non-terpene VOCs (bottom) from vegetation in January and July calculated with
MEGAN in ECHAM5-MOZ in the present-climate experiment. Note high isoprene emissions over
Australia in January and western USA in July.

ing methanol emissions are so low, probably because they do not account for the

temperature dependency.

Our global acetaldehyde and formaldehyde emission estimate is about 40%
higher than those reported in Lathiére et al. (2006), while our acetone emissions
of 19 Tg(C)/yr is about a factor of 2 lower. However, these estimates are within the
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Table 3.2— Global and regional annual-average emissions (in Tg(C)/yr) of isoprene estimated
by MEGAN in the ECHAM5-MOZ model, as calculated in the present-climate, past and the future-
climate scenario experiments. The contributions of various world regions are also included.

Regions Present ERA-40* Past Future Future
climate (present) (B1) (A2)

Global 586.51 487.69  557.18 718.40 832.39
Regional contribution

Latin America’ 172.10 185.85 164.21 215.90 252.60
Africa 105.71 119.58 101.12  122.27 148.86
Southeast and South-central Asia®  81.76 90.26 7793 9540 110.69
USA and Canada 51.28 36.16 48.04  68.40 75.99
North-central and East Asia% 17.52 23.67 16.40 23.60 26.07
Oceania® 126.73 27.52 119.83 154.79 175.81
Europe 9.53 9.67 8.75 12.35 13.35
Middle East/ 8.48 6.59 7.98 10.92 11.88

“This experiment uses the modified isoprene emission factor, €;, see discussion in Section 3.6.

Latin America includes Mexico, all countries in South America and the Caribbean Islands.

“South-central and Southeast Asia countries are India, Pakistan, Bangladesh, Sri-Lanka, Nepal,
Maldives, Kashmir, Bhutan, eastern Afghanistan, Brunei, Cambodia, East Timor, Laos, Vietnam,
French Indo-China, Indonesia, Malaysia, Myanmar, Papua New Guinea, Philippines, Singapore,
Thailand.

INorth-central and East Asia countries are Russia Federation, Mongolia, China, Hong Kong,
Japan, Democratic peoples Republic of Korea, Republic of Korea, Macau and Taiwan.

¢Australia, New Zealand, Fijis, French Polynesia, Guam, New Caledonia, Niue, Samoa and
Vanuatu.

The Middle East includes western part of Afghanistan, Bahrain, Cyprus, Gaza strip, Iran, Iraq,
Israel, Jordan, Kazakhstan, Kuwait, Kyrgyzstan, Lebanon, Oman, Pakistan, Qatar, Saudi Arabia,
Syrian Arab republic, Turkey, Turkmenistan, United Arab Emirates, Uzbekistan, West Bank and
Yemen.

range of those reported in Wiedinmyer et al. (2004). A review of biogenic emissions
estimated before 1995 is provided in Kesselmeier and Staudt (1999).

Although all the studies listed in Table 3.5 are based on the model of Guenther
et al. (1995), except Galbally and Kirstine (2002), their global estimates differ from
those of the Guenther et al. (1995) estimate. This clearly elucidates the influence
of employing different meteorology, vegetation type and distribution or different
emission rate on the emission fluxes.
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Table 3.3— Global and regional annual-average emissions (in Tg(C)/yr) of terpenes estimated
by MEGAN in the ECHAM5-MOZ model, as calculated in the present-climate, past and the future-
climate scenario experiments.

Regions Present ERA-40 Past Future Future
Climate (present) (B1) (A2)
Global 171.81 174.96 162.64 214.27 249.80

Regional contribution

Latin America 58.00 61.03 54.95 74.40 89.11
Africa 27.09 29.62 25.66  32.23 38.71
South-central and southeast Asia 29.66 34.21 28.18 35.26 40.95
USA and Canada 17.00 18.49 1590 22.08 24.76
North-central and East Asia 14.34 17.60 13.60 18.65 20.42
Oceania, 6.64 6.56 6.32 8.17 9.55
Europe 9.46 10.60 8.84 12.02 13.22
Middle East 1.37 1.33 1.28 1.85 2.06

Table 3.4— The global and regional annual-average emissions (in Tg(C)/yr) of CO and other
non-terpene VOCs estimated by MEGAN in the ECHAM5-MOZ model, as calculated in the present-
climate, past and the future-climate scenario experiments.

Regions Present ERA-40 Past Future Future
Climate (present) (B1) (A2)
Global 216.04 218.77  204.51 269.14 314.42

Regional contribution

Latin America 74.65 79.09 70.73  95.70 114.57
Africa 35.40 38.52 33.54  42.15 50.64
South-central and southeast Asia 38.99 44.94 37.03 46.35 53.83
USA and Canada 18.05 19.15 16.84  23.58 26.55
North-central and East Asia 15.52 19.26 14.72 20.16 22.11
Oceania, 8.98 8.84 8.54 11.08 12.95
Europe 11.07 12.48 10.33 14.15 15.52

Middle East 2.17 2.01 2.02 2.92 3.26
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Figure 3.2— Seasonal variation in isoprene (top) and terpenes (middle) and other non-terpene
VOCs and CO (bottom) emissions in the present-climate (1991-2000) experiment.



Table 3.5— Comparison of MEGAN present-climate emission estimates (in Tg (C)/yr) with recent estimates from other global models for all
species.

Species Isoprene  Terpenes Methanol CO  Acetaldehyde Formaldehyde Acetone Propene FEthane Ethene
This study (present-climate) 586.5 171.81 101.6 41.4 20.5 13.6 18.9 13.5 3.31 3.31
This study (ERA-40)Y 487.691 174.96 102.88  41.89 20.77 13.7 19.1 13.67 3.35 3.35
Guenther et al. (2006) 440 — 660>

Lathiére et al. (2006)® 460 117 106 15 10 42

Tao and Jain (2005) © 601 103 73

Naik et al. (2004)4 454 72

Wiedinmyer et al. (2004)¢ 50 — 250 10 - 50 2-10 10 - 50

Levis et al. (2003)f 507 33

Sanderson et al. (2003)8 484

Galbally and Kirstine (2002)" 37.5

Adams et al. (2001)! 561 116

Potter et al. (2001)! 559

Wang and Shallcross (2000)¥ 530

Guenther et al. (1995)8 503 127

11This study is discussed in Section 3.6.

TThis study uses the modified isoprene emission factor. See Section 3.6 for detailed explanation.

aThe range of global isoprene emission estimate in other studies using MEGAN.

bLathiére et al. (2006) is based on Guenther et al. (1995) model (henceforth referred to as G95) implemented in ORCHIDEE (ORganizing Carbon and Hydrology
in Dynamic EcosystEms) for years 1983 — 1995. They also account for the dependence of isoprene and methanol emissions on leaf age.

°Tao and Jain (2005) employ the G95 model modified according to Guenther et al. (1999, 2000) implemented in ISAM terrestrial ecosystem model. Their ISAM
model uses prescribed meteorology (i.e. temperature, radiation and precipitation).

dNaik et al. (2004) calculates isoprene and terpene emissions based on the implementation of G95 within the Integrated Biospheric Simulator version 2.5 (Foley
et al., 1996; Kucharik et al., 2000) for 1961 — 1990.

®Wiedinmyer et al. (2004) presents the review of biogenic VOCs emissions from vegetation up to year 2001.

fLevis et al. (2003) is also based on G95 model implemented in the Community Land Model version 2.0 (Bonan et al., 2002).

gSanderson et al. (2003) is also based on G95 model implemented in the Hadley Centre Climate Model (HadCM3, Gordon et al. (2000)) coupled with Land surface
processes model, MOSES2 (Essery et al., 2001) and TRIFFID Dynamic Global Vegetation Model (Cox , 2001).

hGalbally and Kirstine (2002) estimate global methanol emissions based on biosynthesis of methanol from flowering plants.

{Adams et al. (2001) is based on the G95 model.

JPotter et al. (2001) employed biogenic emission model similar to the G95 model in the biosphere model, NASA-CASA. The model NASA-CASA is driven by
satellite-derived ecosystem classification and vegetation index.

KWang and Shallcross (2000) uses G95 with a more detailed net primary production and cloud cover implemented in Land Surface Model version 1 (Bonan, 1996).
§Model G95.
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3.5 Impact of climate change on biogenic emissions

3.5.1 Past biogenic emissions

The past simulation reveal a slightly cooler climate in the 1890s compared to the
1990s, except over the entire Europe in January, where temperature had been
warmer by 2-3 K. Figure 3.3 shows the relative difference in isoprene and terpene
emissions in 1991 — 2000 with respect to 1891 — 1900 (in percentage). The figure
shows a general increase in isoprene and terpene emissions in January and July.
The decrease calculated in the northern hemisphere in January is not significant
because it represents a decrease in a small value. The percentage change in CO and
other non-terpene VOCs emissions are similar to the changes calculated for terpene
emissions, because they also depend on only temperature, just like terpenes.

As can be calculated from Tables 3.2, 3.3 and 3.4, the global annual emissions
of the present-climate are about 5%, 5.6% and 5.6% higher than those of the past
for isoprene, terpenes and CO and other non-terpene VOCs respectively. Although
the regional decrease recorded in past climate with respect to the present-climate
differs across the geographical land regions for all species, they all lie within -4.5%
- -8.9%.

Isoprene (% difference from 1890s to 1990s) - January Isoprene (% difference from 1890s to 1990s) - July

Figure 3.3— Percentage difference in isoprene and terpene emissions in 1991-2000 relative to
1891-1900.
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3.5.2 Future biogenic emissions

Figures 3.4 and 3.5 show the percentage difference in isoprene and terpene emissions
due to climate change as predicted by the ECHAMS-IPCC scenarios B1 and A2,
respectively. The figures show the influence of changes in temperature and radiation
in the case of isoprene, and changes in temperature in the case of terpenes.

In the Bl experiment, the global average temperature increases by about 2K.
This led to the increase of about 22.5% and 24.7% in the global isoprene and terpenes
emission flux, respectively. Whereas, in the A2 experiment, an increase of about 42%
and 45% is estimated in the isoprene and terpene emissions flux, due to a 3K rise
in global-mean temperature. This increase occurs in isoprene despite the decrease
in global short wavelength radiation by 3 W/m? and 4 W/m? in the B1 and A2
experiments, respectively. The global annual emissions of isoprene, terpenes, CO
and other non-terpenes VOCs calculated over the various geographical land regions
in the future scenarios are included in the fifth and the sixth column of Tables 3.2,
3.3 and 3.4, respectively.

Figure 3.4 and Figure 3.5 show that the increase in isoprene and terpene emissions
differs from location to location. For example, in the Bl future-climate scenario,
Fig. 3.4 shows a slight decrease in terpene emissions over south-eastern USA and
the UK, and an increase of about 80 — 100% over parts of south-central Russia and
Mongolia in January. The maximum increase of 60-80% is found in July over eastern
Furope and north-central Brazil. Changes in isoprene emissions in the B1 scenario
show similar patterns as in the terpenes in January. However, due to changes in
radiation, a decrease is measured over Scandinavia and parts of eastern and central
Africa, and an increase of more than 100% over China and Mongolia. The decrease
in isoprene emissions over Scandinavia persists in July, while most of Africa shows
less than 20% increase. Over Eastern Europe, eastern Canada and northern Siberia
in July, isoprene emissions increase by more than 60%.

The increase in isoprene and terpene emissions in the A2 scenario (Fig. 3.5) shows
similar patterns as the B1 scenario, but with higher percentage increase. The per-
centage change in CO and other non-terpene VOCs emissions are similar to the
changes calculated for terpene emissions, because they depend on only temperature,
just like terpenes. The changes in isoprene and terpene emissions recorded in Jan-
uary over the northern hemisphere represent a change (decrease or increase) by a
small amount, therefore, they may not be important for tropospheric chemistry.
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Isoprene (% difference from 1990s to 2090s) - January - B1 Isoprene (% difference from 1990s to 2090s) - July - B1

Figure 3.4— Percentage difference in isoprene and terpene emissions in 2091-2100 relative to
1991-2000, as predicted in the future climate change scenario B1.

Isoprene (% difference from 1990s to 2090s) - January - A2 Isoprene (% difference from 1990s to 2090s) - July - A2

Figure 3.5— Percentage difference in isoprene and terpene emissions in 2091-2100 relative to
1991-2000, as predicted in the future climate change scenario A2.
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3.6 Present-day simulation using ERA-40 meteorology

3.6.1 Modified isoprene emission factor and experiment set-up

Due to an overestimation of isoprene emissions over Australia and western USA, the
emission factor, E; of isoprene were modified. Figure 3.6 shows the comparison of
the original and the modified versions of ¢; over both regions. The isoprene emission
factor, €; over other regions remains unaltered (see Figure A.1 in Appendix A).
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Figure 3.6— Modified emission factors of isoprene (g;) from the MEGAN input data for the year
2000. Figures show the comparison of the original (top) and the modified (bottom) versions over
north-America (left) and Australia (right). Note the high values over the Australia desert and western
USA in the original files. The emission factors over other regions are not altered.

In order to investigate the influence of meteorology on biogenic emissions, we
performed one present-day experiment constrained to ERA-40 meteorology (tem-
perature, surface pressure, divergence and vorticity) using the modified emission

factor for isoprene. The emission factors of other compounds are not altered.
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3.6.2 Influence of meteorology on biogenic emissions

The global annual emissions calculated for isoprene in the ERA-40 experiment are
shown in the third column of Table 3.2. The modified isoprene emission factor,
ei, resulted in the reduction of isoprene emissions by 98.82 Tg(C)/yr (about 17%)
compared to the present-day simulation, as shown in Table 3.2.

The global annual emissions calculated for terpenes, and CO and other non-
terpene VOCs in the ERA-40 experiment are shown in the third column of Tables 3.3
and 3.4, respectively. The differences between the present-climate (second column in
the tables) and ERA-40 experiment reveal the influence of meteorology on biogenic
emissions. Table 3.3 shows about 1.8% increase in global terpene emissions due to
ERA-40 meteorology, while global CO and other non-terpene VOCs also increase
by 1.3% (Table 3.4). However, the changes due to ERA-40 meteorology are very
diverse across the geographical land regions. Most regions show an increase except
Oceania and the Middle East, where reductions are recorded. The largest percentage
increase is recorded over Asia (22.7% increase in terpenes and 24% increase in CO
and other non-terpene VOCs over North-Central and East Asia, and 15% increase
for both category of compounds over Southeast and South-central Asia), followed by
Europe (about 12% and 12.7% increase in terpenes and CO and other non-terpene
VOCs respectively) and Africa (about 8.8% and 9.0% increase in terpenes and CO
and other non-terpene VOCs respectively).

In contrast to present-climate experiment, the third column of Tables 3.2, 3.3 and
3.4 shows that Latin America, Africa, Southeast and South-central Asia contribute
about 81%, 71% and 74% to isoprene, terpenes, and CO and other non-terpene
VOCs emissions respectively. The spatial distribution of isoprene, terpenes, and CO
and other non-terpene VOCs emissions is shown in Figure 3.7.
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Figure 3.7— The 1991-2000 monthly average emission flux of isoprene (top), terpenes (middle)
and CO and other non-terpene VOCs (bottom) from vegetation in January and July calculated with
MEGAN in ECHAM5-MOZ constrained to ERA-40 meteorology.
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3.6.3 Inter-annual variability

The inter-annual variability of isoprene and terpenes is shown in Fig. 3.8. The
figure reveals about 11% and 8% higher than average global isoprene and terpene
emissions respectively in the year 1998, coinciding with the 1997/98 El-Nino event.
It also shows less than an average emissions over all regions in 1993.
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Figure 3.8— Inter-annual variability in isoprene (top) and terpenes (bottom) emissions in the

ERA-40 (1991 — 2000) experiment.
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3.7 Conclusions

This chapter presents the implementation of biogenic emission model, MEGAN in
ECHAMS5-MOZ. The current implementation calculates the emission flux of iso-
prene, terpenes, methanol, carbon monoxide, acetaldehyde, formaldehyde, acetone,
propene, ethane and ethene from vegetation. The impact of changes in temperature
and radiation caused by climate change, on the emissions flux of each of the species
is also discussed.

MEGAN estimates in the present-day climate yield a global emissions of
587 Tg(C)/yr for isoprene, 172Tg(C)/yr for terpenes, 41Tg(C)/yr for CO,
102 Tg(C)/yr for methanol, 20.5Tg(C)/yr for acetaldehyde, 13.6 Tg(C)/yr for
formaldehyde, 18.9 Tg(C)/yr for acetone, 13.5 Tg(C)/yr for propene, 3.3 Tg(C)/yr
for ethane and 3.3 Tg(C)/yr for ethene. The global emissions of isoprene probably
have a bias due to overestimates in the emission factor over Australia and North
America. The modification to isoprene emission factor, ¢;, over Australia and west-
ern USA resulted in the reduction of isoprene emission flux by 98.82 Tg(C)/yr (about
17%) compared to the present-day simulation.

The past climate (1890s) is about 2 — 3K cooler than the present (1990s), and
this results in a decrease of 29.33 Tg(C)/yr in isoprene, 9.17 Tg(C)/yr in terpenes,
and 11.53 Tg(C)/yr in CO and other non-terpene VOCs emissions respectively. In
the 2090s, the global-mean temperature is likely to increase by about 2K or 3K as
predicted in the B1 (optimistic) or the A2 (pessimistic) scenario of the future trends
in greenhouse gas emissions. This temperature rise increases isoprene emissions
by 131.89 Tg(C)/yr and 245.88 Tg(C)/yr in the Bl and A2 scenario respectively.
These increases form a lower and upper boundary for the increase of 165 Tg(C)/yr
in isoprene emissions calculated by (Sanderson et al., 2003) in a fixed vegetation
experiment, which employs the 1S92a scenario of future-climate. The global terpene
emissions increase by 42.46 Tg(C)/yr and 77.99 Tg(C)/yr in the B1 and A2 future
scenarios respectively, and the emissions of CO and other non-terpene VOCs increase
by 53.10 Tg(C)/yr and 98.38 Tg(C)/yr in both scenarios respectively.

The modifications made to isoprene emission factor should not affect the relative
changes in the global isoprene emissions in the past and the future climate exper-
iments presented in this study, therefore our conclusions remain valid. However,
these results may overestimate the climate-related biogenic emission changes of all
the compounds, because the experiments do not account for the impact of climate
change on vegetation types, their geographical distribution and density.

The results of the future simulations show an increase in global isoprene emissions
despite the decrease in the global short wavelength radiation by about 3 W/m? and
4 W /m? in the B1 and A2 scenarios respectively.
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Chapter 4

ECHAM5-MOZ model
evaluation

4.1 Introduction

The evaluation of a global model constitutes a major challenge in two specific ways:
(1) It requires that measurement data be available on a global scale (2) It also
requires that model-calculated concentrations of species be compared to measure-
ment data in a consistent way. This is because model calculations are performed on
model grid boxes, while data are collected in a particular location and at a particular
vertical level.

The first challenge is becoming abated due to continuing availability of systematic
global-coverage of in-situ measurement data of some tropospheric trace species, e.g.
ozone and CO. Some of the programmes providing measurement data with some sort
of global coverage include the MOZAIC programme (the Measurement of OZone and
water vapour by Airbus In-service airCraft) and SHADOZ (Southern Hemisphere
ADditional OZonesondes data) both of which provides ozone data. Also NOAA
Earth Systems Research Laboratory Global Monitoring Division (NOAA/ESRL-
GMD) provides measurement of global surface CO concentrations.

MOZAIC (Marenco et al., 1998; Thouret et al., 1998a, 2006; Zbinden et al.,
2006) was initiated in 1993 by the European Scientist, aircraft manufacturers and
airlines. It came into full commencement in August 1994. MOZAIC was designed
for collecting ozone and water vapour data by using automated equipment. These
equipments were carried free of charge by 5 long-range Airbus A340 aircraft flying
regularly around the world. Since its commencement, about 25 000 flights have
been performed during the first 3 phases of MOZAIC which ended in February
2004. MOZAIC measurement accuracy was estimated to be about +2ppbv + 2%
and has been shown to have good agreement with ozonesonde data (Thouret et al.,
1998b). Moreover, MOZAIC data provides the first ozone climatology data covering
major African cities, which were analysed by Sauvage et al. (2005).

SHADOZ project (Thompson et al., 2003a,b) aim to coordinate and augment
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balloon-borne ozonesonde launches from tropical and subtropical operational sites,
and to provide a central data archive location. The project was initiated in
1998 by NASA /Goddard Space Flight Center with other US and international co-
investigators. There are currently 14 stations in the SHADOZ network, 2 of which
commenced in 2005 (i.e. Cotonou, Benin and Heredia, Costa Rica). These two sta-
tions and Malindi, Kenya are not included in this analysis. Although measurement
at Malindi station started in 1999, few measurements are conducted per year. The
collective datasets (which is available online at http://croc.gsfc.nasa.gov/shadoz/)
provides the climatological profile of ozone in the equatorial region.

NOAA/ESRL-GMD has collected CO data since 1990s (Novelli et al., 1992, 1994,
1998b, 2003). The CO data collected has been used to provide a better understand-
ing of CO global distribution (Novelli et al., 1992, 1998b), CO budget and trends
(Novelli et al., 1994, 1998a, 2003; Granier et al., 1996, 1999; Holloway et al., 2000),
and also to validate measurements of CO made from space (Novelli et al., 1998a;
Reichle et al., 1999).

Although global data of ozone and CO concentration are now available, other
tropospheric trace species, such as NOy, still lacks ample measurement data, more-
over on a global and climatological basis. In this chapter, ECHAMb5-MOZ calcu-
lated ozone and CO concentrations are evaluated by comparing them with data
from these observations. Specifically, the model calculated ozone was compared to
MOZAIC and SHADOZ data at various locations in the tropical and extra-tropical
regions. ECHAMS5-MOZ surface CO concentrations were also compared with the
NOAA/ESRL-GMD CO data. The exact location for these comparison is as shown
in Figure 4.1. The model set-up is explained in Section 4.2. The method employed
to regrid the measurement data, in order to ensure a consistent comparison with
ECHAMS5-MOZ model is presented in Sect. 4.3. The evaluation of the ozone con-
centrations calculated by the model is discussed in Sections 4.4 and 4.5. The surface
CO concentrations are compared with measurement data in Section 4.6.

4.2 Model set-up

The ECHAM5-MOZ model, described in Chapter 2 was run for 5 years (1997-2001)
after a spin-up of 6 months. The simulation was performed in the T42L31 resolution
(this represents a spatial grid of approximately 250 km and non-uniform 31 o-hybrid
vertical levels up to 10 hPa). The climate conditions (sea surface temperatures and
sea ice fields) were taken from six consecutive years of coupled ocean-atmosphere sim-
ulations performed at the Max Planck Institute for Meteorology, Hamburg. Present-
day constant concentrations of 1760 ppbv, 367 ppm and 316 ppbv were maintained
for CHy4, CO2 and N2O respectively.

Lightning emissions are calculated within the ECHAMS5-MOZ model as discussed
in Section 2.2.2. Anthropogenic, biogenic, biomass burning, soil, ocean and aircraft
emissions are identical to those used in the IPCC-ACCENT experiment (Steven-
son et al., 2006). These data sets are a combination of emission inventories of the
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Figure 4.1— Plots showing MOZAIC airports, SHADOZ sondes stations and NOAA/ERSL-GMD
stations.

Institute for Applied System Analysis (IIASA), the Global Emissions Inventory Ac-
tivity (GEIA), the Global Fire Emissions Database (GFED) version 1 (Randerson et
al., 2005) and the Emission Database for Global Atmospheric Research (EDGAR)
version 3.2 (Olivier et al., 1999). The emissions are described in detail in Chapter 6.

4.3 Regridding of measurement data

MOZAIC aircraft measurement records ozone data at every 150 m during the ascend
or descend at any given station. SHADOZ also provides ozone data at a finer vertical
resolution of between 1m and 50 m depending on the location. The comparison
presented in this chapter uses MOZAIC climatological data of 1997 — 2002 and
SHADOZ data of 1998 — 2004 for locations shown in Fig. 4.1. The total number of
MOZAIC and SHADOZ measurements taken in any given month during these years
are presented in Tables 4.1 and 4.2 respectively.

Due to model coarseness, the measurement data are averaged vertically at every
location by using:

mizw, foralli=1,...,N
Zin(])
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where

i
Yt
N:
i+1/20ri—1/2:

1 i—1/2<j<it1)2
xi(7) _{ 0 otherwise

extracted measurement data at model level ¢
measurement raw data at measurement level j
model highest level, i.e. 10 hPa

is the model level interface

Extraction of measurements data using Equation (4.1) regrids the measurement data
at every location, so as to correspond with model grids at the same location. Using
Equation (4.1) therefore ensures consistency between model and measurement data.



Table 4.1— The total number of measurement recorded at any given month in 1997 — 2002 by MOZAIC aircraft.

Stations January February March April May June July August September October November December
Africa

Cairo 4 12 8 8 2 4 15 25 11 38 16 20
Abidjan 32 12 12 18 6 12 16 14 8 28 18 6
Lagos 14 28 20 54 12 2 18 16 6 27 20 14
Brazzaville 7 16 6 9 9 10 20 11 14 11 0 0
Windhoek 8 8 8 12 16 10 18 10 8 12 18 12
Johannesburg 40 33 47 11 44 24 24 23 38 24 38 49
North and Latin America

Chicago 32 50 50 42 97 103 117 126 91 66 38 52
New York 152 108 137 148 137 152 173 161 180 218 148 147
Atlanta 73 96 59 67 51 52 47 60 42 72 86 73
Houston 55 50 49 44 39 34 62 54 75 47 35 42
Caracas 14 18 22 25 17 20 18 14 12 27 19 14
Sao Paulo 80 52 69 50 59 40 33 50 45 26 36 22
Europe, the Middle East and Asia

Frankfurt 400 315 371 409 385 360 462 466 438 385 339 385
Dubai 74 30 21 47 18 36 68 48 41 52 31 21
New Delhi 22 10 28 37 30 48 44 32 50 49 16 25
Beijing 57 60 30 37 53 63 28 54 8 35 43 52
Osaka 74 57 85 74 59 58 90 94 85 97 73 65
Bangkok 43 41 54 8 8 12 12 12 6 2 2 12
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Table 4.2— The total number of sondes recorded in 1998 — 2004 by SHADOZ network.

Stations January February March April May June July August September October November December
Africa and its surrounding

Ascension 29 23 29 21 28 28 26 26 26 24 30 15
Irene 10 8 15 14 15 13 13 14 15 16 17 13
La Reunion 19 19 19 17 17 15 18 9 12 16 18 16
Nairobi 27 20 20 21 30 24 26 25 30 33 32 29
South America

San Cristobal 19 19 36 15 14 15 26 23 33 26 20 28
Paramaribo 17 16 19 17 15 18 21 21 26 23 17 16
Natal 25 22 25 20 20 22 17 19 21 27 24 21
Asia and Pacific Ocean

Kuala 13 12 17 14 15 13 13 13 14 14 15 12
Java 20 15 19 19 17 17 20 25 24 20 18 16
Fiji 21 19 27 25 12 17 21 20 17 19 19 12
Samoa 21 26 28 24 22 22 19 23 19 20 21 18
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4.4 ECHAMS5-MOZ ozone concentration comparison
with MOZAIC aircraft data

In the ACCENT-IPCC scenario studies, ECHAM5-MOZ showed a high bias of about
20% in the global tropospheric ozone production and loss compared to the mean of
all participating models (Stevenson et al., 2006). In terms of global dry deposition,
it has a low bias of about 5%. Methane and CH3CCl3 tropospheric lifetimes are at
the lower end of the currently accepted estimations (Prinn et al., 1995; Ehhalt et
al., 2001). The surface ozone concentration is known to have a high bias in heavily
polluted areas, such as industrial centres and large city agglomerations but also in
the Mediterranean basin.

4.4.1 Africa

Figures 4.2 shows the comparison of ECHAM5-MOZ (open circles) to MOZAIC
(filled squares) ozone vertical profiles for Cairo (Egypt), Abidjan (Cote d’Ivoire), La-
gos (Nigeria), Brazzaville (Congo), Windhoek (Namibia) and Johannesburg (South
Africa) in December — February (DJF), March — May (MAM), June — August (JJA),
and September — November (SON). MOZAIC data were averaged over the years
1997-2002. The ECHAMS5-MOZ model results do not reflect specific years but can
be regarded as a 5-year climatology over the late 1990s. There are no measurements
at Brazzaville airport in November and December of years 1997 — 2002 as shown in
Table 4.1.

The ECHAM5-MOZ model shows a reasonable level of agreement with the mea-
surements in the free troposphere (750 hPa — 350 hPa) at these six stations in all
seasons. The model bias is about 20 ppbv, except over Cairo in July — November,
and over Windhoek and Johannesburg in JJA, where the bias is up to 30 ppbv.
During the dry season, i.e. DJF in Lagos and Abidjan, and JJA in Brazzaville, both
model and measurements exhibit high ozone enhancement below-650 hPa over La-
gos, Abidjan and Brazzaville. This is connected with an increase in local emissions
of ozone precursors due to an increase in biomass burning activities in the vicinity of
these stations. The reason why the ozone enhancement is limited to below-650 hPa
is due to the high stability created by a combination of the Harmattan and the
Saharan anticyclone, which prevents effective vertical mixing (Sauvage et al., 2005).

However, while the dry season maximum ozone enhancement in the MOZAIC
data occurs at 850 — 650 hPa, it is confined within the surface — 800 hPa in the
ECHAMS5-MOZ model. This causes ECHAM5-MOZ lower tropospheric (surface—
800 hPa) ozone concentrations to be highly biased during the dry season. For exam-
ple, the surface ozone concentration is overestimated in ECHAMS5-MOZ by about
35 — 50 ppbv and 50 — 100 ppbv over Lagos and Abidjan respectively in DJF, with
the maximum bias occurring in December at both stations. Over Brazzaville, the
bias in surface ozone varies between 35 ppbv and 60 ppbv in JJA, with a maximum
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Figure 4.2— The comparison of 5-year average (1991-2000) model simulated (open circles
with line) with 1997-2000 mean MOZAIC (filled-squares) ozone vertical profiles for Cairo (Egypt),
Abidjan (Cote d’lvoire), Lagos (Nigeria), Brazzaville (Congo), Windhoek (Namibia) and Johan-
nesburg (South Africa) in December—February (DJF), March—May (MAM), June—August (JJA) and
September—November (SON). The horizontal lines indicate 4+ 1 o standard deviation.



4.4 ECHAMS5-MOZ comparison with MOZAIC ozone data 51

overestimation in July.

There are four potential reasons for this dry season bias: (a) ECHAM5-MOZ
underestimates dry deposition during the dry seasons. As already stated above,
the global dry deposition in ECHAM5-MOZ is about 5% lower than the multi-
model-average dry deposition (Stevenson et al., 2006). (b) The lack of aerosols
(especially mineral dust) in ECHAMS5-MOZ may also contribute to this bias. (c)
The particular choice of the reaction constants and their temperature dependence
in ECHAMS5-MOZ is known to favour high ozone concentrations in the troposphere
(G.A. Folberth, personal communication (2006)). (d) Biomass burning emissions
from the Global Fire Emissions Database (GFED) version 1 (Randerson et al., 2005)
are particularly high over Africa.

4.4.2 North and Latin America

Figures 4.3 shows the comparison of ECHAM5-MOZ (open circles) to MOZAIC
(filled squares) ozone vertical profiles for four cities in the United States of Amer-
ica (Chicago, New York, Atlanta and Houston), and two cities in South America
(Caracas, Venezuela and Sao Paulo in Brazil).

The figure shows that the ECHAMS5-MOZ model is in good agreement with the
MOZAIC data throughout the troposphere of the four USA stations. The model
slight bias is generally lower than 20 ppbv except over the boundary layer of New
York in JJA, and over the whole troposphere of Atlanta in SON, where the model
shows a bias of 37 ppbv and about 22-26 ppbv respectively. At the two stations
considered in South America, the model shows a consistent bias of 20-30 ppbv,
except at 200 hPa level over Sao Paulo in JJA, where the model bias is up to 42 ppbv.

4.4.3 Europe, the Middle East, Asia and the Pacific Ocean

Figures 4.4 shows the comparison of ECHAM5-MOZ (open circles) to MOZAIC
(filled squares) ozone vertical profiles for six stations: one in Europe (Frankfurt,
Germany), one in the Middle East (Dubai, United Arab Emirates), and four in Asia
(Delhi, India; Beijing, China; Osaka, Japan; and Bangkok, Thailand) in DJF, MAM,
JJA, and SON.

The ozone vertical profiles over Frankfurt, Beijing and Osaka calculated in the
ECHAMS5-MOZ model show very good agreement with MOZAIC data in all seasons,
and the slight bias recorded by the model over these stations, lies within the standard
deviation of the MOZAIC data.

Over Dubai, the model bias is below 20 ppbv in the free troposphere, whereas at
the surface, the bias ranges from 18 ppbv in JJA to 26 ppbv in SON. Over Delhi, the
model is consistently higher than the measurement data by about 30 ppbv in the
free troposphere, while the at the surface, the model bias is between 40-55 ppbv in
March through November. The model also shows a bias of below 20 ppbv throughout
the troposphere over Bangkok, except in DJF and SON, when the bias is within 20—
38 ppbv.
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Figure 4.3— The comparison of 5-year average (1991-2000) model simulated (open circles
with line) with 1997-2000 mean MOZAIC (filled-squares) ozone vertical profiles for four cities in the
United States of America (Chicago, New York, Atlanta and Houston) and two cities in South Amer-
ica (Caracas, Venezuela ands Sao Paulo, Brazil) in December—February (DJF), March—May (MAM),
June—August (JJA) and September—November (SON). The horizontal lines indicate + 1 o standard
deviation.
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Figure 4.4— The comparison of 5-year average (1991-2000) model simulated (open circles with
line) with 1997—-2000 mean MOZAIC (filled-squares) ozone vertical profiles for Frankfurt (Germany),
Dubai (United Arab Emirates), Delhi (India), Beijing (China), Osaka (Japan), and Bangkok (Thailand)
in December—February (DJF), March—-May (MAM), June—August (JJA) and September—November
(SON). The horizontal lines indicate + 1 o standard deviation.
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4.5 ECHAMS5-MOZ ozone concentration comparison
with SHADOZ ozonesonde data

The comparison of the seasonal vertical profiles of the ozone concentrations calcu-
lated by the ECHAM5-MOZ model with SHADOZ ozonesonde data is shown in
Appendix B. This section compares the monthly-mean climatology time series of
the mode with SHADOZ data at three levels in the troposphere, i.e. at 300 hPa,
500 hPa and 800 hPa. The ozone bias (i.e. the difference of ECHAM5-MOZ and
SHADOZ) throughout the troposphere up to 200 hPa over all the SHADOZ stations
(see Figure 4.1) is also shown. The SHADOZ ozonesonde data are a climatology
over years 1998 — 2004, and for the model, the ozone concentrations are the 5-year
climatology, which represent the year 1990s.

4.5.1 Africa and Atlantic Ocean

We compare the monthly-mean time series of ozone concentrations calculated in
ECHAMS5-MOZ with SHADOZ data. Figure 4.5 shows this comparison over Ascen-
sion Island, Irene, Reunion and Nairobi at 300 hPa, 500 hPa and 800 hPa.

The agreement with the SHADOZ measurements is generally good at all stations
and vertical levels. The simulated values show a smaller variability (i.e. standard
deviation) over the 5-year period than the measurements which represent mean
values over 7 years. The seasonal cycle is well captured at most stations and vertical
levels, both in amplitude and phase. Nevertheless, there are some deviations of the
model from the measurements in the lower troposphere, as shown by the plots at
800 hPa level. Specifically, Fig. 4.5 (bottom panel) shows an overestimation of the
ozone concentration of about 15 ppbv at Reunion in June and July. At Irene and
Nairobi, this overestimation reaches 20 ppbv in some months. On the other hand,
the model underestimates the ozone concentration over Ascension throughout the
year.

In Fig. 4.6, we show the seasonal (JFM, AMJ, JAS, OND) bias of the ECHAM5-
MOZ model when compared with SHADOZ data at Ascension Island, Irene, Reunion
and Nairobi. The bias is generally lower than 20 ppbv, except at Irene in AMJ and
JAS and Nairobi in JAS. Interestingly, these months represent the dry seasons at
Irene and Nairobi, thereby confirming that the ECHAMS5-MOZ model has a bias
higher than 20 ppbv during the dry season, which may be linked to the reasons
stated earlier.

4.5.2 Latin America

Figure 4.7 shows the comparison of the ECHAM5-MOZ model ozone concentration
with SHADOZ data at 300 hPa , 500 hPa and 800 hPa over San Cristobal (Ecuador),
Paramaribo (Suriname) and Natal (Brazil). The figure shows that the model is good
at capturing the seasonal variation of the ozone concentrations at these stations.
Figure 4.8 shows that the model consistently overestimates the ozone concentrations
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over San Cristobal by about 7-26 ppbv throughout the troposphere in all seasons.
Over Paramaribo, the model shows a negative bias in the upper troposphere in
July through December, and at the surface in all seasons, except JFM, otherwise,
the model bias is lies within 0-20 ppbv. Over Natal, the model shows a very good
comparison, and the bias is generally lies within the -4 — 10 ppbv, except in October
— March at the surface — 850 hPa and in April- September at the upper troposphere
above 300 hPa.
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Figure 4.5— The comparison of 5-year average (1991-2000) ECHAM5-MOZ model (open cir-
cles) with 1998—-2004 mean SHADOZ data (filled-squares) of ozone concentration (in ppbv) over As-
cension Island, Irene (South Africa), Reunion Island, and Nairobi (Kenya) at 300 hPa (top), 500 hPa
(middle), and 800 hPa (bottom). The horizontal lines indicate + 1 o standard deviation.
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Figure 4.6— The vertical profile of the seasonal mean model bias (i.e. the difference of
ECHAM5-MOZ and SHADOZ) over Ascension Island, Irene, Reunion and Nairobi.
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Figure 4.7— The comparison of 5-year average (1991-2000) ECHAM5-MOZ model (open cir-
cles) with 1998-2004 mean SHADOZ data (filled-squares) of ozone concentration (in ppbv) over San
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Figure 4.8— The vertical profile of the seasonal mean model bias (i.e. the difference of
ECHAM5-MOZ and SHADOZ) over San Cristobal, Paramaribo and Natal.
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4.5.3 Asia and the Pacific Ocean

The comparison of the monthly-mean time series of ozone concentrations calculated
in ECHAM5-MOZ with SHADOZ data at 300 hPa, 500 hPa and 800 hPa over Kuala
Lumpur (Malaysia), Watukosek (Java, Indonesia), Suva (Fiji), and America Samoa
is shown in Figure 4.9. Again, the ECHAM5-MOZ model consistently overestimates
the ozone concentrations at these three levels by about 10-25ppbv over all the
stations, except at 800 hPa over Suva and America Samoa, where the bias is less
than 10 ppbv. The bias plots are as shown in Figure 4.10.
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Figure 4.9— The comparison of 5-year average (1991-2000) ECHAM5-MOZ model (open cir-
cles) with 1998-2004 mean SHADOZ data (filled-squares) of ozone concentration (in ppbv) over
Kuala Lumpur (Malaysia), Watukosek (Java, Indonesia), Suva (Fiji), and America Samoa at 300 hPa
(top), 500 hPa (middle), and 800 hPa (bottom). The horizontal lines indicate + 1 o standard deviation.

4.6 ECHAM5-MOZ comparison with NOAA /ESRL-
GMD surface CO concentrations data

We compare CO surface concentrations calculated in ECHAMS5-MOZ with 9 sta-
tions from the NOAA/ESRL-GMD CO data. These stations include 1 continental
African station (Assekrem), 1 maritime African station (Mahe Island) and 7 sta-
tions downwind of Africa (see Figures 4.11 and 4.12 for the station names and
coordinates).

At the stations north of the equator (i.e. Ragged Point, Terceira Island, Tenerife,
Assekrem and Sede Boker), ECHAM5-MOZ underestimates the surface CO concen-
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Figure 4.10— The vertical profile of the seasonal mean model bias (i.e. the difference of
ECHAM5-MOZ and SHADOZ) over San Cristobal, Paramaribo and Natal.

tration, especially in January — May (Figure 4.11), whereas the seasonal variation
and the magnitude of the surface CO concentration at the stations in the southern
hemisphere (i.e. Ascension Island, Mahe Island, Crozet Island and Syowa) are well
captured by the model as shown in Figure 4.12.

The inter-annual variability of the simulated surface CO concentration (error
bars in Figures 4.11 and 4.12 is generally lower than that of the measurements.
This may be related to inter-annual variations in emissions, which are not included
in the model since the same monthly-mean emissions are prescribed in each of the
simulation years.

4.7 Conclusions

The model calculated ozone and surface CO concentrations have been evaluated
with the MOZAIC and SHADOZ ozone data, and NOAA/ESRL-GMD CO data,
respectively at various locations in the tropical and extra-tropical regions. The
measurement data recorded in all stations were regridded to model vertical resolution
in order to ensure a consistent comparison.

Generally the ECHAMS5-MOZ model captures the vertical profile and the sea-
sonal variation of the tropospheric ozone in all months and over all the locations
considered. The magnitude of the ozone concentrations calculated by the model also
show good comparison with MOZAIC and SHADOZ data, and the model bias is
generally less than 30 ppbv everywhere in the troposphere up to 300 hPa over all the
stations considered. The only exceptions occur over Africa during the dry seasons,
where the model shows some high biases of more than 30 ppbv. Other exceptions
are recorded at the surface to around 900 hPa over Delhi, India in March through
November and over New York in June through August. During these months, the
model bias ranges between 35ppbv and 55 ppbv. ECHAMS5-MOZ is also able to
simulate the seasonal variation and magnitude of the surface CO concentration at
all the stations discussed.
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Figure 4.11— Monthly mean surface CO concentrations in ECHAM5-MOZ (open circles) com-
pared to NOAA/ESRL-GMD CO (filled squares) at stations in the northern hemisphere (i.e. Terceira
Island (Azores), Sede Boker (Negev desert, Israel), Tenerife (Canary Island), Assekrem (Algeria),
Ragged Point (Barbados)). Error bars denote the inter-annual variations in both model and measure-
ments.
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Figure 4.12— Monthly mean surface CO concentrations in ECHAM5-MOZ (open circles) com-
pared to NOAA/ESRL-GMD CO (filled squares) at stations in the southern hemisphere (i.e. Mahe
Island (Seychelles), Ascension Island, Crozet Islands and Syowa (Antarctica). Error bars denote the
inter-annual variations in both model and measurements.
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Chapter 5

Sensitivity of tracers’ transport
to model resolution, forcing
data and chemical lifetime in
the general circulation model

ECHAMS

Abstract

The transport characteristics of the general circulation model (GCM) ECHAMS5 are
evaluated using independent idealized tracers with constant lifetimes released in dif-
ferent altitude regions of the atmosphere. The source regions were split into the
tropics, northern and southern hemisphere. The experiments were run in the reso-
lutions T21L.19, T421.19, T42L.31, T63L31 and T106L31 for a minimum period of 4
years each, using prescribed sea surface temperatures and sea ice fields of the 1990s
and tracers’ chemical lifetime of 5 months. One experiment was performed in the
T63L31 resolution by forcing the model to the European Centre for Medium Range
Weather Forecast (ECMWF) 40 years re-analysis data (ERA40). To evaluate the
influence of lifetimes, two additional experiments were performed with lifetimes of
15 days and 50 months, respectively. In general, the transport pattern of each of
the tracers is similar in all model resolutions. Large difference occurs when there
is a change in the vertical resolution and tracers’ chemical lifetime, and when the
model is forced towards ERA40 meteorology. We found a decrease in the meridional
transport of surface and tropopause tracers in the coarse resolution models due to
an increase in the vertical mixing and recirculation within the source region. How-
ever, coarse model resolution leads to enhanced inter-hemispheric transport in the
stratosphere. The use of ERA40 data causes a small change of between 1 — 3% in
the meridional transport of surface and tropopause tracers. Whereas in the strato-
sphere, it significantly increases the transport of tracers to northern and southern
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hemisphere, causing between 10% — 150% increase. ERA40 meteorology has little
effect on the vertical mixing of the surface and tropopause tracers within the tropo-
sphere, but it increases their transport to the stratosphere by about a factor of 2.5,
while it causes about 30% — 70% increase in the stratosphere tracers transported to
the troposphere. It also generates quasi-biennial oscillation at the tropical strato-
sphere. We calculate the inter-hemispheric transport time of between 7 — 14 months
for surface tracers, and 8 — 10 years for the stratosphere tracers.

5.1 Introduction

Horizontal and vertical transports play a crucial role in determining the distribu-
tion of gas-phase and particulate atmospheric trace constituents. Time scales of
atmospheric transport processes range from minutes to years (Smagorinsky, 1974).
Of particular interest for global tropospheric chemistry studies are the exchange
between stratosphere and troposphere (e.g., Holton et al., 1995; Appenzeller et al.,
1996; Van Noije et al., 2004; Gray, 2003), the inter-hemispheric transport (Prather
et al., 1987; Plumb and Mahlman, 1987; Taguchi, 1993; Hartley and Black, 1995;
Lintner, 2003; Lintner et al., 2004) and the inter-continental transport of air pollu-
tion (cf. Stohl et al., 2002; Schultz and Bey, 2004; Aghedo et al., 2007).

Numerical models of atmospheric chemistry and transport are an essential tool
for evaluating the composition of the global atmosphere and for assessing the impact
of emissions or changes in other parameters on air quality and climate. For example,
atmospheric COy measurements have been used to infer the emissions and sinks of
CO4 using atmospheric transport model (Fung et al., 1983; Enting and Mansbridge,
1989; Heimann and Keeling, 1989; Tans et al., 1990; Ciais et al., 1995; Enting et
al.; 1995; Kaminski et al., 1999; Law et al., 1996; Law, 1999; Rayner et al., 1999;
Bousquet et al., 1999a,b, 2000; Baker, 2001).

However, models ability to simulate observed distributions of atmospheric con-
stituents is largely dependent on their capability to reproduce the transport and
mixing of the real atmosphere. Gurney et al. (2002, 2003) show that differences in
the models simulated transport is a significant source of uncertainty, while Hall et
al. (1999) concluded that transport inaccuracies significantly affect the simulation
of important long-lived chemical species in the lower stratosphere. Model resolution
also plays an important role. Genthon and Armengaud (1995) hinted that model
spatial resolution is an important factor in the simulation of Radon 222 distribu-
tion, while Austin et al. (1997) have demonstrated the influence of model vertical
resolution on the simulation of ozone distribution in the stratosphere. Moreover, in
order for models to make reliable predictions of future changes, the model’s ability
to reproduce the atmospheric mean state and its variability and trend must also
be tested. While this is generally achieved by comparing model results with ob-
servational data, there are not always sufficient observations available to reach a
meaningful conclusion.

Therefore, idealized tracer experiments can help to investigate specific character-
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istics of a model, and by comparing the results from different model configurations,
they may also contribute to a better understanding of some discrepancies observed
between the tropospheric chemistry simulations of different models (e.g. Genthon
and Armengaud, 1995; Jacob et al., 1997; Denning et al., 1999; Stevenson et al.,
2006). Gray (2003) used such online passive tracers to study the influence of con-
vection on stratosphere — troposphere transport. Another example of idealized tracer
parameterisation is the synthetic ozone (SYNOZ) model by McLinden et al. (2000).

In this study, we evaluate the transport characteristics of the ECHAMS5 (Roeck-
ner et al., 2003) general circulation model (GCM), by performing a series of idealized
tracer experiments in various model resolutions and with different forcing conditions.
We focus on the tracers’ inter-hemispheric transport and vertical exchange between
the troposphere and the stratosphere, and how they are influenced by model res-
olutions, ERA40 meteorology and tracers’ chemical lifetimes. A brief description
of the ECHAMS5 model and the details of the model set-up are given in Sect. 5.2.
The results are presented in Sect. 5.3 through 5.6. These include the diagnosis of
tracers’ global mass in Sect. 5.3, and the discussion of the inter-hemispheric and ver-
tical transport of tracers in Sect. 5.4. Sections 5.3 and 5.4 also include concurrent
discussion of the influence of model resolution and the use of ERA40 meteorology
as boundary condition. We discuss the sensitivity of our findings to the chemical
lifetime of the tracers in Sect. 5.5. The inter-hemispheric transport time of surface
tracers are presented in Sect. 5.6. Conclusions and the summary of the main findings
are given in Sect. 5.7.

5.2 Model Description

5.2.1 The ECHAMS5 general circulation model

The atmospheric general circulation model ECHAMS is the fifth-generation climate
model developed at the Max Planck Institute for Meteorology, evolving originally
from the model of the ECMWEF (Simmons et al., 1989). The dynamical core of
ECHAMS solves prognostic equations for vorticity, divergence, logarithm of surface
pressure and temperature, which are expressed in the horizontal by spectral coef-
ficients. The model uses a semi-implicit leapfrog time integration scheme (Robert
et al., 1972; Robert, 1981, 1982) and a special time filter (Asselin, 1972). The
vertical axis uses a hybrid terrain-following sigma-pressure coordinate system
and finite-difference scheme (Simmons and Burridge, 1981). The finite-difference
scheme is implemented such that energy and angular momentum are conserved.
Water vapour, cloud liquid water, cloud ice and trace components are transported
with a flux form semi-Lagrangian transport scheme (Lin and Rood, 1996) on
a Gaussian grid (Arakawa C-grid, Mesinger and Arakawa, 1976). ECHAMS5
contains a new microphysical cloud scheme (Lohmann and Roeckner, 1996) with
prognostic equations for cloud liquid water and ice. Cloud cover is predicted with
a prognostic-statistical scheme solving equations for the distribution moments
of total water (Tompkins, 2002). Convective clouds and convective transport
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are based on the mass-flux scheme of Tiedtke (1989) with modifications based
on Nordeng (1994). A detailed model description is given in Roeckner et al.
(2003). The model successfully participated in recent scenario experiments for
the fourth assessment report of the Intergovernmental Panel on Climate Change
(http://www.mpimet.mpg.de/fileadmin/grafik /presse/Klimaprojektionen2006.pdf).
The sensitivity of the ECHAMS5 simulated climate to various resolutions is investi-
gated in Roeckner et al. (2006).

ECHAMS5 can be run as a coupled ocean-atmosphere model, or with forced bound-
aries from prescribed sea surface temperatures and sea ice cover fields. In addition,
a Newtonian relaxation technique , also termed “nudging” (Hoke and Anthes, 1976;
Jeuken et al., 1996) can be applied in order to simulate real weather episodes. The at-
mospheric forcing (surface pressure, temperature, vorticity, and divergence) is then
obtained from numerical weather prediction models with data assimilation. Van
Aalst et al. (2004) applied the nudging technique to a middle-atmosphere GCM,
MAECHAM4 (Manzini and McFarlane, 1998) and showed that the nudging offered
a good representation of chemistry and transport processes. The experiments in this
study are performed using a set-up similar to the Atmospheric Model Intercompari-
son Project 2 (AMIP2, Gates et al., 1999) using the AMIP2 sea surface temperature
and sea ice climatologies of the 1990s. We contrast these simulations with one ex-
periment which was forced by data from the European Center for Medium range
Weather Forecast (ECMWEF) 40-years re-analysis data (ERA40, Simmons and Gib-
son, 2000).

5.2.2 Experiment description

ECHAMS5 contains a flexible software structure for defining idealized atmospheric
tracers. These tracers are then subjected to advection, convection and diffusion.
Additional processes such as emissions, depositions and chemical reactions can also
be added through the standard software interface.

For this study, we define 9 independent idealized tracers with constant concen-
trations at the source region (see Fig. 5.1). The tracers are set to a constant mixing
ratio of 1.0 in the source region at each time step. This is equivalent to prescribing
a source strength of varying magnitude, which is proportional to the outflow from
the region. Once, the simulation has reached a steady state, changes in total tracer
mass on the seasonal scale can thus be used to diagnose the transport activity.

Horizontally, we divide the earth surface into three equal-area latitude bands
called “north” (N), “tropics” (T) and “south” (S). “North” refers to the region north
of 19° N, the region south of 19°S is “south” and the region in the latitude bands
in-between 19°N and 19°S is “tropics”. These latitudinal divisions are consistent
with the findings of (Bowman and Carrie, 2001; Bowman and Erukhimova, 2004;
Erukhimova and Bowman, 2006), that the atmosphere can be divided into three
parts during an idealized transport study. Vertically we introduce the tracers at
three different altitude regimes (i.e. “surface”, “tropopause” and “stratosphere”).
The “surface” tracers are defined at the lowest model level. The “tropopause” tracers



5.2 Model Description 65

10hPa

30hPa stratS stratT stratN Stratosphere
-
100hPa > - tropT -~ ~
- 5
’ ¥ ~
-
200mPaf _"_c_’pf_ I S <o _ _ |Tropopause
surfS surfT surfN Surface
1000 hPa -
90°s South 199s Tropics 199N North 90°N

Figure 5.1— The schematic diagram showing the independent idealized tracers source regions.
The dashed line is the tropopause, while the grey shaded parts are the “north” (N) and “south” (S)
regions. The blue shaded region is the “tropics” (T). The surface tracers (surfN, surfT and surfS) are
introduced at the lowest model level, while the stratosphere tracers (stratN, stratT and stratS) are
emitted at 30 hPa level. The tropopause tracers are released at 100 hPa and 200 hPa for tropT and
tropN (or tropS) respectively. Note that the diagram is not drawn to scale.

are defined at the tropopause, which is assumed to correspond to 100 hPa height in
the T region and 200 hPa height in the N and S regions. The “stratosphere” tracers
are defined at the model level corresponding to 30 hPa, which is the second level in
the vertical resolutions L19 and L31 used in the simulations. Henceforth, we will
abbreviate the tracer names by combining their vertical and horizontal source region
names; surfT for example will identify the surface tracer with source region at the
tropics, while tropN stands for the tracer which is kept at constant concentrations
in the northern hemisphere tropopause region (see Fig. 5.1).

Experiments involving the tracers with chemical lifetime of 5 months were per-
formed in the resolutions T21L19, T42L19, T63L31, T106L31 and T42L31. The
first four resolutions are the most adequate matches of horizontal and vertical reso-
lution according to Roeckner et al. (2004, 2006). A sensitivity experiment was also
performed for testing the impact of ERA40 meteorology in the T63L31 resolution
(run T63L31-erad0) using the tracers with 5 months lifetime. All simulations in-
volving tracers with 5 months lifetime were run for minimum of 4 years excluding
the spin-up time of 1 year.

Additional sensitivity experiments for analysing the changes in the chemical life-
time of the tracers were performed in T63L31 resolution employing tracers with 15
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Table 5.1— Source region mass relative to T63L31 source region mass across the resolutions.

Model resolutions

Tracers T21L19 T42L19 T42L31 T63L31 T106L31
surfN,surfS stratN,stratS 0.92 0.98 0.98 1.0 0.99
surfT, stratT 1.18 1.05 1.05 1.0 1.02
tropN, tropS 1.79 1.91 0.98 1.0 0.99
tropT 1.86 1.65 1.05 1.0 1.02

days and 50 months chemical lifetimes. The T63L31 experiment concerning tracers
with 50 months chemical lifetime needed more years to reach a steady state, there-
fore, the experiment were run for a total period of 13 years. The last three years
of the simulation was used in the analysis. Though the experiments to study the
influence of ERA40 meteorology and chemical lifetime of tracers on the transport
of tracers were performed in the T63L31 resolution, we expect that similar effects
would be seen in other model resolutions.

5.3 Global mass of tracers

The global mass of our tracers with chemical lifetime of 5 months, and how they
are influenced by different model resolutions and ERA40 meteorology is presented
in this section. The discussions are based on the last four years of our simulations.

At steady state, the tracer’ global mass is a function of the source strength,
volume (or mass) of the source region and the tracer’ chemical lifetime. The ex-
periments are designed such that the latter two variables are constant. However,
individual grid of each of the resolutions falls at different latitudinal and longitudinal
boundaries, leading to a slightly different source region mass. Our calculations of
the source region mass of each of the tracers across the resolutions show that the
influence of the source region mass is significant for the resolutions with 19 vertical
levels (T21L19 and T42L19), most especially in the case of tropical and tropopause
tracers (Table 5.1). Figure 5.2 shows the global mass of the tracers measured relative
to the average global mass of T63L31 resolution, taking into account the differences
in the source region mass across all the resolutions.

The transport of surface and tropopause tracers increases as the model resolu-
tion increases. More importantly, transport from the surface and tropopause shows
a significant dependence on the number of vertical levels, evident by the clear separa-
tion between the 19-level and 31-level models (Fig. 5.2). However, the stratosphere
tracers show little difference across the resolutions. While the pattern of the zonal
average of each of the tracers is similar across the different model resolutions, major
differences occur with respect to the extent and shape of specific isolines (see figures
in the Appendix C).
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Figure 5.2— Global mass of the tracers relative to the average global mass of T63L31 resolution
across T21L19, T42L19, T42L31, T63L31, T63L31-era40 and T106L31 resolutions. The differences
in tracers’ source region mass have been taken into account. The S tracers are not shown because
they are similar to the N tracers.
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A striking feature in Fig. 5.2 is the closeness of the T42L31 lines to the other
31-level models. Therefore T42L31 seems to be a good representative of the 31-
level resolutions. This shows that when considering transport of chemical species
that exhibit strong vertical concentration gradients, it is worth using T'42 horizontal
resolution with 31 vertical levels. However, Roeckner et al. (2004, 2006) show that
using 31 vertical levels instead of 19 does not improve the meteorology in the T42.
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Figure 5.3— The plots showing the seasonal variation of the normalized global mass of each of
the tracers across the resolutions. The tracers’ 4-year average monthly global mass are normalized
with respect to the 4-year mean global mass.

ERA40 data leads to a slight reduction of transport from the surface. It also
leads to a reduction of about 10% — 15% in the transport from the tropopause.
This difference may be partly explained by the difference in the tropopause height
of the T63L31 and T63L31-erad0 simulations calculated according to the World
Meteorological Organisation (WMO) definition. However, ERA40 data leads to an
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increase of up to 10% in the transport of stratosphere tracers (Fig. 5.3). It also
generates a quasi-biennial oscillation (QBO) at the tropical stratosphere (see stratT
in Fig. 5.2). As demonstrated by (Giorgetta et al., 2002), the ECHAMS5 model can
generate a QBO signal only when run in the middle-atmosphere configuration with
at least 80 vertical levels.

The influence of resolution on the seasonality of each of the tracers is shown in
Fig. 5.3. In the figure, 4-year monthly average of the tracers’ global mass are nor-
malized by the respective 4-year-average global mass across each of the resolution.
The surface and tropopause tracers in the T21L19 resolution generally have larger
amplitude when compared to other resolutions. The maximum of surfN and surfS
tracers occurs in September and August respectively, while their minimums have a
phase shift of about 4 months (minima occur in May and January respectively). The
seasonal cycle of surfT is very weak. The tropopause tracers exhibit less coherent
seasonality across the resolutions. Interestingly, tropN and tropS tracers have dif-
ferent seasonality, while tropN has two maximums, tropS have only one. The stratN
and stratS tracers have a distinct seasonal cycle with a comparable amplitude, how-
ever, they are opposite in phase to each other. The maximum and minimum global
mass of stratN is found around March and October respectively, while for stratS,
they occur in September and April respectively. The seasonal cycle of stratT tracer
is in phase with the seasonal cycle of stratN tracer. In conclusion, the seasonal
variation of tropopause tracers shows the largest difference across the resolutions.

5.4 Transport of tracers

This section discusses the inter-hemispheric and the vertical exchange of the tracers
with the chemical lifetime of 5 months. It also presents the concurrent results of
the variation in the transport due to changes in model resolution and meteorology.
We report the amount of tracers found in the respective regions under consideration
(i.e. the three inter-hemispheric regions N, S, and T) in percent of the global mass.
This makes our results independent of the seasonally varying flux out of the source
region.

5.4.1 Inter-hemispheric transport

Figure 5.4 shows the percentage amount of each of the tracers found in the three
regions at steady state. It shows that about 15%, 18% and 2% of the surface,
tropopause and stratosphere tracers, respectively are exchanged between N and S
regions. While these fractions are also about 28%, 31% and 26% respectively for
the tropical tracers transported to both hemispheres. The N and S region tracers
transported to T region is about 31%, 35% and 15% for the surface, tropopause and
stratosphere tracers respectively. Generally, about half of the tracer mass remains
in the region of origin, except for the stratN and stratS tracers, where this fraction is
as large as 80% owing to the much slower meridional circulation in the stratosphere.
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Coarse resolution models lead to a decrease in the inter-hemispheric transport at
the surface and the tropopause, but the opposite is true in the advection to tropical
region (Fig. 5.4a and b) . As will be discussed in Sect. 5.4.2; this is a consequence of
increased vertical mixing and recirculation in the coarser resolution models. How-
ever, coarser model resolution leads to an increase in the inter-hemispheric transport
in the stratosphere (Fig. 5.4c), with the exception of stratT tracer transported to S
region.

ERA40 data generally leads to a small reduction of about 1 — 3% in the exchange
of surface and tropopause tracers among the three regions, except for surfS trans-
ported to T region and tropT transported to both hemispheres. In latter cases, it
causes about 2% increase (Fig. 5.4a and b). In contrast to its influence at the surface
and the tropopause, ERA40 data increases the inter-hemispheric transport in the
stratosphere by about 10 — 15% for transport from tropical region to both hemi-
sphere and about a factor of 2 for exchange between the N and S regions (Fig. 5.4c).
The generated QBO in the T63L31-era40 run (Fig. 5.5) must have contributed to
the higher inter-hemispheric mass exchange observed in the stratosphere tracers,
which would be consistent with the results in O’Sullivan and Chen (1996).

The seasonal cycle of the inter-hemispheric transport of the stratosphere tracers
in T63L31 resolution is shown in Fig. 5.6. It shows that the stratosphere tracers
have an enhanced exchange of air between the tropical stratosphere and the extra-
tropical stratosphere starting from late autumn to spring (October — May in the
northern hemisphere and May — October in the southern hemisphere). This seasonal
cycle is somewhat consistent with the seasonality of the isentropic mass exchange
between the tropics and the extra-tropics at the stratosphere as reported in previous
studies (e.g. Chen et al., 1994; Waugh, 1996). Transport from stratosphere tropical
region has a larger amplitude than the exchange between other regions. This is a
consequence of the Brewer-Dobson circulation (Brewer, 1949; Dobson, 1956), which
describes a residual flow from the tropical stratosphere to the poles. Less distinctive
and weaker patterns are observed in the seasonal cycle of inter-hemispheric transport
of the tropopause and surface tracers. The seasonality of the inter-hemispheric
transport of stratosphere tracers in other model resolutions is similar to T63L31
seasonal cycle described here, but with varying amplitudes.

5.4.2 Vertical exchange of tracers

The most important vertical transport is the cross-tropopause transport. Therefore,
in this section we consider the transport of the surface and tropopause tracers to the
stratosphere (above the 50 hPa level) and the transport of the stratosphere tracers
to below 750 hPa. These are shown in Fig. 5.7.

Owing to the long residence time of air in the stratosphere relative to the chosen
lifetime of 5 months of our idealized tracers, less than 1.2% and 6% of the surface
and tropopause tracers’ mass are found at levels above 50 hPa, respectively across
all model resolutions. About 1.0% of the stratosphere tracers are transported to
below 750 hPa. The amount of surface and tropopause tropical tracers transported
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to the stratosphere is larger than that transported from their corresponding N and
S tracers. This is due to the influence of convection on the tropical surface tracer
and a higher source region altitude on the tropical tropopause tracer.

The vertical uplift of surface and tropopause tracers decreases as the model reso-
lution increases (Fig. 5.7 left and middle). Again, the number of vertical levels plays
a significant role. The stratosphere tracers transported to below 750 hPa decreases
as the model vertical resolution increases (Fig. 5.7 right).

ERA40 data increases the vertical transport of surface and tropopause tracers
to the stratosphere by about a factor of 2.5 (Fig. 5.7 left and middle), while it
has little effect on their vertical mixing within the troposphere (figures not shown).
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ERA40 data also increases the transport of stratosphere tracers to the troposphere
by up to 70% (Fig. 5.7 right). This is consistent with findings from Van Noije et
al. (2004), who investigated the sensitivity of STE towards different meteorological
forcing conditions in their chemistry transport model.

The seasonal cycle of the stratosphere tracers transported to below 750 hPa across
the model resolution is shown in Fig. 5.8. The figure shows that the seasonal cycle
varies from one model resolution to another. Again the T42L31 values and season-
ality are comparable to that of T63L31.
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Figure 5.7— The percentage of surface (left) and tropopause (middle) tracers’ mass transported
to the stratosphere (above 50hPa), and the stratosphere tracers (right) transported to the surface
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5.5 Sensitivity towards chemical lifetime of tracers

In this section, we discuss the influence of the tracers’ lifetime on the transport of
tracers discussed above. In order to contrast the results discussed so far with model
simulations of tracers with different lifetimes, we therefore performed additional
model simulations in T63L31 with a tracer lifetime of 15 days and 50 months. The
experiments concerning tracers with 50 months chemical lifetime needed a much
longer spin-up time (a trend in the stratospheric tracers was detected up to year
10). Therefore the experiments were conducted for a total period of 13 years. In
this section, we present the results for the last 3 years of the simulation.

The percentage mass exchanged between the three hemispheric regions (N, S,
and T) for each of the tracers across the different chemical lifetimes is shown in
Table 5.2. The table reveals that the long-range inter-hemispheric transport between
the northern and the southern hemisphere, and the inter-hemispheric transport of
the stratosphere tracers are most affected by the tracers’ chemical lifetime. The
largest differences are however found between the tracers which chemical lifetime of
15 days and 5 months. The 50 months surface and tropopause tracers are well mixed,
therefore the distribution within the regions vary by less than 7%, whereas this
variation in the stratosphere tracers is up to 30% (see 50 months tracers in column
4 of Table 5.2). The measurement of remote tropospheric methane concentrations
also vary by less than 10% across the globe (Dlugokencky et al., 1994).

Table 5.3 shows the vertical transport of the tracers across the different chemical
lifetimes. The fraction of the surface and tropopause tracers transported to the
stratosphere, and the stratosphere tracers that gets to the surface are almost reduced
to 0% when the chemical lifetime is 15 days. This fraction increases to about 0.4%
and 1.0% for the surface and tropopause tracers respectively, when the lifetime
is increased from 15 days to 5 months. When the lifetime is increased from 5
months to 50 months, these fractions are further increased by about a factor of
10, except for the tropopause T tracer, where the increase is only a factor of 3.
Figure 5.9 shows an example of the changes in the seasonality of the stratosphere
tracers transported to below 750 hPa due to a change in the chemical lifetime. These
changes provide a demonstration of the strong connections between atmospheric
chemistry and transport, which may have important implications for atmospheric
chemistry data assimilation.

5.6 Estimating tracers’ transport time

In this section, we present a box model of tracer transport and calculate the inter-
hemispheric and vertical transport time of tracers based on this box model using
the results presented in earlier sections.

The entire atmosphere is divided into two boxes as shown in Fig. 5.10. Each
of the boxes has a volume, V, mass density, p and a rate of chemical extinction
a = 1/7. Where 7 is the chemical lifetime of tracer in the box. The subscripts 1
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Table 5.2— Comparison of the inter-hemispheric transport of tracers (in %) with chemical lifetime
of 15 day, 5 months and 50 months in the T63L31 resolution.

Chemical lifetime of tracers
Tracers and receptor region 15 days 5 months 50 months

Exchange of mass between N and S regions

surfN to S 1.2 16.3 30.8
surfS to N 1.5 16.6 30.7
tropN to S 2.6 18.9 31.3
tropS to N 2.3 18.4 31.1
stratN to S 0.01 2.3 22.3
stratS to N 0.01 1.9 21.5
Transport from N and S to T region

surfN to T 18.3 30.8 32.6
surfS to T 19.2 314 32.8
tropN to T 30.8 34.8 33.1
tropS to T 32.5 35.7 33.2
stratN to T 6.7 15.1 26.4
stratS to T 6.8 14.5 25.9
Transport from T to N and S regions

surfT to N 14.8 28.4 32.9
surfT to S 15.2 29.1 33.2
tropT to N 20.2 31.3 33.3
tropT to S 20.6 31.0 33.6
stratT to N 8.2 24.6 33.9
stratT to S 8.8 27.0 35.5
Tracers remaining in source region

surfN in N 80.5 52.9 36.6
surfS in S 79.3 51.9 36.5
surfT in T 70.0 42.5 33.9
tropN in N 66.6 46.3 35.6
tropS in S 65.2 45.9 35.7
tropT in T 59.2 37.7 33.1
stratN in N 93.3 82.7 51.3
stratS in S 93.2 83.6 52.6
stratT in T 83.0 48.4 30.6

and 2 make a distinction between boxes 1 and 2 respectively. Tracer in box 1 is
transported into box 2 at a rate y_— = 1/7_ while the tracer in box 2 is transported
to box 1 at a rate y; = 1/74. Tracer has a source, with source strength s. The rate
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Table 5.3— The comparison of the percentage mass transported vertically in the T63L31 tracers
for the different chemical lifetimes.

15days 5months 50 months

Surface tracers

surfN above 50 hPa 0.0057 0.38 3.68
surfS above 50 hPa 0.0042 0.33 3.63
surfT above 50 hPa 0.0124 0.43 3.74

Tropopause tracers

tropN above 50 hPa 0.011 0.43 3.72
tropS above 50 hPa 0.007 0.36 3.67
tropT above 50 hPa 0.196 1.77 5.11

Stratosphere tracers

stratlN below 750 hPa  0.0004 1.35 15.63
stratS below 750 hPa  0.0003 1.11 15.32
stratT below 750 hPa  0.0008 0.89 14.04
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Figure 5.9— The monthly time series of the percentage of the T63L31 stratosphere tracers’
transported to below 750 hPa when the lifetime is (a)15 days (b) 5 months and (c) 50 months. Note
the difference in the seasonal variation.

of change of p in box 1 and 2 due to exchange of tracer between the two boxes are:
: Vs
fro= —oapL— Y- prtegepats (5.1)
: Vi
f2 = —02pr—rp2t7- 1 (5.2)
2
where the parameters aq, ag, 74+ and y_ are positive real numbers.

At steady state, the LHS of Equations (5.1) and (5.2) is equal to zero. If we
solve the resulting equations simultaneously for steady state p; and ps, assuming s
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Figure 5.10— The box model of transport of tracer. See text for details description of the
parameters.

is known yields:

_ ag + s
no= (2 7—1—) (53)
(a1 + a1y +azy-)
_Vis
;= — (5.4)

Vo (agag + a1 vy +agy-)

Dividing Equation (5.3) by Equation (5.4) and further simplications yield:

Vi T
U S . (5.5)
Va p2 mg Y- =
Y = magt— (5.6)
T+

To calculate the inter-hemispheric transport time between both hemispheres, we
assume that the boundary between the two boxes is at the equator. This is physically
consistent due to the inter-tropical convergence zone (ITCZ) at the equator, which
acts as a major resistance to air mass exchange between northern and southern
hemispheres. Using Equation (5.6), we calculate that it will take about 7 and 10 —
14 months for the surface tracer with source in southern and northern hemisphere,
respectively to be transported to the other hemisphere. These results are at the
lower end of the inter-hemispheric exchange time of 1.5 — 1.7 years calculated from
85Kr concentration by Levin and Hesshaimer (1996) with the use of a different two
box model. Our calculation shows that the inter-hemispheric transport time of the
stratosphere tracers are within the range of 8 — 10 years.

Applying the box model to our vertical transport results, with the assumption
that the tropopause is at 155 hPa, shows that it will take about 35 and 56 months
for surface tracers with the source region in the northern and southern hemisphere,
respectively to get into the stratosphere. Whereas, it will take only 17 days for the
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surface tropical tracer to get into the stratosphere. These results are very sensitive
though to the assumed height of the tropopause level. We also calculated that the
stratosphere tracers cross-tropopause transport time is of the order of 5, 6 and 8
years for stratN, stratS and stratT tracers respectively.

5.7 Summary and Conclusions

The influence of model resolution, ERA40 meteorology and the chemical lifetime
on the transport of tracers in ECHAMS has been examined. These influences
are assessed through the changes in the tracers global mass, inter-hemispheric ex-
change and vertical transport of the 9 independent idealized tracers we introduce

into ECHAMS.

Generally transport increases in the finer resolution models and are mostly de-
pendent on the number of vertical levels. The transport of tracers in the T42L31
resolution is similar to the other model resolutions with 31 vertical levels, and it
could be their good representative, although the ECHAMS5 model climate simula-
tions give better results at higher spatial resolutions (Roeckner et al., 2006). We
found a decrease in the meridional transport of surface and tropopause tracers in
the coarse resolution models, as a consequence of an increased vertical mixing and
recirculation within their source region. Hence percentage amount of surface and
tropopause tracers transported vertically is larger in the coarse resolution models.
In contrast to this, coarse model resolution leads to an enhanced inter-hemispheric
transport in the stratosphere, except for the tropical stratosphere tracer, which
shows a decrease in the meridional transport with increasing model resolution.

ERAA40 data causes a slight reduction in the transport of surface tracers. About 10
— 15% reduction observed in the transport of tropopause tracers due to ERA40 data
may be largely caused by the difference in the height of the tropopause calculated
according to the WMO criteria. Whereas, ERA40 data leads to an increase of up
to 10% in the transport of the stratosphere tracers. An interesting feature of the
ERA40 data is the generation of the QBO at the tropical stratosphere, which can
only be generated in the ECHAMS5 middle-atmosphere configuration with at least 80
vertical levels according to Giorgetta et al. (2002). ERA40 meteorology also leads to
the reduction of about 1 — 3% in the meridional transport of surface and tropopause
tracers, except at the tropical tropopause, where transport is increased by about
2%. 1In contrast to its influence at the surface and the tropopause, ERA40 data
increases the inter-hemispheric transport in the stratosphere by about 10 — 15% for
transport from tropical region to both hemisphere and by about a factor of 2 for
exchange between the N and S regions. ERA40 data increases the vertical transport
of surface and tropopause tracers to the stratosphere by about a factor of 2.5. It
also leads to an increase of stratosphere tracers transported to the surface by up to
70%. This is in agreement with findings in Van Noije et al. (2004).

The long-range inter-hemispheric transport between the northern and the south-
ern hemisphere, and the inter-hemispheric transport of the stratosphere tracers are
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most affected by the tracers’ chemical lifetime. The surface and tropopause tracers
with chemical lifetime of 50 months are well mixed, therefore the distribution within
the three hemispheric regions vary by less than 7%, irrespective of their source re-
gions, however, those emitted at the stratosphere show variations of up to 30%. The
chemical lifetime of tracers not only affects the amount of tracers transported, but
it also has a strong influence on the seasonal cycle of the tracers.

Using a simple box model, we have calculated the inter-hemispheric and vertical
exchange time of our tracers. We found that it will take about 7 and 10 — 14 months
for the surface tracer with source in southern and northern hemisphere respectively
to be transported to the other hemisphere. These results are at the lower end of the
inter-hemispheric exchange time of 1.5 — 1.7 years calculated from ®°Kr concentration
by Levin and Hesshaimer (1996) with the use of a different two box model. We also
calculate that the inter-hemispheric transport time of the stratosphere tracers are
within the range of 8 — 10 years. Assuming that the tropopause is at 155hPa,
we calculate the cross-tropopause transport time of 35 and 56 months for surfN
and surfS tracers respectively. Whereas, it will take only 17 days for the surface
tropical tracer to get into the stratosphere. We also calculate that the stratosphere
tracers cross-tropopause transport time is of the order of 5, 6 and 8 years for stratN,
stratS and stratT tracers respectively. These results are very sensitive though to
the assumed height of the tropopause level.
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Chapter 6

The influence of African air
pollution on regional and global
tropospheric chemistry!

Abstract

We investigate the influence of African biomass burning, biogenic, lightning and
anthropogenic emissions on the tropospheric ozone over Africa and globally using
a coupled global chemistry climate model. Our model studies indicate that surface
ozone concentration may rise by up to 50ppbv in the burning region during the
biomass burning seasons. Biogenic emissions yield between 5ppbv and 30 ppbv
increase in the near surface ozone concentration over tropical Africa. The impact
of lightning on surface ozone is negligible, while anthropogenic emissions yield a
maximum of 7 ppbv increase in the annual-mean surface ozone concentration over
Nigeria, South Africa and Egypt. Our results show that biogenic emissions are the
most important African emission source affecting total tropospheric ozone. The
influence of each of the African emissions on the global tropospheric ozone burden
(TOB) of 384Tg yields about 9.5 Tg, 19.6 Tg, 9.0 Tg and 4.7 Tg for biomass burning,
biogenic, lightning and anthropogenic emissions emitted in Africa respectively. The
impact of each of these emission categories on African TOB of 33 Tg is 2.5Tg,
4.1Tg, 1.75 Tg and 0.89 Tg respectively, which together represents about 28% of
the total TOB calculated over Africa. Our model calculations also suggest that
more than 70% of the tropospheric ozone produced by each of the African emissions
is found outside the continent, thus exerting a noticeable influence on a large part of
the tropical troposphere. Apart from the Atlantic and Indian Ocean, Latin America
experiences the largest impact of African emissions, followed by Oceania, the Middle
East, Southeast and south-central Asia, northern North America (i.e. the United
States and Canada), Europe and north-central Asia, for all the emission categories.

'Published in Atmos. Chem. Phys., 7, 1193-1212, 2007, with M. G. Schultz and S. Rast as
co-authors.
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6.1 Introduction

Air pollution emitted in Africa comes from four sources, mainly biomass burning,
natural emission from vegetation and soil, lightning NOy emissions, and other an-
thropogenic sources — such as emissions related to the combustion of fossil-fuel for
energy, industrial, transport and domestic uses. Africa contributes a significant
amount to the global emissions from the first three categories, while emissions from
fossil fuel combustion are important only on the regional scale. Emissions of trace
species (e.g. CO, NOx, volatile organic compounds (VOCs)) significantly affect
tropospheric chemistry and lead to the formation of tropospheric ozone, which in-
fluences the radiative forcing (e.g. Naik et al., 2005; Dentener et al., 2005).

African biomass burning activities, generally categorised as savanna, forest and
agricultural waste burning, are driven by the “slash and burn” agricultural practices
that take place during the dry seasons — late November to early March in the north-
ern hemisphere (NH), and July to October in the southern hemispheric (SH) part
of Africa (Marenco et al., 1990). African biomass burning contributes about 40%
to trace species emitted by global biomass burning activities (Crutzen et al., 1979;
Andreae, 1991; Helas et al., 1995a, Schultz et al., in review?), and exerts a large
influence on tropospheric chemistry (Crutzen and Andreae, 1990; Andreae, 1993;
Helas et al., 1992, 1995a; Marufu et al., 2000). Marufu et al. (2000) used a global
chemistry transport model to test the sensitivity of tropospheric ozone over Africa
to emissions from biomass burning from all over the world and found that about
16% of the 26 Tg tropospheric ozone burden (TOB) over Africa is due to these global
biomass burning emissions.

Lightning produces NOy, mostly in the middle to upper troposphere (Ridley et
al., 1996; Pickering et al., 1996; Lamarque et al., 1996; Pickering et al., 1998; De-
Caria et al., 2000), where it has a longer lifetime and greater ozone production
potential than in the lower troposphere (Liu et al., 1987; Pickering et al., 1990).
For example, DeCaria et al. (2005) calculated a photochemical ozone enhancement
of about 10 ppbv 24 h after a storm observed during the Stratosphere-Troposphere
Experiment: Radiation, Aerosols and Ozone (STERAO-A) using a 3-D cloud-scale
chemistry transport model (CTM). The maximum lightning activity occurs in the
tropics. However, tropical thunderstorms are the least well characterized, there-
fore, the uncertainty of tropical lightning NOy is particularly large. Generally, the
total contribution of lightning to the global NOy budget is highly uncertain. Es-
timates range from 2-20 Tg (N) per year (Lawrence et al., 1995; Price et al., 1997;
Huntrieser et al., 2002; Labrador et al., 2005). However, several studies published af-
ter 2000 have suggested an estimate closer to the lower limit. Huntrieser et al. (2002)
estimated about 3 Tg (N) yr~! from lightning NO, based on detailed analysis of air-
borne NOy measurements of European thunderstorms. Tie et al. (2001) and Martin

et al. (2002) found that using a global lightning emission value of 7 Tg (N) yr~! and

2Schultz, M. G., Heil, A., Hoelzemann, J. H., Spessa, A., Thonicke, K., Goldammer, J., Held, A.
C., and Pereira, J. M.: Global Emissions from Wildland Fires in 1960 to 2000, Global Biogeochem.
Cycles, in review.
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6 Tg (N) yr~! respectively, their model simulations show reasonable agreement with
airborne observations of reactive nitrogen species.

Vegetation emits a wide range of VOCs (Kesselmeier and Staudt, 1999). Among
these biogenic VOCs, isoprene is one of the most important (e.g., Fehsenfeld et
al., 1992; Guenther et al., 1995), followed by terpenes and methanol (CH3OH). Esti-
mates of global isoprene emissions vary between 200 Tg and 600 Tg (Kesselmeier and
Staudt, 1999; Guenther et al., 2006, and references therein), of which Africa con-
tributes about a fifth. Biogenic VOCs can have a significant impact on tropospheric
chemistry as soon as they are released into the air, because of their high reactivity.
They lead to the production (or destruction) of ozone in high (or low) NOy condi-
tions. Wang and Shallcross (2000) found an increase in surface ozone concentration
of about 4 ppbv over the ocean and about 8 — 12 ppbv over the mid-latitude land
areas when isoprene emissions were included in their 3-D model simulations. Us-
ing biogenic CH3OH emissions of 117 Tg (C) yr—!, Tie et al. (2003) calculated an
increase of about 3 — 4% in the tropical ozone at 300 hPa.

In this study we performed multi-year sensitivity calculations with a newly de-
veloped global chemistry climate model using the biomass burning, biogenic and an-
thropogenic emissions employed in the recent IPCC-ACCENT simulations in prepa-
ration for the fourth assessment report (e.g. see Stevenson et al., 2006; Shindell et al.,
2006). The lightning NOy emissions are calculated interactively within our model.
These sensitivity studies are used to investigate the regional and global influence of
each of the African emissions on primary and secondary tropospheric trace species
concentrations. In particular, we focus on tropospheric ozone produced from the
photochemical reactions involving precursors emitted in Africa. Tropospheric ozone
is a greenhouse gas (Wang et al., 1980; Hansen et al., 2002), high ozone concen-
trations in the air affect human health (e.g. Peden, 2001; Desqueyroux et al., 2002;
Mortimer et al., 2002) and damage vegetation, including agricultural crops (e.g.
Mauzerall and Wang, 2001; Oksanen and Holopainen, 2001).

A description of the model set-up, the simulation experiments and the emissions
used are given in Section 6.2. The relative influence of African emissions on the
ozone concentrations over six African cities is presented in Section 6.3. The results
of the sensitivity experiments are discussed in Sections 6.4 through 6.7, including
the discussions on seasonality and inter-annual variability in Sections 6.6 and 6.7
respectively. We present the uncertainties in our results in Section 6.8, while the
conclusions and a summary are given in Section 6.9.

6.2 Model set-up

The global chemistry climate model ECHAMS5-MOZ, which is described and eval-
uated in Chapters 2 and 4 respectively, is employed in this study. This section
describes the simulations performed in this study and the emission fields.
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6.2.1 Model simulations

The model experiments follow the general setup for the IPCC-ACCENT intercom-
parison experiment (Stevenson et al., 2006). The experiments were run for present-
day climate and emissions. The climate conditions (sea surface temperatures and
sea ice fields) were taken from six consecutive years of coupled ocean-atmosphere
simulations performed at the Max Planck Institute for Meteorology, Hamburg in the
framework of the fourth IPCC assessment report (Roeckner et al., 2006). Present-
day constant concentrations of 1760 ppbv, 367 ppm and 316 ppbv were maintained
for CH4, CO5 and N5O respectively.

ECHAMS5 model climate simulations give better results at higher spatial resolu-
tions (Roeckner et al., 2006). Specifically, T42L19 and T63L31 have a particularly
good balance between computational costs and quality of the results. However,
the sensitivity of tracers’ transport in ECHAMS5 discussed in Chapter 5 shows that
the simulated transport of tracers in T42L31 is significantly different from that in
T42L19, but comparable to that in the computationally more expensive T63L31
resolution. Each experiment in this study was therefore performed in the T42L31
resolution for 5 years (1997-2001) after a spin-up of 6 months.

We performed one reference experiment and 4 sensitivity experiments. The ref-
erence experiment includes all the emissions, while in each of the sensitivity experi-
ments, we switch off one of the following emission categories over the African conti-
nent: biomass burning, biogenic, lightning, or anthropogenic emissions, respectively.
The differences between the reference and the sensitivity experiments therefore show
the impact of each of the African emissions.

We are aware that setting an emission source to zero affects the lifetime of other
trace species in the troposphere. Nevertheless, this approach provides a relatively
uncomplicated method in assessing the potential impact of these different emission
types. Also, the method has the advantage that the combined effect of different
species (e.g CO, NOy and NMVOC) from the same emission category (e.g biomass
burning) on the overall tropospheric chemistry can be assessed. The methane life-
time (average of 7.1 years based on 150 ppbv ozone-threshold tropopause) shows a
small increase of about 13, 35 and 50 days in the experiment without anthropogenic,
biomass burning and lightning emissions respectively, when compared to the refer-
ence experiment, while in the experiment where biogenic emissions are switched off,
it decreases by only 32 days.

6.2.2 FEmissions

The ECHAMS5-MOZ model needs gridded emission data for emissions that are not
calculated interactively. The lightning emissions are calculated from the interactive
lightning parameterisation in ECHAMb5-MOZ as discussed in Sect. 2.2.2. This pa-
rameterisation yields global lightning emissions of about 2.7 Tg (N)/yr in ECHAMS5-
MOZ. Over Africa, total lightning emissions are about 0.7 Tg (N)/yr. Other emis-
sions used for this study are prescribed and identical to those used in the IPCC-



6.2 Model set-up 83

ACCENT experiment (Stevenson et al., 2006).

The prescribed emissions such as biomass burning (this includes all open fires
such as savanna, forest, and agricultural burning), aircraft, soil emissions, biogenic
and other anthropogenic emissions (such as fossil-fuel combustion by the domestic,
transport and industrial sector) are supplied to ECHAM5-MOZ model as monthly-
mean globally gridded files. They are injected into the model at various model
heights.

These prescribed emissions data sets are a combination of emission inventories of
the Institute for Applied System Analysis (ITASA), the Global Emissions Inventory
Activity (GEIA), the Global Fire Emissions Database (GFED) version 1 (Randerson
et al., 2005) and the Emissions Database for Global Atmospheric Research (EDGAR)
version 3.2 (Olivier et al., 1999).

Anthropogenic CO, NO, and NMHC emissions such as domestic, industrial, road
transport, off-road and power-plants fossil-fuel combustion and gas flaring are as cal-
culated by the ITASA global version of the Regional Air Pollution Information and
Simulation (RAINS) model (Amann et al., 1999) for the year 2000. The interna-
tional shipping CO, NOy and NMHC emissions are based on the EDGAR3.2 global
emission inventory (Olivier et al., 1999), while aircraft NOy emissions are specified
according to the IPCC special report on Aviation and the Global Atmosphere (IPCC,
1999).

The biomass burning emissions, which include savanna, forest fires, deforestation
fires, and agricultural waste burning are from the GFED version 1 (Randerson et
al., 2005) database available at http://daac.ornl.gov/. For the simulations, we use
the 1997 — 2002 average data. Ocean CO emissions are from the GEIA database (see
Horowitz et al., 2003).

The biogenic VOC emissions from vegetation are based on the global model of
natural VOC contributed to the GEIA activity by Guenther et al. (1995). The
soil CO, Hy and NOy emissions are also from the GEIA database (see Horowitz et
al., 2003). The global biogenic emissions are 756 Tg (C)yr~!, 68 Tg (C)yr~!, and
8 Tg (N)yr~! for non-methane VOCs (NMVOC), CO and NOy respectively. Iso-
prene, terpenes and methanol account for about 68%, 17% and 11% of the biogenic
NMVOC respectively.

Table 6.1 lists the global CO, NOyx and NMVOC emissions by source used in
this study, and the amount contributed by African emissions are included as the
percentages of the global emissions. It also contains the comparison of our emissions
to those of Marufu et al. (2000). Our biogenic emissions are about twice as high as
those of Marufu et al. (2000), while others are comparable.
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Table 6.1— Global trace gas emissions by source used in this study and contribution from the
African continent in parenthesis.

CO NMHC NOy

Source (Tg (C)/yr)  (Tg(C)/yr) (Tg(N)/yr)
Industrial 201 (16%) 66 (14%)  28.0 (5%)
Biomass burning 217 (43%) 19 (42%) 10.0 (46%)
Biogenic 69 (20%) 756 (25%) 8.0 (30%)
Lightning - - 2.7 (26%)
Aircraft - - 0.7 (4%)
Ocean 9(-) 4 (-) -
Total 496 (28%) 845 (24%)  49.4 (18%)

Marufu et al. (2000) 482 (23%) 534 (23%) 40.0 (18 %)

6.3 The influence of African emissions on the ozone con-
centrations over some African stations

The influence of African emissions on the ozone concentrations over some African
cities is presented in this Section. These cities include Cairo (Egypt), Abidjan
(Cote d’Ivoire), Lagos (Nigeria), Brazzaville (Congo), Windhoek (Namibia) and
Johannesburg (South Africa). The evaluation of the ozone concentrations over these
cities has been discussed in Chapter 4.

The red lines in Fig. 6.1 show that the biomass-burning precursors emitted over
western Africa lead to an ozone enhancement over central Africa in DJF, as shown
by the ozone profile over Brazzaville. Figure 6.1 also shows the reverse influence
of central-African biomass burning on west-African ozone in JJA, but at a lesser
amount (Abidjan and Lagos). This feature has previously been found by backward
trajectories calculated in Sauvage et al. (2005).

Figure 6.1 shows that African emissions have insignificant influence over Cairo.
In November — April, lower tropospheric ozone concentrations over Johannesburg
are most sensitive to biogenic and anthropogenic emissions. At all stations except
Cairo, we see a significant influence of biogenic and lightning emissions on upper
tropospheric ozone concentration, especially during the wet seasons.

6.4 The effect of African emissions on surface ozone

We discuss surface ozone concentration due to photochemical reactions involving
African emissions in this section. The impact on the surface ozone is important
because this provides the quantification of the direct impact on humans and vege-
tation.
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Figure 6.1— The 5-year mean model simulated ozone concentrations (open circles with line)
over Cairo (Egypt), Abidjan (Cote d’lvoire), Lagos (Nigeria), Brazzaville (Congo), Windhoek (Namibia)
and Johannesburg (South Africa) in DJF, MAM, JJA, and SON, including the ozone enhancement due
to each of the African emissions: biomass burning (red lines), biogenic (green lines), lightning (blue
lines) and anthropogenic (dashed-black lines). The red, green, blue and dashed-black lines represent
the difference of ozone between the reference and the sensitivity experiments.
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The effect of African biomass burning, biogenic and anthropogenic emissions on
surface ozone is shown in Figs. 6.2, 6.3 and 6.4 respectively. The figures show
the difference in the simulated surface ozone concentrations between the reference
experiment and the experiment where each of the emission types was excluded.
Lightning has a small impact on surface ozone concentration, and only accounts for
a maximum of 1 ppbv over a small area in Africa, and is therefore not presented.
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Figure 6.2— The influence of African biomass burning on 5-year of the surface ozone concentra-
tions in DJF, MAM, JJA and SON. The figures show the difference between the reference experiment
and the experiment where biomass burning emissions are excluded.

The enhancement of the surface ozone concentrations during the biomass burning
seasons (DJF and JJA) generally lies between 10-50 ppbv at the burning region
(Fig. 6.2), but can reach 60 ppbv in JJA over large parts of Democratic Republic
of Congo and Angola. In DJF, there is a significant enhancement of the surface
ozone concentrations over the equatorial Atlantic, reaching farther to the north-
eastern part of Brazil. About 1-2 ppbv surface ozone increase due to African biomass
burning emissions in JJA as well as September to November (SON), can be found
over the southern Atlantic, Indian and Pacific oceans.

The influence of biogenic emissions on surface ozone concentration over Africa
is lower than that of biomass burning emissions in DJF and JJA (Fig. 6.3) in the
burning regions. The highest enhancement during these 2 seasons is about 30 ppbv.
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Figure 6.3— The influence of African biogenic emissions on 5-year of the surface ozone con-
centrations in DJF, MAM, JJA and SON. The figures show the difference between the reference
experiment and the experiment where biogenic emissions are excluded.

However, while biomass burning surface ozone enhancement is confined to SH Africa
in JJA the influence of biogenic emissions covers both hemispheres. African biogenic
emissions enhance the SH ocean surface ozone concentration by about 1-2 ppbv in
all season.

The surface ozone produced by African anthropogenic emissions (Fig. 6.4) shows
that Nigeria, South-Africa and Egypt are the countries mainly affected by anthro-
pogenic emissions (up to 10 ppbv). These three countries together account for about
35%, 53% and 37% of the total African anthropogenic CO, NOy, and NMHC emis-
sions respectively. This effect therefore corresponds to the relatively high contribu-
tion of these countries to the anthropogenic emissions.

The relative importance of each of the African emission categories to surface ozone
concentration over Africa thus depends on the season and the location. For example,
biomass burning emissions have the largest influence in the burning regions during
the dry season. Whereas, over most of the Saharan desert (i.e. north of Sahel),
the surface ozone concentration is enhanced mainly by anthropogenic and biogenic
emissions.
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Figure 6.4— The influence of African anthropogenic emissions on 5-year of the surface ozone
concentrations in DJF, MAM, JJA and SON. The figures show the difference between the reference
experiment and the experiment where anthropogenic emissions are excluded. Note that the scale is
reduced from those of Figs. 6.2 and 6.3.

6.5 The influence of African emissions on tropospheric
ozone burden

We discuss the influence of African emissions on total tropospheric ozone burden
(TOB) over Africa, globally and over other continental regions, in this section. The
estimate of the TOB quantifies the impact of each of the African emission on the
entire troposphere.

We calculate the burden mg of a species s in any three-dimensional subdomain
D of the atmosphere describing a particular region, e.g. troposphere over Africa, as:

AP(j) A(j
me=3" (Jg) ()

| () x0 ) (6.

where
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AP(j): absolute values of the difference between the pressure at the upper
and lower boundary
of the grid box j
A(j) : area of grid box j
g : earth acceleration
vs(j) :  mass mixing ratio of species s in grid box j
xp(j) : characteristics function of subdomain D. It is 1 if the grid box j
lies in D, otherwise it is 0.

For the purpose of this study, the tropopause is defined as the pressure level at which
the ozone concentrations are greater than or equal to 150 ppbv. The TOB discussed
in this section and in subsequent sections are calculated using Eqn. (6.1).

The TOB calculated from the reference experiment for various world regions are
shown in the last column of Table 6.2. Our estimate of 33 Tg TOB over Africa
is higher than the 26 Tg reported by Marufu et al. (2000) using the Tracer Model
version 3 (TM3), mostly due to the dry season overestimation of lower tropospheric
ozone concentration in ECHAM5-MOZ.

The net influence of each of the African emissions on the regional and global TOB
is shown in columns 2 through 5 of Table 6.2. African biomass burning, biogenic,
lightning and anthropogenic emissions account for about 9.5 Tg, 19.6 Tg, 8.0 Tg and
4.7 Tg of the global TOB respectively. Over Africa itself, the net influence of each
of these emission types is only 2.5 Tg, 4.1 Tg, 1.75 Tg and 0.9 Tg respectively. This
indicates that more than 70% of the tropospheric ozone produced by photochemi-
cal reactions involving African emissions is found outside the continent due to the
transport of precursor species and ozone itself. The largest ozone enhancement is
confined to the south Atlantic and Indian oceans. Our calculated value of 9.5Tg
of ozone due to African biomass burning emissions is in good agreement with the
10 Tg suggested in a marked tracer experiment described in Marufu et al. (2000).

Figure 6.5 shows the vertical profiles of the zonal average ozone concentrations
produced by African biomass burning, biogenic and lightning emissions as the dif-
ference between our reference run and the respective sensitivity simulation. Note
that the highest ozone enhancement due to biomass burning occurs in DJF and JJA,
while it occurs in MAM and SON for biogenic and lightning emissions. The plots
show 5-year averages. The impact of African lightning emission on ozone production
is highest at the middle to the upper troposphere (as shown in the right column of
Fig. 6.5).

A striking feature in Fig. 6.5 (middle column) is that although biogenic emissions
are released into the troposphere at the top of the vegetation canopy (as in the
case of biogenic NMVOC) and at the surface (as in the case of soil emissions),
relatively large ozone increases are seen in the upper troposphere (between 300 hPa
and 100 hPa). This may be due to the combined effect of strong convective activity
in the main source region of the emissions (Collins et al., 1999; Lawrence et al.,
2003; von Kuhlmann et al., 2004), the transport of biogenic NMVOC with relatively
long chemical lifetime, such as methanol (Tie et al., 2003), and the effective storage
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Table 6.2— African emissions influence on the tropospheric ozone burden (Tg O3) of various
geographical land regions. The results are the difference of the 5-year averages from the base run
and the sensitivity runs where each of the emission sources were switched off one at a time.

Biomass Biogenic Lightning Anthropogenic Tropospheric

Region burning O3 burden
Africa 2.50 4.07 1.75 0.89 33.14
East Asia® 0.12 0.31 0.15 0.09 11.33
Europe 0.09 0.24 0.09 0.09 14.25
Latin AmericaP 0.43 1.00 0.48 0.20 23.95
Middle East® 0.20 0.53 0.24 0.18 11.89
North-central Asiad 0.08 0.20 0.08 0.08 14.52
Oceania® 0.26 0.57 0.30 0.14 9.99
South-central Asiaf 0.14 0.33 0.18 0.08 7.25
Southeast Asia® 0.18 0.43 0.25 0.08 9.78
United States and Canada 0.14 0.34 0.14 0.10 20.57
Global 9.52 19.59 8.06 4.67 384.32

& China, Hong Kong, Japan, Democratic peoples Republic of Korea, Republic of
Korea, Macau and Taiwan.

b South America, Mexico and the Caribbean Islands.

¢ Middle East countries include the western part of Afghanistan, Bahrain, Cyprus,
Gaza strip, Iran, Iraq, Israel, Jordan, Kazakhstan, Kuwait, Kyrgyzstan, Lebanon,
Oman, Pakistan, Qatar, Saudi Arabia, Syrian Arab republic, Turkey, Turkmenistan,
United Arab Emirates, Uzbekistan, West Bank and Yemen.

d Russia Federation and Mongolia.

¢ Australia, New Zealand, Fijis, French Polynesia, Guam, New Caledonia, Niue,
Samoa and Vanuatu.

£ South-central Asia consists of India, Pakistan, Bangladesh, Sri-Lanka, Nepal,
Maldives, Kashmir, Bhutan and the eastern Afghanistan.

& Southeast Asia consists of Brunei, Cambodia, East timor, Laos, Vietnam, French
Indo-China, Indonesia, Malaysia, Myanmar, Papua New Guinea, Philippines,
Singapore, Thailand.

of NOy as peroxy acetyl nitrate (PAN) (Fig. 6.6). Upon sinking of air masses
containing these compounds, PAN is thermally decomposed and it releases NOy
and peroxy radicals, which contribute to ozone formation. Figure 6.6 also shows a
relatively higher CO concentration enhancement in the middle to upper troposphere
from biogenic emissions than biomass burning emissions.

In order to estimate the direct effect of African biogenic CH3OH, isoprene and
terpene emissions on these concentration enhancements, we performed 3 additional
sensitivity experiments for 1 year after a spin-up period of 6 months. In each of these
experiments, we exclude only one of these emissions, respectively. Together, these
emissions account for 96% of the biogenic NMVOC used for this study. The results
show that a maximum of 65% and 15% of the upper troposphere (UT) ozone en-
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Figure 6.5— 5-year zonal average of the ozone concentration (ppbv) produced by African
biomass burning (first column), biogenic (second column) and lightning (third column) emissions in
all seasons. Note that the highest ozone enhancement due to biomass burning occurs in DJF and
JJA, while it is MAM and SON for biogenic and lightning emissions.

hancement are due to African isoprene and biogenic CH3OH emissions, whereas the
influence of terpenes is negligible. Therefore, the combined effect of the convective
transport of biogenic methanol and isoprene, and their reaction products increases
the UT ozone (Tie et al., 2003; Doherty et al., 2005).

Globally and over the continental regions outside Africa, the influence of African

biogenic emissions on the tropospheric ozone burden is about two times that of
biomass burning (as shown in Table 6.2), making them the most important African
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Figure 6.6— 5-year zonal average of the CO (top row), NO, (middle row) and peroxy acetyl
nitrate (PAN, bottom row) concentrations produced by African biomass burning (left column) and
biogenic (right column) emissions.

emissions category. This is due to the biogenic emissions enhancement of the ozone
concentration in the middle to the upper troposphere (Fig 6.5), where ozone and
ozone precursors are easily transported over large distances. The largest influence of
each of the African emission categories on TOB of other continental regions occurs in
Latin America, followed by Oceania, the Middle East, Southeast and South-central
Asia, the United States and Canada, Europe and North-central Asia (Table 6.2).
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6.6 Seasonality of the influence of African emissions on
regional and global tropospheric ozone burden

6.6.1 Africa

In Fig. 6.7a, we show the seasonal variation of the impact of African emissions on the
TOB over Africa. The seasonal variation of the tropospheric ozone burden produced
by African biomass burning emissions (red line) shows two peaks. The first peak
occurs between December and February, while the second peak occurs in July, with
a spread from June to September. This seasonality shows a high correlation with
biomass burning emissions (r=0.85, 0.88 and 0.93 for biomass burning NMHC, CO
and NOy respectively), reflecting the DJF and JJA burning seasons in the NH and
SH parts of Africa, respectively. During these peaks, the influence of African biomass
burning emissions on African TOB is about 3.4 Tg in January and 3.0 Tg in July.

The seasonal variation in African TOB due to African biogenic emissions also
show a peak in May (green line in Fig. 6.7a) reaching 4.8 Tg. Lightning emissions
over Africa yield the maximum influence on the tropospheric ozone production over
the continent in two major seasons: March through May, and September through
October; accounting for about 2.1 Tg respectively (blue line in Fig. 6.7a).
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Figure 6.7— The influence of African emissions on (a) African and (b) global tropospheric
ozone burden (Tg Os). Figure shows 5-year average. Note the difference in the scales.

6.6.2 Global

As shown in Fig. 6.7, African and global TOB is most sensitive to biogenic emis-
sions in all seasons. The two months of maximum influence of biogenic emissions
on global TOB are May and November, when they account for a net TOB of 21 Tg.
The highest isoprene emissions over Africa occur in April and October, while those
of terpenes and biogenic CH30H occur in May and October. The seasonal variation
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of the global TOB produced by African biomass burning (red line in Fig. 6.7b) shows
two peaks in December through February and in September. The maximum values
are about 11.5 Tg and 12 Tg, in February and September respectively. African light-
ning emissions yield their maximum influence on global TOB in April and October.
During these months, their impact can be up to 10 Tg and 11 Tg, respectively. As
shown by the black lines in Fig. 6.7, the TOB produced by African anthropogenic
emissions show a small seasonal variation.

6.6.3 Other continental world regions
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Figure 6.8— Seasonal variation of the influence of African (a) biomass burning, (b) biogenic, (c)
lightning and (d) anthropogenic emissions on tropospheric ozone burden (Tg O3) of different regions
of the world. Note the different scales.

Figure 6.8 shows the seasonal variation of the influence of African biomass burn-
ing, biogenic, lightning and anthropogenic emissions on the TOB over various geo-
graphical land regions.

Fig. 6.8a reveals that the maximum influence of biomass burning emissions occurs
in December — March except over Oceania, where the maximum influence occurs
in September — October. The influence of Africa biomass burning experienced in
Oceania is due to burning occurring at the southern hemispheric part of Africa.
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The figure also shows that only Latin America is influenced by burning from both
hemispheres of Africa.

The maximum influence of biogenic, lightning and anthropogenic emissions on
TOB over all regions generally occurs in March — June and September — December,
except over Latin America, where these emissions have their largest influence on
the TOB in June — September (as shown in Fig. 6.8b, ¢ and d respectively). The
tropospheric ozone enhancement due to each of the Africa emissions in East Asia,
Europe, north-central Asia and north northern America (i.e. United states and
Canada) are less than 0.5 Tg in all seasons.
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Figure 6.9— 1997 — 2001 average tropospheric ozone column (DU) produced by Africa lightning
NOy emissions in DJF, MAM, JJA and SON; overlaid with streamlines at 250 hPa during the same
seasons. The streamlines is generated by the « and v wind vectors of our reference simulations. The
tropospheric ozone column is the difference of the ozone column between the reference simulation
and the simulation without African lightning emissions.

These seasonalities reveal the combination of seasonal variation in emissions and
a seasonal shift in transport pathways out of the emission source regions. This is
demonstrated in the example of Fig. 6.9, where the spatial distribution of the total
tropospheric ozone column increase due to African lightning emissions corresponds
to the transport pathways at 250 hPa in all seasons, as shown by the streamlines.
The altitude of 250 hPa for the streamlines was chosen, because this is near the
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region of maximum NOy outflow in thunderstorms.

6.7 Inter-annual variability

Previous studies on the effect of African emissions on tropospheric ozone have always
focused on one specific meteorological year. The authors are not aware of any
study conducted over several years. Here we investigate the impact of changes in
meteorology by analysing the inter-annual variability in our 5-years simulations. All
emissions were held constant over the 5-years, but lightning emissions vary according
to changes in convective activity.

Table 6.3— Inter-annual variability of the tropospheric ozone burden produced by each of the
African emission categories. The entries show the mean absolute bias in percent for various geo-
graphical land regions.

Region Biomass burning Biogenic Lightning Anthropogenic
Africa 2.4 2.3 4.9 2.1
East Asia 6.9 3.4 6.4 3.7
Europe 5.6 3.0 5.5 6.4
Latin America 4.2 3.9 6.8 3.5
Middle East 6.6 4.8 4.9 0.4
North-central Asia 7.5 3.9 5.5 4.9
Oceania 3.9 2.9 6.4 1.9
South-Central Asia 6.1 2.8 4.5 1.3
Southeast Asia 16.2 12.5 18.8 11.2
United States and Canada 7.2 3.5 5.6 4.3
Global 3.0 2.0 5.9 2.0

We give the inter-annual variability calculated as the average deviation relative
to the mean results in Table 6.3. Generally, the highest inter-annual variability
(more than 11%) is calculated over southeast Asia, while the smallest inter-annual
variability (less than 5%) is recorded over Africa for all the emission categories,
for all other region, the inter-annual variability of the transport from Africa is less
than 10%. Globally, the variability is about 3.0%, 2.0%, 5.9% and 2.0% for global
tropospheric ozone burden generated by African biomass burning, biogenic, lightning
and anthropogenic emissions respectively.

African emissions influence tropospheric ozone over Southeast Asia throughout
the year, with maximum impact in March—April and October—-December. This in-
fluence is dominated by biogenic and lightning emissions, which together account for
about 77% of the TOB related to African emissions over Southeast Asia. The high
inter-annual variability recorded over southeast Asia is driven by the particularly low
and high transport from Africa to Southeast Asia in the third year and the fifth year
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of our simulation period, which causes the TOB over Southeast Asia to be about
18-34% lower and 25-40% higher than the 5-year mean TOB, respectively. This
decrease and increase in transport is connected with the cold and warm anomaly in
the sea surface temperature in these years, respectively (see Fig. 6.10). This warm
(or cold) anomaly has been shown to induce a weakening (or strengthening) of the
tropical easterly jet (Palmer et al., 1992; Janicot et al., 2001). The analysis of the
streamline anomaly (figures not shown) at 100 to 500 hPa reveals that the transport
from Africa to Southeast Asia is enhanced (or reduced) when a warm (or cold) SST
anomaly occurs.
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Figure 6.10— The sea surface temperature (SST) anomaly in the third and the fifth year of the
simulation period, with respect to the 5-year average SST.

6.8 Uncertainties

Simulations of the global tropospheric ozone budget are still rather uncertain; nev-
ertheless, most models show rather good consistency in simulating the response to
emission changes (Stevenson et al., 2006). There are large uncertainties in emission
estimates, and these uncertainties will influence our results both in terms of absolute
values and with respect to the relative importance of emission source types. While
we cannot give a thorough discussion of the uncertainties here, we will at least dis-
cuss the potential impact of emission uncertainties on our ozone budget calculations
assuming a linear response for simplicity.

African biomass burning emissions are uncertain by about a factor of 2 (Schultz
et al., 2006)2. Some of this uncertainty may be related to inter-annual variability of
these emissions (e.g see, Barbosa et al., 1999), but since we do not take this variability
into account in our model simulations, we can regard it as the uncertainty of the
mean value here. Thus the influence of African biomass burning emissions on the
global tropospheric ozone burden could range from 4.5 Tg (O3) to 19 Tg (O3).

The uncertainty of global isoprene emissions reported by Guenther et al. (2006)
is about a factor of 3, and about the same uncertainty factor is noted for global
methanol emissions in Tie et al. (2003). However, the uncertainty of the biogenic
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emissions e.g. isoprene, for a specific location and time in Africa could be up to a
factor of 5 (Guenther et al., 1999). Hence the influence of African biogenic emissions
on global tropospheric ozone burden could range from 6.5 Tg (O3) to 59 Tg (O3).

The uncertainty of global lightning emissions has been briefly discussed in
Sect. 6.1. While there is a growing consensus that the upper limit estimate of
20 Tg (N) yr—! is likely too high (Lawrence et al., 1995; Labrador et al., 2005) , there
still remains at least an uncertainty of a factor of 3. Our estimate of 2.7 Tg (N) yr—?
is closer to the lower limit. We therefore estimate the global tropospheric ozone
burden related to African lightning NOy source as 6 Tg (03)-30Tg (O3) for global
lightning NOy emissions ranging from 2 Tg (N)yr—'-10 Tg (N) yr—!.

Anthropogenic emissions are also uncertain by at least 30%, but regional uncer-
tainties may be much larger, in particular for domestic burning. We estimate that
the impact of African anthropogenic emissions on the global TOB may be between
3 and 6 Tg(O3)yr~!. All together, the influence of African emissions on the global
TOB may range from 20 to 114 Tg (Og3)/yr (representing 5 — 30% of the global TOB).

6.9 Summary and conclusions

We have discussed the effect of African emissions, namely: biomass burning, bio-
genic, lightning and anthropogenic emissions on the tropospheric ozone over Africa
and in other regions of the world, using the new 3-D global atmospheric chemistry
model, ECHAM5-MOZ. We gave an overall description of the model and presented
a model evaluation for the region around Africa by comparing the ozone and CO
concentration calculated by ECHAM5-MOZ to measurements at various stations.
Generally ECHAM5-MOZ captures the vertical and seasonal variation of the tro-
pospheric ozone over Africa, except that it has some high biases and overestimates
the dry seasons lower tropospheric ozone concentration by more than 30 ppbv. In
all other months and at all locations, the ECHAM5-MOZ ozone bias is less than
30 ppbv everywhere in the troposphere up to 300 hPa. Interestingly, the ECHAMS5-
MOZ model confirms that biomass burning emissions occurring in West Africa in
DJF cause lower tropospheric ozone enhancement in central Africa, with a reverse
effect on western Africa during the central African burning season in JJA (Sauvage
et al., 2005). ECHAMS5-MOZ is also able to simulate the seasonal variation and
magnitude of the surface CO concentration at all the stations discussed.

We have shown that African biomass burning emissions are responsible for re-
gional surface ozone enhancement of about 10-50 ppbv close to the burning regions.
This surface ozone enhancement can even be more than 50 ppbv over parts of central
Africa (Democratic republic of Congo, Congo and Angola) during the JJA biomass
burning season. Biogenic emissions increase the surface ozone concentration over
Africa by about 5-30 ppbv. Lightning is shown to have an insignificant impact on
surface ozone, but leads to the second largest impact on the middle to the upper tro-
pospheric ozone concentration, next to biogenic emissions. The relative importance
of biomass burning and biogenic emissions on the surface ozone concentration over
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Africa is highly dependent on the season and the location. Biomass burning provides
the largest impact on surface ozone concentration only during the burning seasons
in the vicinity of the burning region. The Sahara desert surface ozone concentration
is mainly influenced by anthropogenic and biogenic emissions.

Biogenic, biomass burning, lightning and anthropogenic emissions over Africa ac-
count for an increase of the net global tropospheric ozone burden of about 19.6 Tg
(6.5-60Tg), 9.5Tg (4.5 -19Tg), 8.0Tg (6 —30Tg), and 4.7Tg (3 — 6 Tg) respec-
tively. The influence of these emissions on the African tropospheric ozone burden
is about 4.1 Tg, 2.5 Tg, 1.8 Tg and 0.9 Tg, respectively. Therefore, this study shows
that more than 70% of the tropospheric ozone produced by each of the African
emission categories is found outside the continent.

We have also estimated the impact of biogenic, biomass burning, lightning and
anthropogenic emissions on the tropospheric ozone burden of various world regions.
We found that for all emission categories, Latin America experiences the highest
impact of African emissions, followed by Oceania, the Middle East, Southeast and
South-central Asia. This is in effect due to the proximity of these regions to Africa.
The tropospheric ozone over Canada, the United States, Northern Asia and Europe
are only slightly affected by African emissions. This study shows a teleconnection of
the sea surface temperature anomaly over the eastern tropical Pacific and the trans-
port from Africa over the central Indian Ocean to Southeast Asia. Specifically, that
warm (or cold) SST anomaly increases (or reduces) transport to South-eastern Asia
due to the weakening (or strengthening) of the tropical easterly jet (Palmer et al.,
1992; Janicot et al., 2001). In all continental regions outside of Africa, African bio-
genic emissions have the largest influence on the tropospheric ozone burden, followed
by African lightning and biomass burning emissions.

This study presents a discussion of the main African emission categories and their
influence on regional and global tropospheric ozone. An earlier study by Marufu et
al. (2000) focused on the determination of the source of tropospheric ozone over
Africa, with a priority given to biomass burning emissions. Interestingly, our es-
timate of 9.52 Tg due to African biomass burning emissions is comparable to the
10 Tg estimated by Marufu et al. (2000)
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Chapter 7

Summary and Outlook

7.1 General summary

This study investigates the regional and global impact of air pollution emitted in
Africa. It quantifies the magnitude and characterises the seasonality, the inter-
annual variability and the dynamics of transport of primary and secondary air pol-
lutants due to African emissions. Due to the global nature of pollution impact, the
study is carried out with a global three-dimensional model (ECHAM5-MOZ), which
encompasses a detailed general circulation model of the atmosphere and a chemistry
transport model. Based on its combination of the full dynamics of the ECHAMS5
GCM and the tropospheric chemistry of MOZART2, ECHAM5-MOZ provides a
good model architecture for studying and assessing the global impact of emissions
occurring at any given location, and it is one of the few existing models to allow for
the assessment of climate-chemistry interactions.

The model have been evaluated with the MOZAIC ozone data over 18 cities
and SHADOZ ozonesonde data at 11 stations, and NOAA /ESRL-GMD surface CO
data at 9 locations, which provides a quasi-global coverage. The measurement data
recorded in all stations were regridded to model vertical resolution in order to ensure
a consistent comparison. Generally the ECHAM5-MOZ model captures the vertical
profile and the seasonal variation of the tropospheric ozone in all months and over
all the locations considered. The magnitude of the ozone concentrations calculated
by the model also show good comparison with MOZAIC and SHADOZ data, and
the model bias is generally less than 30 ppbv everywhere in the troposphere up to
300 hPa over all the stations considered. The only exceptions occur over Africa
during the dry seasons, where the model shows some high biases much higher than
30 ppbv. Other exceptions are recorded at the surface to around 900 hPa over Delhi,
India in March through November and over New York in June through August.
During these months, the model bias ranges between 35ppbv and 55 ppbv. The
ECHAMS5-MOZ model confirms that biomass burning emissions occurring in West
Africa in DJF cause lower tropospheric ozone enhancement in central Africa, with
a reverse effect on western Africa during the central African burning season in JJA
(Sauvage et al., 2005). ECHAM5-MOZ is also able to simulate the seasonal variation
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and magnitude of the surface CO concentration at all the stations discussed.

The MEGAN biogenic emissions implementation in the ECHAM5-MOZ model
calculates the emission flux of isoprene, terpenes, carbon monoxide, methanol,
acetaldehyde, formaldehyde, acetone, propene, ethane and ethene from vegeta-
tion. MEGAN estimates in the present-day climate yield a global emissions
of 587 Tg(C)/yr for isoprene, 172Tg(C)/yr for terpenes, 41Tg(C)/yr for CO,
175 Tg(C)/yr for other non-terpene VOCs. The modification of isoprene emis-
sion factor, &;, over Australia and western USA resulted in the reduction of
isoprene emission flux by 98.82 Tg(C)/yr compared to the present-day simula-
tion. The effect of climate change in the year 2090s, leads to an increase in the
global-mean temperature by about 2K and 3K in the SRES scenarios Bl and
A2 respectively, leading to 131.89 Tg(C)/yr and 245.88 Tg(C)/yr rise in isoprene
emissions, 42.46 Tg(C)/yr and 77.99 Tg(C)/yr increase in terpene emissions, and
53.10 Tg(C)/yr and 98.38 Tg(C)/yr increase in CO and other non-terpene VOCs, re-
spectively. The increase of 165 Tg(C)/yr in isoprene emissions calculated by (Sander-
son et al., 2003) in a fixed vegetation experiment, which employs the IS92a scenario
of future-climate falls within the estimated increase in this study. However, because
the experiments performed in this study do not account for the impact of climate
change on vegetation types, their geographical distribution and density, they may
overestimate the climate-related biogenic emission changes.

The influence of model resolution, ERA40 meteorology and the chemical lifetime
on the inter-hemispheric exchange and vertical transport of tracers in ECHAMS5
has been examined using 9 idealized tracers. Large differences occur when there
is a change in the vertical resolution, or lifetime of the artificial tracers, or when
the model is forced towards ERA40 meteorology, otherwise the tracers show rather
similar transport pattern across the model resolutions considered (i.e. T21L19,
T421.19, T42L31, T63L31 and T106L31). Transport increases in the finer resolution
models and are mostly dependent on the number of vertical levels. One interesting
result is that T42L31 behaviour is similar to the other 31-level vertical resolutions
and could be a good representative of the 31-level models, although the ECHAMS
model climate simulations give better results at higher spatial resolutions (Roeckner
et al., 2006). The use of ERA40 data only slightly affect the meridional and vertical
transport of tracers at the surface and the tropopause, whereas it increases the
inter-hemispheric and vertical transport of tracers in the stratosphere by about 10%
—150% and a factor of 2.5, respectively, in agreement with findings in Van Noije et
al. (2004). The surface and tropopause tracers with chemical lifetime of 50 months
are well mixed, therefore the distribution within the 3-latitudinal regions vary by
less than 7%, irrespective of their source region, however, those emitted at the
stratosphere show variations of up to 30%.

The transport time calculations based on a simple two box model show that it
will take about 7 and 10 — 14 months for surface tracer in southern and northern
hemisphere respectively to be transported to the other hemisphere. These results are
at the lower end of the inter-hemispheric exchange time of 1.5 — 1.7 years calculated
from 8°Kr concentration by Levin and Hesshaimer (1996) with the use of a different



7.1 General summary 103

two box model. The inter-hemispheric transport time of the stratosphere tracers are
within the range of 8 — 10 years. If it is assumed that the tropopause is at 155 hPa,
the cross-tropopause transport time of 35 and 56 months were calculated for surface
tracers in the northern and southern hemisphere, respectively, and only 17 days for
tropical tracers at the surface to cross the tropopause. The stratosphere tracers
cross-tropopause transport time is of the order of 5, 6 and 8 years for the northern,
southern and tropical tracers respectively. These results are very sensitive though
to the assumed height of the tropopause level.

The sensitivity of the global tropospheric chemistry to biomass burning, biogenic,
lightning and anthropogenic emissions emitted in Africa shows that the African
biomass burning emissions are responsible for regional surface ozone enhancement
of about 10-50 ppbv close to the burning regions in Africa. This surface ozone
enhancement can even be more than 50 ppbv over parts of central Africa (Democratic
republic of Congo, Congo and Angola) during the JJA biomass burning season.
Biogenic emissions increase the surface ozone concentration over Africa by about
5-30 ppbv. Lightning is shown to have an insignificant impact on surface ozone,
but leads to the second largest impact on the middle to the upper tropospheric
ozone concentration, next to biogenic emissions. The relative importance of biomass
burning and biogenic emissions on the surface ozone concentration over Africa is
highly dependent on the season and the location. Biomass burning provides the
largest impact on surface ozone concentration only during the burning seasons in
the vicinity of the burning region. The Sahara desert surface ozone concentration is
mainly influenced by anthropogenic and biogenic emissions.

Biogenic, biomass burning, lightning and anthropogenic emissions over Africa ac-
count for an increase of the net global tropospheric ozone burden of about 19.6 Tg
(6.5-60Tg), 9.5Tg (4.5 -19Tg), 8.0Tg (6 —30Tg), and 4.7Tg (3 — 6 Tg) respec-
tively. The influence of these emissions on the African tropospheric ozone burden
is about 4.1 Tg, 2.5 Tg, 1.8 Tg and 0.9 T'g, respectively. Therefore, this study shows
that more than 70% of the tropospheric ozone produced by each of the African
emission categories is found outside the continent.

The impact of biogenic, biomass burning, lightning and anthropogenic emissions
on the tropospheric ozone burden of various world regions shows that for all emis-
sion categories, Latin America experiences the highest impact of African emissions,
followed by Oceania, the Middle East, Southeast and South-central Asia. This is in
effect due to the proximity of these regions to Africa. The tropospheric ozone over
Canada, the United States, Northern Asia and Europe are only slightly affected by
African emissions. This study also shows a teleconnection of the sea surface tem-
perature anomaly over the eastern tropical Pacific and the transport from Africa
over the central Indian Ocean to Southeast Asia. Specifically, warm (or cold) SST
anomaly increases (or reduces) transport to South-eastern Asia due to the weaken-
ing (or strengthening) of the tropical easterly jet (Palmer et al., 1992; Janicot et al.,
2001). In all continental regions outside of Africa, African biogenic emissions have
the largest influence on the tropospheric ozone burden, followed by African lightning
and biomass burning emissions.



104 7 Summary and Outlook

7.2 Outlook

This study has dealt with the global influence of air pollution emitted in Africa,
portrayed by its impact on other geographical land regions, due to long-range inter-
hemispheric and inter-continental transport of trace species and their reaction prod-
ucts. It also shows the impact of Africa emissions over the tropospheric ozone
concentrations over the continent. Nevertheless, air pollution is both a global and
a local phenomenon, and many questions are left unanswered. Some of these issues
are discussed below.

7.2.1 MEGAN biogenic emissions

The present implementation of MEGAN provides an interactive calculation of emis-
sions for climate change and impact studies. However, to fully access this impact,
the canopy model must be further extended to permit changes in vegetation distri-
bution and leaf area index. It would also be interesting to investigate the radiative
effect of aerosols on isoprene emissions.

7.2.2 Tropospheric ozone and human health in Africa

This study has shown high ozone concentrations in the entire troposphere over
Africa, partly due to local African emissions. Specifically, biomass burning and
biogenic emissions have been shown to have the largest influence on surface and
boundary layer ozone concentrations over the tropical Africa region. This does have
consequences on health and agricultural crop yields in Africa. A study linking the
calculated ozone concentrations in this study to number of hospital admissions and
deaths, and trends in agricultural yields and production, will be a valuable exten-
sion of this work. It will also be worthwhile to calculate the exceedances of ozone
concentrations over Africa based on popular ozone exposure limit.

7.2.3 African megacities

Closely related to the points raised in the last section is the issue of megacities in
Africa, e.g. Lagos, Nigeria. In order to aid effective air pollution control policy and
mitigation strategy in African megacities, it would be worthwhile to characterise
if ozone production is limited by NOy or VOCs. This study shows that African
emissions contributed very little to ozone concentrations over Cairo, Egypt, so, where
do the high concentrations of ozone in the whole troposphere over Egypt come from?
Furthermore, given the population bloom projected by the UN World Urbanization
Prospects (2005) in Lagos and Cairo, will biogenic and biomass burning remain
the highest emission categories influencing tropospheric ozone, or will this change
to anthropogenic emissions? Some of the questions dealing with the local impact
of air pollution in this outlook would definitely require models with higher spatial
resolution or even regional models.
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Appendix A

Appendix to MEGAN

Implementation

A.1 Emission flux of other MEGAN compounds

The remaining 16 non-terpene VOCs, which are not implemented in the current

version of MEGAN in the ECHAM5-MOZ model are:

acetic acid:
benzaldehyde:
butanone:
butene:
carbonyl sulfide:
decanal:
dimethyl sulfide:
ethanol:

formic acid:
hexanal:
hexenal:
hexenol:
hexenyl acetate:
nonanal:
octanal:
toluene:

E =0.50 X g, X 72 X p2
E =10.05 X g, X 72 X p2
E =0.52 X g, X 72 X p2
E =0.52 X g, X 72 X p2
E =0.01 X, X 72 X p2
E =0.01 X g, X 72 X p2
E =0.03 X g, X 72 X p2
E=23Xe, X7 X py
E=10xX¢e, Xy X p2
E =0.35 X g, X 72 X p2
E =0.76 X g, X 72 X p2
E =0.76 X g, X 72 X pa
E =0.65 X g, X 72 X p2
E =0.01 X, X 72 X p2
E =0.01 X g, X y2 X p2
E =0.01 X, X 72 X p2

where the emission flux, E of the non-terpene VOCs includes a factor (the first
numbers on the right-hand side of equations above), which relate the lumped emis-
sion factor, &, (in ug(C)m=2h~1) to emission flux, £ (in millimoles of compound

km~2h~1).
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A.2 MEGAN input files

This section shows the MEGAN input files, that is the emission factors, ;, &, €n,
for isoprene, terpenes and other non-terpene VOCs, respectively. It also shows the
activity factors y; and o for all months of the year.

£ [{ug Carbon m—2 h—1)] 2000 — criginal £ [(ug Carbon m=2 h=1)] 2000 — modified
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Figure A.1— The MEGAN emission factors for isoprene (¢;), terpenes (g;), and other non-
terpene VOCs (g,,). The top panels show the original and modified isoprene emission factor.
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Figure A.2— The MEGAN emission activity for isoprene (v1) in all months.
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Figure A.3— The MEGAN emission activity for terpenes and other non-terpene VOCs (v2) in all
months.
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Appendix B

ECHAMS5-MOZ
vertical profiles
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Figure B.1— The comparison of 5-year average (1991-2000) model simulated (open circles
with line) with 1997-2000 mean SHADOZ (filled-squares) ozone vertical profiles over San Cristo-
bal (Ecuador), Paramaribo (Suriname), and Natal (Brazil) in December—February (DJF), March—-May
(MAM), June—August (JJA) and September—November (SON). The horizontal lines indicate + 1o

standard deviation.
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Figure B.2— The comparison of 5-year average (1991-2000) model simulated (open circles with
line) with 1998-2004 mean SHADOZ (filled-squares) ozone vertical profiles over Ascension Island,
Irene (South Africa), Reunion Island and Nairobi (Kenya) in December—February (DJF), March—May
(MAM), June—August (JJA) and September—November (SON). The horizontal lines indicate + 1o
standard deviation.
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Figure B.3— The comparison of 5-year average (1991-2000) model simulated (open circles
with line) with 1997—-2000 mean SHADOZ (filled-squares) ozone vertical profiles over Kuala Lumpur
(Malaysia), Watukosek, Java (Indonesia), Suva (Fiji), and America Samoa in December—February
(DJF), March—-May (MAM), June—August (JJA) and September—November (SON). The horizontal
lines indicate + 1 o standard deviation.
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Appendix C

Transport of idealized tracers in
ECHAMS5

C.1 Technical description of the tracer module

The three surface tracers (surfN, surfS and surfT) were introduced through the
module mo_surface_trspxter, while the three tropopause tracers (tropN, tropS and
tropT) and the stratosphere tracers (stratN, stratS and stratT) were also introduced
through the modules mo_tropopause_trspxter and mo_stratosphere_trspxter, respec-
tively. The modules are introduced into ECHAMS5 through ECHAMS5 submodel
interface. The switches lbsurf, ltropo and lIstra allow for the switching on/off of
the surface, tropopause and stratosphere tracers respectively. These switches are
defined in the RUNCTL namelist with the default value of .false.

Each of the modules contains three subroutines: call_init, call_request_tracer
and call_chem2. The determination of the tracers boundary condition, such as
the tropopause and stratosphere level through which the tracers are introduced
for different model resolution and the specification of latitude which demarcates the
“north”, “south” and “tropics” regions are performed in the call_init subroutine.
The tracers are created (or requested) with a specific decay time (i.e. lifetime)
in the call_request_tracer and the initialisation of the tracers’ mass mixing ratio is
performed in call_chem?2.

The initialisation of tracers to 1.0 is achieved through:

c(t) — c(t — dt)

5 p—
¢ dt

and  ¢(t) =1.0 (C.1)

where 6t is the time-step length and dc is the tracer tendency; ¢(t) and c(t — dt) are
the tracer mass mixing ratio (concentration) at time ¢ and ¢ — d¢ respectively. The
tracers mass mixing ratio, ¢(t) cannot be simply set to 1.0 due to the leapfrog time
differencing scheme used in ECHAMS.
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C.2 Calculating the latitude band at which the earth
surface area is divided into three equal parts

For any given sphere shown in Figure C.1, we seek the angle ¢ such that the surface
area, A of the sphere is divided into three equal parts.

2w

A://r2 sin ¢ de df (C.2)
00

where ¢ and 6 are as shown in Figure C.1 and r is the radius of sphere A. Integrated
over all angles, Equation (C.2) yields A = 4772 . In order to find the limit angle 7
of ¢ for which the sphere has an area 477r%/3 we write:

27T

4

?ﬂ = //singpdgpdﬂ (C.3)
00

After the first integration over 6 and some trivial simplifications, Equation (C.3)

reduces to:
-

2 1
3= /singpdap = cosT=g (C4)
0

hence the latitude angle is the complement angle ¢ of angle 7, i.e. ¥ = 90° — T,
which yields approximately:
W = 19.47° (C.5)

Figure C.1— A spherical coordinate system.
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Figure C.2— The climatology zonal mean of surface tracers: surfS (first column), surfT (second
column) and surfN (third column) in the resolutions T21L19 (firt row), T42L19 (second row), T42L31
(third row), T63L31 (fourth row), T63L31-ERA4O (fifth row), and the T106L31 (sixth row) with lifetime
of 5 months. The seventh and the eight rows show the tracers with lifetime of 15 days and 50 months,
respectively in the T63L31 resolution.
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Figure C.3— The climatology zonal mean of tropopause tracers: tropS (first column), tropT
(second column) and tropN (third column) in the resolutions T21L19 (firt row), T42L19 (second row),
T42L31 (third row), T63L31 (fourth row), T63L31-ERA4O (fifth row), and the T106L31 (sixth row) with
lifetime of 5 months. The seventh and the eight rows show the tracers with lifetime of 15 days and 50
months, respectively in the T63L31 resolution.
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Figure C.4— The climatology zonal mean of stratosphere tracers: stratS (first column), stratT
(second column) and stratN (third column) in the resolutions T21L19 (firt row), T42L19 (second row),
T42L31 (third row), T63L31 (fourth row) and T63L31-ERA4O (fifth row) with lifetime of 5 months. The
sixth and the seventh rows show the tracers with lifetime of 15 days and 50 months, respectively in
the T63L31 resolution.
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