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Abstract

Aerosols are known to directly influence the climate system by scattering and absorbing
solar radiation, and indirectly by acting as cloud condensation nuclei (CCN) and/or ice
nuclei (CN) and thereby affecting the lifetime and extent of clouds. In this work, a
state-of-the-art Global Circulation Model (GCM) incorporating both effects was used
to assess how local communities are impacting the seasonality of regional climate by
contributing to the release of massive amounts of aerosols through seasonal biomass burning.
Except for localised biases (e.g. especially for the desert areas and over areas where observed
data is scarce) overall validation of the model performance has shown that it was capable of
capturing, with a good approximation, the observed climate variability in the study region.
Simulations revealed that the largest pollution sources contributing to the aerosol burden
found over Southern African atmosphere are local emissions. Minor external contributions
come from the African tropical forest north of the Equator as well as south American
pollution (especially during two seasons: March-to—May and December—to—February). The
largest biomass burning aerosol concentrations tend to be found over low—pressure systems
over the subcontinent. Model results have shown that aerosol impact in rainfall was small
during the June-October period, as this period falls largely within the austral dry season.
Additionally, results indicated not only negative changes of surface temperature can be
induced, as previous studies have suggested, but positive changes can also be induced by the
inclusion of biomass burning sulfur dioxide and sulfate aerosols nucleated thereofrom, which
implied increased lower—level convergence over these regions, and, consequently, increased
precipitation. The most significant impacts are an 80% increase in daily precipitation,
for December—to—February, over the Atlantic Ocean (near the coast of Angola) and a
prominent reduction (between 40-60%) found during the same season over central and
northern Mozambique and Tanzania. This study highlights the importance of including all

biomass burning emissions, from the aerosols directly released from fires to the precursor

XX
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gases, as different radiative forcings will be obtained from different chemical species, and,
therefore, different circulation patterns are likely to be induced over all seasons, regardless

of how large the emissions loading and/or concentrations are.
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Chapter 1

Introduction and motivation

Airborne aerosol particles impact the climate by absorbing or reflecting solar radiation,
and/or serving as cloud condensation nuclei, thereby affecting the albedo and the lifetime
of clouds [Andreae and Crutzen, 1997; IPCC-WGI, 2007; Ramanathan et al., 2001a].
While carbonaceous aerosols are efficient heat absorbers (thus warming the surrounding
atmosphere and cooling the earth’s surface), sulphate and organic aerosols play a different
role by scattering solar radiation and acting as efficient Cloud Condensation Nuclei (CCN)
[Menon, S., 2004; Penner et al., 2006]. Although carbonaceous aerosols are the most
predominant type of aerosols directly released from biomass combustion processes, the
impact of aerosol loading on climate in Southern Africa, where aerosol loadings are derived
largely from biomass burning, is expected to be more complex than previous studies
(particularly studies solely based on carbonaceous aerosols and/or studies on the aerosol
radiative properties) have revealed. The transformation of sulphur dioxide — a by-product of
biomass combustion — into sulphate particles, can counteract the effects of carbonaceous
aerosols and, depending on their relative concentration, can sometimes even offset it at
some locations [Charlson et al., 1992; Ramana et al., 2010].

Some of the primary factors impacting the climate on the global scale are well understood
and well represented in climate models. However, current climate models often fail to
accurately and faithfully reproduce observed climate patterns, partly because regional
feedbacks are not fully understood or incorporated into these models [Colman, 2003; Colman
and McAvaney, 2009; Raes et al., 2010; Ramanathan and Carmichael, 2008]

Accurately simulating observed climate variability and trends with climate models

depends on how well the relevant forcings are known and how well the internal physical
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relationships have been described in the models. Ideally, climate models should be able
to simulate processes with spatial scales ranging from metres to planetary, and temporal
scales ranging from minutes to multi-annual; models should include feedbacks between the

different parameters. Figure 1.1 shows the relevant scales important for climate models.

1012
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ENSO ——3
105 Year
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Intraseasonal (MJO)
Month >
10° Planetary waves —j»
. Week Tropical cyclones — 3 OQ%F'
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Hour *‘q’
#f——— Thunderstorms
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Meters ©The COMET Program
Figure 1.1: Atmospheric scales relevant  for  climate models. From

http://www.meted.ucar.edu/tropical/textbook_2nd_edition/print.htm

Since models are limited by their spatial and temporal resolutions, processes ocurring in
scales smaller than these resolutions must be parameterised to reflect their impact on the
models’ dynamics. Such processes include vegetation and soil-atmosphere feedbacks from
the land surface, as well as regional ocean feedbacks and convection.

This study investigates one such important feedback — the seasonal Biomass Burning
(BB) — and the impact on the atmosphere caused by the aerosols generated by the burning
process. In Southern Africa, field campaigns have shown that these aerosols have impact
on the regional climate [Ichoku et al., 2001, 2003; Scholes et al., 1996] and this study

investigates these impacts, using a state—of-the—art aerosol—climate model.

1.1 Aerosols

Aerosols are tiny liquid and/or solid particles (Figure 1.2) suspended in the atmosphere
with sizes ranging from tens of nanometres (nm) to tens of micrometres (pm).

Aerosol particles are generated by both anthropogenic and natural activities.
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Anthropogenic aerosols are mainly released by combustion through fuel-wood consumption,
industry, transport and forest fires ignited by man—made accidents; natural aerosols derive
from volcanoes, lightning induced forest fires, desert dust, sea spray, and natural emissions
from vegetation. The concentration of natural aerosols in the atmosphere is approximately
107-108 particles/m3 [Seinfeld and Pandis, 1998; Seinfeld and Pandis, 2000].
Dependending on their origin, aerosols can further be classified as primary or secondary.
Primary aerosols are those directly emitted to the atmosphere by volcanoes; through the
effect of wind lifting dust particles in arid regions; from combustion during BB; from sea
spray through bursting of water bubbles at sea surface; and from vegetation [Power, 2003].
Secondary Organic Aerosol (SOA) particles are those resulting from the chemical reactions
of gas—to—particle conversion of hydrocarbons from plants, DiMethyl Sulphide (DMS) from
the ocean and SOy from fossil fuel combustion [Buseck and Pésfai, 1999; Buseck and
Schwartz, 2003; Power, 2003; Seinfeld and Pandis, 1998]. The most important example of
this is the transformation of sulphur dioxide, a by—product of fossil fuel combustion, into
sulphate particles. Hydroxyl radicals attack the sulphur dioxide and make gaseous sulphuric
acid which may then condense within existing aerosol particles or nucleate through a direct
gas—to—particle change of state in the presence of water vapour and ammonia to produce

new particles [Binkowski and Roselle, 2003; Griffin et al., 2002].

Figure 1.2: Sample microscopic picture of aerosols. Source: Pdschl [2005]

Chemical species composing aerosols are mainly sulphates, nitrates, organic material,
elemental carbon and ammonium. Sulphates and organics typically constitute more than

half of the mass concentrations of urban and suburban aerosols [Heintzenberg, 1989; Ho
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et al.,, 2003]. It is also possible to trace the origins of aerosols based on their chemical
nature. For instance, elemental carbon (also known as graphitic carbon) is a sub-product
of combustion processes and thus can be used as a tracer for primary carbonaceous (rich in
carbon) aerosols of combustion origin [Bhave et al., 2007; Turpin et al., 1991]. Generally,
aerosols from fossil-fuel combustion and BB are mainly composed of black carbon, organic
carbon (a form of carbon usually bound to hydrogen molecules) and sulphate nucleated
from emitted SOy gas [Ramana et al., 2010; Ross et al., 1998].

Near urban and/or industrialised areas and deserts, aerosol concentrations are higher
than over oceans [IPCC-WGI, 2001; Power, 2003]. The lifespan of aerosols varies: it can
range from days to weeks within the atmosphere (a less stable environment) but can be up
to years in the stratosphere (the latter environment is highly stable) [Power, 2003]. Studies
by Turco et al. [1982], Power [2003], and Rampino and Self [1984], and also by Hobbs
[2003], Magi et al. [2003], Garstang et al. [1996] and Murphy et al. [1998], all indicate
the existence of two dominant layers of aerosols: one close to the surface of the Earth (i.e.
within 0-3 km of the earth’s surface); and the other in the stratosphere (i.e., approximately
15-25 km above the earth’'s surface). The latter layer is caused by volcanic emission;
meteoric dust; gas—to—particle conversion of aircraft and volcanic gases; and penetrative
convection from the troposphere.

The shape of the size distribution function is determined by the sources of the aerosols
and also by aerosol removal processes [Heintzenberg, 1989; Jung, 1957; Sharma and Patil,
1992]. Radiation transmission through an aerosol-laden medium, as well as the aerosol
hydrodynamic characteristics, are highly dependent on their shape and size [Friedlander,
1977]. Since atmospheric aerosol particles have heterogeneous aspects and are rarely
spherical (Figure 1.2), a common physical parameter for describing them is the aerodynamic
diameter (D)) (which is the particle size determined from inertia or settling velocity,
assuming their resistance as if they were spheres moving through a fluid) [DeCarlo et al.,
2004; Spencer et al., 2007; Wilson and Liu, 1980].

The probability density function of sizes of most natural aerosols follows a log—normal
distribution (Figure 1.3). Aerosol particles with D,, of less than 1 pm are known as fine
mode; those above 1 uym are coarse mode particles. Additionally, subdivisions are found
in the fine mode: the Aitken mode or nucleation mode (which refers to particles with

0.001pm < Dy, < 0.1pm) and the accumulation mode (with D), above 0.1 pm and below
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1pm) [Heintzenberg, 1989; Power, 2003; Whitby, 1978|.
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Figure 1.3: Aerosol modes, corresponding sources, formation and removal mechanisms. From

Seinfeld and Pandis [1998]

Figure 1.3 shows atmospheric aerosol formation and removal mechanisms and their
common size intervals. Particle formation processes can be subdivided in thermodynamical
and mechanical. Primary aerosol particles are formed during high temperature combustion;
by gas—to—particle conversion or by processes involving homogenous condensation of
low—volatility vapours. The size of particles generated from such processes fall into the
Aitken mode. The accumulation mode is generally composed of droplets formed by
condensation of particles nucleated from low volatility vapours (as cloud—borne chemical
processes) as well as by coagulation of Aitken mode particles. Particles generated from
processes which involve the extraction of pre—existing particles from their “enclosure” to
the atmosphere by mechanical processes (such as wind, volcanoes, sea spray, etc) dominate
the composition of the coarse mode [Seinfeld and Pandis, 1998].

Several studies have presented the dependence of atmospheric aerosol residence time
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on the particle size [Langmann et al., 2010; Maxey and Corrsin, 1986; Power, 2003; Sellegri
et al., 2003]. Fine mode particles have a shorter residence time in the troposphere because
they are quickly removed by diffusion (Aitken mode aerosols) and by scavenging and
washout/rainout (accumulation mode aerosols). Coarse mode particles (D, > 1uym) are
mainly removed by gravitational settling (also referred to as sedimentation). In particular,
accumulation mode aerosols tend to reside for a longer time because they are too large to
be removed by diffusion processes and too small for sedimentation; they therefore become
the targets for in—cloud nucleation scavenging in the upper levels [Andronache, 2003; Han
et al., 2004; Power, 2003]. This latter range of sizes is also termed The Greenfield Gap, in

acknowledgement of the work carried out by Greenfield [1957].

1.2 Effects of aerosols on climate

Apart from polluting the atmosphere, impairing visibility, health problems [Lave and
Seskin, 1970; Pope, 2000; Schwarts and Marcus, 1990] and damage to agricultural crops
[van Tienhoven et al., 2006; Zunckel et al., 2006], air pollution also impacts on global and
regional climates [IPCC-WGlI, 2001].

Much is known about the radiative influences of the Greenhouse Gasess (GHGs) in
climate [IPCC-WGI, 2001]. However, the effect of aerosols remains a major uncertainty in
understanding past and present climates and in predicting the future climate [Bergstrom
et al., 2003; Haywood et al., 2003; IPCC-WGlI, 2001; Rotstayn and Lohmann, 2002; Suzuki
et al., 2004; Zakey et al., 2006]. Figure 1.4 is an illustration by the Intergovernmental
Panel on Climate Change (IPCC) showing the estimated magnitude of the radiative
forcing in W/m? (bars) and the corresponding Level of Scientific Understanding (LOSU)
of each forcing of the climate system. A positive/negative radiative forcing implies a
warming/cooling of the environment, respectively. According to IPCC-WGI [2007], the
LOSU is an unavoidable subjective concept created in order to leverage the lack of sufficient
quantitative data supporting estimates of a given climate forcing. This index indicates how
well studies agree on quantifying the Radiative Forcing (RF) and how well observation-based
studies agree with models. It is given by the 'Evidence’ x 'Consensus' product, where
“Evidence" ranges from A (strong evidence) to C (insufficient evidence); while "Consensus"

ranges from 1 (good deal of consensus) to 3 (insufficient consensus).
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Radiative forcing of climate between 1750 and 2005
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Figure 1.4: Global mean radiative forcing in W/m? (in bars) and the level of scientific

understanding (in error bars). Adapted from IPCC-WGI [2007]

In Figure 1.4, the LOSU ranges from high to low. The very well established consensus
that long—lived GHGs exert the single largest and positive forcing (i.e., warming of the
atmosphere ) to the global climate system is shown by the first bar on top of this figure.
This consensus is indicated by a "High' LOSU and a small size of the uncertainty value (the
error bar). The magnitude of the stratospheric and tropospheric ozone forcings have also
been thoroughly investigated and their LOSU is considered 'Medium'.

As indicated by IPCC-WGI [2007], strong evidence that aerosols have a negative
RF on climate exists (based on ground-based and airborne observations, and from
modeling studies). However, the corresponding LOSU is still medium to low because
the determination of aerosol emission sources, their complex spatio—temporal distribution
and optical properties, and the fact that aerosols are mixed with natural background
particles raise uncertainties. For example, the effect of aerosols on cloud reflectivity
(presented in Subsection 1.2.2), still lacks observational support [Boucher and Lohmann,

1995; IPCC-WGI, 2007].
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1.2.1 Direct effects

Aerosols directly influence the climate system by scattering and absorbing solar
radiation, which can cool both the atmosphere and surface by reflecting solar radiation back
into space. At the same time, the direct effects can warm the atmosphere by absorbing solar
radiation, depleting the solar radiation reaching the ground and therefore cooling the surface.
These effects change the temperature structure and thus reduce the convective contribution
to warming the atmosphere by increasing atmospheric stability [Abel et al., 2005; Andreae
and Crutzen, 1997; Haywood and Boucher, 2000; Jacobson, 2001; Ramanathan et al.,,
2001a]. As shown by several authors [Kirkevag et al., 1999; Kondratyev et al., 1998;
Menon, S., 2004; Penner et al., 1998; Schult et al., 1997], absorptivity and/or reflectivity
are highly dependent on the nature of aerosols. Black-carbon is an efficient heat absorber
(i.e., exerts a positive forcing to the atmosphere); by contrast sulphate and organic aerosols
play the opposite role. Therefore, the black-carbon/sulphate ratios play an important role
in determining atmospheric warming [Ramana et al., 2010]. Additionally, the Greenfield
Gap (referred to in Section 1.1) includes the peak wavelength of solar radiation (0.48 pm),
which causes accumulation mode aerosols to interact efficiently with solar radiation [Tinsley

et al., 2000].

1.2.2 Indirect effects

In a much more complex process than that of the direct effects (as indicated by Andreae
and Crutzen [1997]; Andreae and Rosenfeld [2008]; Feichter et al. [2003]; Huang et al.
[2007]; Quaas et al. [2004]; Ramanathan et al. [2001b]) scavenged aerosols indirectly

affect climate in serveral ways:

» by acting as CCN and/or Ice Nuclei (CN), which modify the microphysics and radiative
properties — termed "the first indirect effect" or Twomey effect [Chylek et al., 2006;
Feingold et al., 2003; Ferrare et al., 2002; Previdi et al., 2003; Twomey, 1974];

» throught the lifetime and extent of clouds — termed "the second indirect effect" or
Albrecht effect [Albrecht, 1989; Feichter et al., 2003; Lohmann and Feichter, 2005;
Rosenfeld and Feingold, 2003].

An additional aerosol effect — the semi—direct effect [Hansen et al., 1997] — is associated

with absorption of solar radiation by incloud carbonaceous aerosols, which causes reduction
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of relative humidity because of increased heat in the surrounding environment and,
eventually, evaporation of clouds [Johnson et al., 2004; Lohmann and Feichter, 2001, 2005;
Ramanathan et al., 2001]. This effect also alters atmospheric stability and, again, cloud
formation and lifetime. Figure 1.5 shows a schematic diagram of the various radiative

mechanisms associated with aerosol—cloud interactions.

S
Surface
DOrizzle Incraased cloud height  Increased cloud
suppression. (Pincus & Baker, 1884) Ifetima
Increased LWC {Albrecht, 1989) {Ackerman et al., 2000}
Qmm:mwmmmmmw \mm«m«}

Figure 1.5: Schematic diagram of the multiple aerosol radiative mechanisms. The small
black dots represent aerosol particles; the larger open circles cloud droplets.
Straight lines represent the incident and reflected solar radiation, and wavy lines
represent terrestrial radiation. The filled white circles indicate cloud droplet
number concentration (CDNC). The unperturbed cloud contains larger cloud
drops as only natural aerosols are available as cloud condensation nuclei, while
the perturbed cloud contains a greater number of smaller cloud drops as both
natural and anthropogenic aerosols are available as cloud condensation nuclei
(CCN). The vertical grey dashes represent rainfall, and LWC refers to the liquid

water content. After van Dorland et al. [2007]

The direct and indirect effects are believed to lead to a net reduction in the global
annual mean surface temperature, thereby offsetting the positive forcing caused by the
anthropogenic greenhouse gases [Coakley et al., 1983; IPCC-WGI, 2001; Quaas and
Boucher, 2005]. However, possible future increases in aerosol loading and the resulting
increase in concentration of cloud condensation nuclei, may saturate the cooling effect,

allowing the heating effect to dominate [Kaufman et al., 1991].

1.3 Aerosol emissions in Southern Africa: The
contribution of biomass burning

Southern Africa is dominated by savanna ecosystems, changing to subtropical and

tropical zones toward the north, and to semiarid and arid zones toward the south-west
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[Ichoku et al., 2003; Mason and Joubert, 1997].

Associated with human population pressures on regional ecosystems and related to
agricultural and domestic fuel-wood consumption practices, most of the subcontinent
savannah is periodically subjected to some of the highest levels of BB in the world (see,
Figure 1.6), loading heavy amounts of aerosols into the atmosphere [Crutzen and Andreae,
1990: Helas and Pienaar, 1996; Kirchstetter et al., 2003; Liousse et al., 2007; Schmid et al.,
2003; Scholes et al., 1996; Swap et al., 2003; Yokelson et al., 2003]. Already in 1979,
Crutzen et al. mentioned that BB sometimes competed with fossil fuel from traffic and
industry use as a source of atmospheric pollution in some regions of the globe. Such is the
case with Southern Africa, where BB plays a major role on the total emissions of aerosols

[Andreae and Merlet, 2001; Marufu et al., 2000].

1 10 20 50 100 200 500 1000>2000

Figure 1.6: Mean annual fire emissions (g Cm~2year—!) averaged over 1997-2004. Source:

van der Werf et al. [2006]

First systematic attempts to quantify fire emissions in Southern Africa and their likely
impacts date back to 1992, when, as part of the the International Geosphere-Biosphere
Programme/International Global Atmospheric Chemistry (IGBP/IGAC), an experiment
called South African Fire—~Atmosphere Research Initiative (SAFARI-92) [Lindesay et al.,
1996] was carried out in the region. This experiment aimed at performing a comprehensive
investigation of the role of vegetation fires, particularly savanna fires, in atmospheric
chemistry, climate and ecology. SAFARI-92 resorted to the Advanced Very High
Resolution Radiometer/Local Area Coverage (AVHRR/LAC) imagery, meteorology derived

from aircraft—-measurements and European Centre for Medium—Range Weather Forecasts
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(ECMWEF) products, as well as pyrogenic models, to reveal that the contribution of
vegetation fires to the concentration of photochemical oxidants and haze over the
subcontinent is large. According to Barnaba et al. [2011], in Europe (where the level
of wildfires is far less than that of Southern Africa) wild land fires already represented the

major source of atmospheric particles with diameters < 1(pm).

Figure 1.7: Southern African biomass burning smoke and haze exiting off the east coast
on 4 September 2000, designated as the River of Smoke. Provided by
the SeaWiFS Project, NASA/Goddard Space Flight Center, and ORBIMAGE.
Satellite: OrbView-2, Sensor: SeaWiFS, Image Date: 09-04-2000. (Image
captured by CSIR Satellite Application Center.). From: Swap et al. [2003]

Later, within the scope of the Southern African Regional Science Initiative
(SAFARI2000) [Swap et al., 2003], a project aiming at investigating the generation,
transport and fate of aerosols and trace gases over the subcontinent, and based on
multi-annual calculations of monthly Aerosol Optical Depth (AOD), Eck [2003a], Eck
[2003b], Queface et al. [2003] and Queface et al. [2011] showed that the seasonal variability
of aerosol concentration over the subcontinent indicated September and April as the months
with the highest and lowest aerosol loading respectively, coinciding with the highest and

lowest peaks of BB in the region.
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Figure 1.7 shows Southern African BB smoke and haze exiting off the east coast on
4 September 2000, designated as the River of Smoke [Annegarn et al., 2001]. Using
the HYbrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT), Kanyanga
[2008] has shown that for air masses originating over tropical Southern Africa, the River of
Smoke is a phenomenon occurring only during neutral EI-Nifio Southern Oscillation (ENSO)

years.

1.4 Southern African circulation patterns and their
relation to aerosol concentration in the region

Southern Africa is located between the south Atlantic and Indian ocean subtropical
high—pressure cells and is influenced by the interaction of tropical easterly and extra—tropical
westerly flows [Barry and Chorley, 1968; Tyson, 1981]. The seasonal longitudinal movement
of the two the high—pressure cells determines most of the climate variability in the region
[Tyson, 1981]. As the Atlantic high is more often 3° farther north than the Indian Ocean
cell, it is responsible for bringing low level westerlies to Angola and the Democratic Republic
of Congo (DRC) throughout the year; high—level westerlies are carried to central Angola
during austral summer [Barry and Chorley, 1968; Tyson, 1981]. In turn, a larger impact on
regional climate is caused by the westward movement and intensification of the Indian Ocean
cell during the austral winter, bringing easterlies at all levels to most of the subcontinent
[Barry and Chorley, 1968; Tyson, 1981].

Associated with the above, a very important feature of the atmospheric circulation
pattern was shown to occur in Southern Africa by Tyson et al. [1996b]. In this work,
analysis of a 7—year climatology revealed that aerosols and trace gases over the region are
re—circulated. This type of circulation, occurring nearly 70% of the time during austral
winter, is the so-called Southern African anticyclonic gyre [Swap et al., 1996]. Effectively,
this means air masses do not directly exit the region, but are kept for variable period of time
(on a time-scale ranging from hours to weeks) and on a spatial scale of tens to thousands of
kilometres (generally below 500 hPa). This uncommon aerosol re—circulation pattern has
triggered various subsequent studies by Gatebe et al. [2001]; Piketh et al. [1999]; Swap et al.
[1996]; Tyson [1997]; Tyson et al. [1997], all of these studies identified and defined various

circulation patterns in the region. Figure 1.8 illustrates major circulation patterns over
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Figure 1.8: Predominant circulation patterns in Southern Africa calculated over a five—year
period (1988-1992). Heavy lines represent conditions at 500 hPa; light lines
give surface conditions (as sea-level isobars over the oceans and contours of the

850 hPa surface over the subcontinent). Following Tyson et al. [1996b]

Southern Africa, and the corresponding monthly frequencies, calculated over a five—year
period (1988-1992).

Additionally, Garstang et al. [1996] and Tyson [1997] revealed that vertical motions of
recirculated material in the region are inhibited by the presence of three persistent absolutely
stable layers occurring close to the 850 hPa (approximately 1.5 km), 700 hPa (approximately
3 km) and 500 hPa(approximately 8 km) levels. They also found that the layer at 500 hPa,

in particular, seems to cover large areas by the end of the dry season.
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1.5 Modeling studies on biomass burning aerosols in

Southern Africa

Modeling studies covering aerosols in the region are recent and, so far, most of them
have only looked at the transport and/or direct radiative impacts of aerosols, omitting the
important contribution of the aerosol nucleation processes and indirect effect. For instance,
Gatebe et al. [2001]; Piketh et al. [1999]; Swap et al. [1996] investigated the long—range
transport of aerosols emanating from Southern Africa. The Transport and Atmospheric
Research Chemistry near the Equator-Atlantic (TRACE-A) experiment [Fishman et al.,
1996] together with SAFARI-92, gathered numerous measurements and undertook complex
modeling work to investigate the sources of the massive amounts of pollution observed by
satellite between Southern Africa and Southern America during the dry season.

Duncan et al. [2007] and Trentmann et al. [2002] did similar work on
the cross-tropopause transport of BB pollution for several regions of the world
(including Southern Africa) using the Global Modeling Initiative (GMI) Combined
Stratosphere-Troposphere Chemistry and Transport Model (Combo CTM). Again, Guan
et al. [2008] investigated the transport aspects of BB aerosols using the NCAR Community
Atmosphere Model (CAM). An interesting work on sources of pollution over Southern Africa
was done by Chatfield et al. [1998] using the Global Regional Atmospheric Chemistry Event
Simulator (GRACES) driven by the Fifth-Generation NCAR/Penn State Mesoscale Model
(MM5), covering period September—October 1992. In this work the “Great African Plume”
— a flow of agricultural burning smoke moving westward from a wind divergence line over
Central Africa to pollute the Equatorial Atlantic Ocean — was identified. Additionally, an
“inward” flow, named by the authors “Global Burning Plume”, originating from tropical
South America and flowing past South Africa above 8 km altitude was identified by the
model. These plumes were found to influence the South Indian and Southern Oceans.

Using a global aerosol model and observations of CCN concentrations, Spracklen et al.
[2011] concluded that fire emitted carbonaceous aerosol was responsible for forming more
than half of the global cloud condensation nuclei. Conversely, Pierce et al. [2007] found
that, dependent on the emissions inventory used, the addition of primary carbonaceous
aerosol in a global aerosol microphysics model, increased concentrations of CCN at 0.2%

super-saturation level by 65-90% in the surface layer.
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In order to calculate the direct radiative impact of aerosols from biomass burning, Myhre
et al. [2003] used meteorological data from the SAFARI2000 project to drive an off-line
chemical transport model over Southern Africa, and found that the local radiative impact
of biomass aerosols reached as much as 50 W/m? for September 2000. In 2005, Abel
et al. applied a radiative transfer code to model the direct radiative effect of BB aerosols
over Southern African during the peak burning season, and found that the inclusion of
clouds in the model reduced the radiative impact of the BB aerosols by half to one third.
More recently, Aghedo et al. [2007] used a coupled global chemistry—climate model to
investigate the relative importance of African BB, biogenic Volatile Organic Compounds
(VOCGs), lightning and anthropogenic emissions to the tropospheric ozone budget over
Africa and globally. This work demonstrated that more than 70% of the tropospheric
ozone produced through continental African emissions is advected outside the continent;
thereby impacting the Atlantic and Indian Oceans, Latin America, Oceania and the Middle
Eastern regions.

Roeckner et al. [2006b] applied ECHAMS with Hamburg Aerosol Module
(ECHAM5-HAM) to assess the impact of varying carbonaceous aerosols on the globe, and
found that the various regions respond differently to this perturbation, and that, regions
located in low latitudes display the largest decreases in surface temperature and increases
in precipitation and run—off.

Tummon et al. [2010] studied the direct and semi-direct aerosol effects on the Southern
African climate during the austral winter season using the ICTP Regional Climate Model
(RegCM). In this work, the authors found that aerosol direct radiative forcing, in the
main biomass burning region, caused surface turbulent fluxes to decrease, resulting in
reduced Planetary Boundary Layer (PBL) height and surface temperatures. Additionally,
the resulting changes in surface temperature gradients caused the southern branch of the
African Easterly Jet to be enhanced and shifted southward. In another study, Tummon
[2010] found that aerosol emissions have much more influence on the radiative forcing
than other parameters (e.g., sea surface temperatures (SSTs)). Additionally, Randles and
Ramaswamy [2010] investigated the impact of radiation absorbing biomass burning aerosols
on the climate of Southern Africa, using the Geophysical Fluid Dynamics Laboratory AGCM
(GFDL-AGCM). As a result, they found that aerosols emitted by BB reduce the incoming

solar radiation at the surface and locally heat the atmosphere. Another recent study looking
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at the direct and semi-direct aerosol effects of the Southern African BB, was carried out by
Sakaeda et al. [2011] using the CAM model, in which contrasting radiative feedbacks were
identified over ocean and land: Over the ocean, where aerosols are predominantly above
cloud layers, a negative Top—Of-Atmosphere (TOA) semi—direct radiative effect was found
to be larger than positive all-sky direct radiative effect (DRE); over the land, where the
aerosols are often below or within cloud layers, reductions in cloud liquid water path (LWP)
led to a positive semidirect radiative effect that dominated over a negligible DRE.

Although there has been a growing understanding of the effects of aerosols on local
climate (as described above), large uncertainties still remain especially on how small-scale
feedbacks can modulate climate events [Feichter et al., 2003; Girard and Bekcic, 2005;
Hulme et al., 2001; IPCC-WGI, 2001; Paeth and Feichter, 2006; Wang et al., 2004; Zhang,
2008]. The uncertainties remain partly because many features of short-time scale climate
variability, are not adequately represented in climate models [Batjes, 2006; Lioubimtseva
et al., 2005; Tews et al., 2006]. One such feedback is the inclusion of the aerosol indirect
effect, a very important factor determining cloud—albedo and cloud lifetime, as described
in Section 1.2.

Generally, because of model limitations or the scope of work undertaken, the above
referenced modeling studies over Southern Africa did not look at the combined impact
of both the direct and indirect effects of all types of aerosols on the Southern African
regional climate. In other cases, because the studies were limited to their main points of
focus, they did not (or could not) include all aerosols or precursors to aerosols and, thus,
eventually failed to reveal important features associated with direct and indirect effects in
the presence of all types of aerosols directly and indirectly generated by biomass burning
processes. For instance, although using an advanced Global Circulation Model (GCM) able
to simulate both direct and indirect effects, Roeckner et al. [2006b] only studied the impact
of carbonaceous aerosols. On the other hand, Sakaeda et al. [2011] only accounted for
the direct and semi—direct effects because the version of the CAM used in the study could
not depict aerosol activation. In turn, Tummon [2010] and Tummon et al. [2010] used a
version of RegCM which could only simulate the aerosol direct and semi—direct effects.

With the advent of state—of-the—art aerosol-climate models able to simultaneously
simulate  fully—coupled  climate—chemistry—aerosol-radiation interactions (including

secondary aerosol formation) [Baklanov et al., 2008; Grell et al., 2005; Jacobson, 2001;
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Stier et al., 2005] and the availability of fairly comprehensive global emission inventory
databases [van der Werf et al., 2006], alongside the existence of the computational power
to handle such models, the opportunity to resolve small-scale processes and incorporate
feedbacks (judged important for a region), and thus to more accurate representation of
regional climate forcings opens up.

BB aerosols are in the accumulation mode range [Eck et al., 1999], and, according to
results obtained by Ross et al. [2003] (using experimental data from Aerosol Recirculation
and Rainfall Experiment (ARREX) and SAFARI2000), and those later obtained by Ghosh
et al. [2007] and by Vestin et al. [2007] (during experiments in the Amazonian forest), these
BB aerosols act as efficient CCNs. In an experiment conducted within the scope of Fire
Lab At Missoula Experiment (FLAME), Petters et al. [2009] also suggested that BB aerosol
emissions are CCN-active at the point of emission and do not require conversion in the
atmosphere to more hygroscopic composition before they are able to participate in cloud
formation and undergo wet deposition. Thus, the nucleation of CCN—active aerosols would
add secondary particles to the existing burden, changing aerosol concentrations and/or
residence time. These factors may lead to complex changes in climate variables only fully
understandable through comprehensive aerosol—climate models. Among these changes, the

following impacts are possible:

= a decrease in surface temperature in the region, because part of the solar radiation

is reflected and/or absorbed by aerosols in the atmosphere;

= an increase in atmospheric temperature, because of the presence of absorbing aerosols

(BB mainly produces black carbon, a known heat absorber);

= a further decrease in atmospheric temperature, because of the presence of scattering
aerosols, especially because BB also generates SO2 which then nucleates into sulphate

particles, known to be highly scattering;

» changes in the circulation patterns induced by reduction in convection because
of a reduction in solar radiation reaching the Earth's surface, thereby affecting

precipitation patterns;

= a reduction of the rainfall intensity because of cloud burning by absorbing

carbonaceous aerosols (i.e., the semi—direct effect);
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= an increase in cloud albedo, caused by the increase in aerosols activating into CCN;

and

= a reduction in precipitation efficiency and/or a delayed precipitation onset by
nucleation of many small cloud droplets which coalesce inefficiently into raindrops,
because mainly black carbon and organic carbon are emitted from BB processes, as

described in Section 1.2.

1.6 Research objectives

This study aims to better understand the response of the Southern African climate to
the presence of BB aerosols, in a context where sulphate particles formed by gas—to—particle
conversion of BB SO5 are added to the directly emitted carbonaceous aerosols.

The study applies the state—of-the—art ECHAMS5-HAM and Weather Research and
Forecast Model with Online Chemistry (WRF/Chem). These models incorporate both the
direct and the indirect aerosol effects and are able to represent gas—to—particle conversion.
The latter model is able to simulate chemistry, allowing for the production of additional
aerosol species with different chemico—physical properties and, thus, may induce different
radiative and microphysical responses on climate. Specifically, the objectives of this work

are as follows:

» Quantify the contribution of local and external sources to BB concentration in

Southern Africa throughout the year;

» Assess the relevance of the synoptic variables in determining the aerosol

concentrations in Southern Africa during the biomass burning season;

» Estimate potential feedbacks between the BB aerosols and the large-scale

thermodynamic structure during austral spring;

= Evaluate the impacts of BB aerosols on temperature and precipitation during austral
spring and, their subsequent seasonal and inter—annual variability, when primary and

secondary aerosols are included in the simulations.
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1.7 Thesis outline

This work is structured in eight main chapters. An overview on how aerosols are
incorporated in climate models is presented in Chapter Two. The methodology for verifying
the models against observed temperature and precipitation datasets and well as a description
of how the final results were obtained is presented in Chapter Three. The evaluation of the
simulations against observed data is presented in Chapter Four, followed by the identification
of the contribution of local and external sources to biomass burning aerosol concentrations
in Southern African in Chapter Five. An assessment of the relevance of the synoptic
variables in determining the aerosol concentrations in Southern Africa during the biomass
burning season is presented in Chapter Six. The simulated response of the thermal structure,
and the atmospheric circulation, and their implication on temperature and precipitation
during austral spring, and their subsequent seasonal inter—annual variability, when primary
and secondary BB aerosols are included in the simulations, is presented in Chapter Seven.
A summary of the major findings and the limitations of this work and suggestions for

prospective research are presented in Chapter Eight.
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Chapter 2

Aerosols in climate models

To fully incorporate aerosol—climate interactions in climate models, modelers must be
able to describe, in numerical expressions, aspects impacting the life—cycle of atmospheric
aerosols (from emission to removal processes), and including chemistry at any given time
and at any given location within the model domain. There are several important aerosol
factors that need explicit description in a model: aerosol size—distribution; aerosol emissions;
formation of secondary aerosols by gas—phase chemistry (also referred to as nucleation); the
condensation of gas phase molecules; coagulation; formation of cloud droplets and their
evaporation (termed cloud burning); wet deposition; and dry deposition. In this chapter, an
overview is given on how the above—mentioned factors have been incorporated into climate

models

2.1 Aerosol emissions

For aerosol emissions to be accounted for in climate models, a detailed knowledge of
their complex source activity, chemical composition and particle mass size distribution is
required [Binkowski and Roselle, 2003; Stier et al., 2005; van Dorland et al., 2007; Ward
et al., 2010]. The above details must have both time and space resolution representative
of the regions of interest. This necessitates the establishment of gridded aerosol emission
inventory databases, which, in turn, require extensive validation to ensure the implication of
their usage is secured with a minimum level of uncertainty [Lindley et al., 2000; Winiwarter
and Schimak, 2005]

Several experiments to build emission inventories databases were carried out [Greenberg
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et al., 2003; Otter et al., 2003]. The level of complexity of the methods ranged from local
measurements of emissions to remote—sensing techniques assisted with numerical models
and/or a combination thereof [French et al., 2004; King et al., 1999; Ward and Hardy,
1991]. Commonly, the gridded emission databases have been gouped in the following
categories: Anthropogenic emissions; Biofuel usage and natural emissions; BB; DMS
from sea; elementary and organic carbon; mineral dust emissions; sea salt emissions; ship
emissions; and volcanic emissions [Schultz et al., 2008]. In general, information contained
in these databases include burned area, fuel loads, combustion completeness, fire emissions
Carbon (C); Black Carbon (BC); organic carbon (OC); sulphur dioxide (SOz2); Particulate
Organic Matter (POM); carbon dioxide (CO2); carbon monoxide (CO); Methane (CHy);
non—methane hydrocarbons (NMHC); molecular hydrogen (Hsz); nitrogen oxides (NO,);
nitrous oxide (N2O); particulate matter (PM); Total particulate matter (TPM); total carbon
(TC); and other less dominant/less present substances.

A panoply of global emissions inventory databases exist nowadays, including:

» The REanalysis of TROpospheric chemical composition database (RETRO) [Schultz
et al., 2008];

= The Global Fire Emissions Database (GFED) [Randerson et al., 2005, 2007; van der
Werf et al., 2006];

= The Emission Database for Global Atmospheric Research (EDGAR) [Olivier et al.,
1994];

= The Aerosol Inter Comparison project (AEROCOM) [Dentener et al., 2006] the most

frequently used by the aerosol modeling community.

In fact, AEROCOM is a combination of the former emissions inventory databases.
Details of the methodology used to develop these databases, including spatio—temporal
resolutions, the period covered, and the sectors used to generate the emissions appear
in the corresponding literature. A summary of the relevant aspects of each of the
above-referenced databases is publicly available on the Internet (for example, http://

accent.aero. jussieu.fr/database_table_inventories.php).
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2.2 Aerosol size distribution functions

As stated in Section 1.1, knowledge of atmospheric aerosol size distribution and chemical
composition is crucial for the derivation of direct and indirect atmospheric radiative
properties [Haywood and Boucher, 2000; Morrison et al., 2005; Whitby et al., 1971].
Given their vast and complex spacio—temporal distributions, various authors have used
several experimental methods to derive size distribution functions for aerosols. One such
method is the so—called Differential Mobility Particle Sizer (DMPS) — in which particles are
electrically charged and, subsequently, separated by size ranges (through the identification
of their different electrical mobility) [Knutson and Whitby, 1975; Levin et al., 2010]. A
second technique has been based on the optical properties of the atmospheric aerosols
(See Section 2.6) — in this method Optical Particle Counters (OPC) are used to determine
the size of particles based on the intensity of the scattered radiation [Chen et al., 1984;
Jaenicke and Hanusch, 1993; Liu et al., 1974; Szymanski and Liu, 1986]. An additional
technique, named the Condensation Nuclei Counter (CNC) (effectively a modified extension
of OPC) is used for particles smaller than the visible range [Liu and Kim, 1977; Maring and
Schwartze, 1994; Rashid and Mavliev, 2002]. In the latter method, particles are immersed
in a super—saturated fluid vapour so that they are activated and grow to a certain size
within the visible range, and so, become optically detectable.

Figure 2.1 shows typical aerosols species found in the atmosphere and the corresponding
number and volume distributions as function of the particle diameter. The lower part of
this figure indicates the number (left—hand side (lhs)) and volume (right—hand side (rhs))
distributions as a function of the aerosol particle diameter. In terms of number, particle
concentration distribution peaks on the Aitken mode; in terms of volume, the peak is
within the coarse mode. Porter and Clarke [1997] contains a good review of the aerosol
size distributions for sulphate, sea—salt and dust and based on experimental measurement
over the sea. These are the distributions that climate models need to replicate numerically,

to accurately assess the aerosol interaction with climate.
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Figure 2.1: Aerosol number and volume size distributions (dN/dlogr, and dV/dlogr) for

different atmospheric aerosols. From Seinfeld and Pandis [2000].

2.3 Aerosol formation and growth

2.3.1 Aerosol General Dynamic Equation (GDE)

Physico—chemical processes occurring in the atmosphere may change the aerosol
formation and growth dynamics, and, therefore, the aerosol size distribution and magnitude
of their interaction with climate [Wu and Biswas, 1998]. According to Whitby [1978],
many attempts have been made to fit the aerosol size distributions with the results of the
experiments (as described above) so that results could be used for practical cases. The

basic criteria for such a distribution should include:
(a) Coverage of all particle size range (from 1 to 1000 nm);
(b) Accurate fit of particle number, surface area and volume;
(c) Correctly adhere to and be based on proven physical laws.

Basically, there are three processes associated with the aerosol formation and growth
dynamics, namely nucleation; coagulation/agglomeration; and condensation/evaporation.

For more details on these distributions, refer to Williams and Gage [2009].
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In climate models, aerosol particle dynamics — from formation to growth of particles —
is represented by a partial integro—differential equation named Aerosol General Dynamic
Equation (GDE) [Talukdar and Swihart, 2004]. This equation describes coagulation,
condensation, evaporation and nucleation processes, and, generally, has no analytic solution
(except in simplified cases where particle growth has been neglected) [Friedlander, 1977].
Equation 2.1 is an example of the general form of the GDE. This equation represents the
factors impacting the particle population balance in the volume interval limited by v and
v+ dv [Friedlander, 1977; Talukdar and Swihart, 2004]

on(v)

W) LG Va(u) — D) Tal)+ V- Vi)

flux divergence diffusion external forces
1 rv 00
- 3 / B(B,0 — 0)n(B)n(v — 8)dd —n(v) / B(5,0)n(0)dd
0 0

coagulation

0 dv .
_%[n<v>a+ i) (1)

internal sources

particle growth
where the underbraces refer the contribution of each factor to the change in the aerosol
population, dn(v)/d(t). Various solutions for the GDE have been presented in aerosol
modeling history [e.g., Barrett and Webb, 1998; Debry and Sportisse, 2007; Gelbard and
Seinfeld, 1979; Katoshevski and Seinfeld, 1997; Kourti and Schatz, 1998; Talukdar and
Swihart, 2004; Tsang and Brock, 1982; Whitby and McMurry, 1997; Wu and Biswas, 1998];
each solution has demosntrable advantages and drawbacks. Advantages are mostly related
to the precision and computational speed of the numerical solution; drawbacks are related to
the ability to simultaneously account for condensation, nucleation, and coagulation [Barrett
and Webb, 1998; Upadhyay and Ezekoye, 2003; Zhang et al., 1999]. A good comparison of
the available numerical solutions of the GDE has been given by Whitby and McMurry [1997].
In summary, common methods used in aerosol-climate modeling for solving the GDE can
be grouped as a) Bulk scheme; b) Sectional (bin) scheme; c) Method of Moments; and d)

Modal scheme.

2.3.1.1 Method of Moments

An explicit method used to model the evolution of the Aerosol Size Distribution (ASD),
the Method of Moments (MOM) uses volume/radial moments of the ASD, instead of the

required a priori knowledge of particle size distribution function itself [Barrett and Webb,
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1998; Thorpe et al., 1997; Yu et al., 2008]. The idea is to turn Equation 2.1 into a lower
order differential equation by multiplying it by v* (or by 7%, if radial moments are desired)
and integrating for the size distribution [Hulburt and Katz, 1964; Pratsinis, 1988; Upadhyay
and Ezekoye, 2003; Wu and Menon, 2001; Yu et al., 2008]. Thus, the moment i, is defined
by:
pE = /OOO vFn(v)dv (2.2)
Since Equation 2.2 involves integration of the unknown function n(v), a mathematical
closure problem arises [Hulburt and Katz, 1964]. Therefore, the MOM is only applicable for
special cases where the growth function allows a closure of the equation [Barrett and Webb,
1998; Frenklach and Harris, 1987; McGraw, 1997], as is the case when ASD is assumed
log—normal [Talukdar and Swihart, 2004].

2.3.1.2 Quadrature Method of Moments

Proposed by McGraw [1997], the Quadrature Method of Moments (QMOM) is an
extension of the MOM in which the growth laws are arbitrary in order to overcome the
closure problem described in 2.3.1.1. The integral moments are approximated by a sum of
functions of abscissas (V) and weights (w;) of the Gaussian quadrature [McGraw, 1997;
Talukdar and Swihart, 2004] as

. N
Mk:/ Ukn(v)dszUfwi k=0,1,....,2N —1 (2.3)
0 i—1

The number of moments in Equation 2.3 is determined by the number of abscissas N
used. Results by Barrett and Webb [1998]; Marchisio et al. [2003] have shown that three
nodes (N =3; k=0,...,5) are sufficient to describe moment evolutions using QMOM, and

retain good accuracy at bearable computational costs.

2.3.1.3 Sectional (bin) method

In the sectional bin scheme, the continuous size distribution of particles is approximated
by (n) discrete sections (bins) in each of which particle properties are constant [Gelbard

and Seinfeld, 1979]:
imax

n(v) ~ Z n;o; (2.4)

1=1
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where ¢; is the i*" section size distribution function. The size of each of the bins
used to discretise size distribution determines the accuracy of this method [Whitby and
McMurry, 1997; Wu and Biswas, 1998]. Time evolution is simulated with n equations
for each time step. Since coagulation processes imply increasing the size of particles
and, therefore, the overlapping of size bins, an increase in the number of calculations
per bin per chemical compound is required; in turn this method becomes computationally
demanding, especially where multidimensional fluid dynamic models are concerned [Talukdar
and Swihart, 2004]. Some advances have been implemented for this method, in that the
bins are allowed to be fixed during coagulation but can move to larger/smaller sizes during

the condensation /evaporation processes [Jacobson, 1997; Kim and Seinfeld, 1990].

2.3.1.4 Modal method

In this method, each of the polydispersed aerosol populations is represented as an
independent aerosol population — the mode [Whitby and McMurry, 1997]. According to
Gelbard and Seinfeld [1979] and Whitby and McMurry [1997], the most common shapes
of the modes used are mono—dispersed and log—normal — a determinant factor relating to
the accuracy of the method (i.e., the number of modes will determine the accuracy of
the method). In this method each process (nucleation, condensation and coagulation)
in Equation 2.1 is represented by its own equation—the moment dynamic equations —
and coagulation process is seen as collision of aerosols with the modes, thus resulting
in intra—modal and intermodal coagulation processes [Whitby and McMurry, 1997]. The

distribution moments are represented by
My = [ din(d,)dd, (2.5)

where £ is the k™ moment; M, = /n(dp)ddp is the total concentration of the particles in

the mode. For the case of bimodal distribution, with the modes represented by represented
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by indexes i and j, for the it" mode we have:

0

(M) = V.VMk.—V./Oodkc )ni(dy)dd,, +v/ dkD(dy)Vni(dy)dd,

k/3
+ 2/ / d3 +d3 B(dp, ; dpy )i (dp, )1i(dp, )ddy, ddp,

N /0 /0 P1 B(dpy s dpy )ni(dp, Jni(dp, )ddp, ddp,

intramodal coagulation

- / / dpudpz)”l(dp1)”J(dp2)ddp1 ddp,

intermodal coagulation

100 ddk 8d e
0 d—vpﬁnz(dp)dder /0 dbing, (dy)dd, (2.6)

and a similar equation can be obtained for the jt" mode, by substituting i by j and vice-versa
in Equation 2.6.
The log—normal distributions were the only instances that met all the criteria needed to

characterise size distributions in models. One such distribution is given by

lnd

lndp—lnd_pi> (2.7)

Z \/ﬁlnag <_ 21n? o
where n(logd,) is the number concentration of the particles with diameter, dp; is the
median diameter, and o;, is the standard deviation of the jth log—normal mode [Seinfeld
and Pandis, 1998; Whitby, 1978]. Because only three parameters are needed (namely
particle concentration, geometric mean diameter and distribution standard deviation) in
each mode to solve the GDE, log—normal distributions are those mostly used for solving
Equation 2.6 [Whitby and McMurry, 1997]. The Modal Aerosol Dynamics for Europe
(MADE) [Ingmar J. Ackermann and Heinz Hass and M. Memmesheimer and A. Ebel
and Francis S. Binkowski and Uma Shankar, 1998], MADE-Secondary Organic Aerosol
Model (SORGAM) [Schell et al., 2001] and Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC) [Zaveri et al., 2008] are examples of models using the modal method.

2.3.1.5 Bulk scheme

In a bulk scheme, aerosols are treated as being only one group, with total mass and
number the only known variables, without any information on ASDs. This type of model is
computationally fast; however, it can only be used to estimate aerosol particle dynamics (for

instance without aerosol nucleation processes) for idealised cases [Whitby and McMurry,
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1997]. This scheme is computationally efficient; however, ASD has to be assumed for
the calculation of any undergoing physical process. The Georgia Institute of Technology —
Goddard Chemistry Aerosol Radiation and Transport (GOCART) model [Chin et al., 2000]

is an example of a model using a bulk scheme.

2.4 Aerosol activation of cloud droplets

For clouds to form, hygroscopic aerosol particles need to be present so that
available super—saturated water vapour condenses onto them [Andreae and Crutzen, 1997;
Martinsson et al., 1997]. The existing uncertainties in the assessment of the Aerosol Indirect
Effect (AIE) (as reported by the IPCC) are mainly caused by the complex relationships
between aerosol activation of cloud droplets and chemico—physical parameters (such as the
number concentration, size distribution and chemical composition of the aerosol particles
acting as CCN)s [Ghan et al., 1993; Lohmann and Feichter, 2005; McFiggans et al., 2006].

Several attempts have been made in order to relate CCN and Cloud Droplet Number
Concentration (CDNC) in models. Kéhler [1936], presented the well known Kéhler Theory
linking cloud droplet formation and growth with thermodynamic variables (especifically
the saturation vapour pressure). This theory is also used to determine whether or not a
droplet is activated and, if so, whether it will grow spontaneously [Laaksonen et al., 1998;
Pruppacher and Klett, 1978]. In this theory, the saturation ratio S,, of an aqueous solution
droplet of radius r is given by:

bs

Qo
Sw%1+7—ﬁ (2.8)

where a,, is related to the surface tension (surface curvature) within the Kelvin Effect!;
and by is related to the vapour pressure reduction due to the solute in the Raoult’s effect?.
The concept is: for each dry soluble particle size there is a critical super—saturation point
(Sc) at which the difference between the Raoult and Kelvin effect is at the maximum; i.e.,
if the droplet grows bigger than the critical size r., the droplet will grow spontaneously
if the ambient super—saturation is greater or equal to that given by Equation 2.8, unless
super—saturation reduces at r. [Laaksonen et al., 1998; Lee et al., 2010; McFiggans et al.,

2006].

1See Andreae and Rosenfeld [2008] and Seinfeld and Pandis [1998] for more details on this effect
2 Ibidem
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Because Kéhler Theory assumes that the amount of solute in the droplets is fixed and
that the CCN is either a highly soluble solid substance (such as NaCl (NH4)2SO4) or a
highly soluble liquid substance (such as HoSQy,), it was later extended by several authors to
include other substances and factors affecting activation not yet accounted for [Asa-Awuku
and Nenes, 2007; Chen, 1994: Conant et al., 2002; Kulmala et al., 19973, 1996; Laaksonen
et al., 1998; Sotiropoulou et al., 2007]. For instance, Kulmala et al. [1996, 1997b] have
shown that, depending on the acidity, vapours can behave differently in particle formation,
with more acidic vapours contributing to the formation and growth of particles strongly
enough to change the Cloud Optical Depth (COD) under specific conditions. Laaksonen
et al. [1998] modified the Kohler equation to include the effect of soluble gases and slightly
soluble aerosol. Abdul-Razzak and Ghan [2000] presented a parameterisation of cloud
droplet activation by multiple aerosol types, in which the ASD is represented as multiple
externally mixed log—normal modes, each composed of a uniform internal mixture of soluble
and insoluble material. The latter parameterisation has been further extended by the same
authors [Abdul-Razzak and Ghan, 2002], using a sectional approach. The errors of both
methods did not exceed 10% when compared to idealised cases. Henning et al. [2005]
found that the particle phase was also an important factor for the critical super—saturation
for the activation of solid particles and solution droplets.

Nenes et al. [2002] assessed the role of the aerosol chemical effect (dissolution of soluble
gases and slightly soluble substances, surface tension depression by organic substances and
accommodation coefficient changes) vis—a—vis changes in droplet number from changes in
aerosol number concentration, and found certain conditions exist under which the chemical
effect competes with the Twomey effect for cloud droplet activation. Conversely, using
size—resolved measurements of cloud condensation nuclei (CCN) spectra in a non-urban
location in Germany, Dusek et al. [2006] showed that 84 to 96% of the variation in CCN
concentrations were mainly determined by the aerosol number size distribution.

The several approaches being used for representing cloud droplet activation as a function

of aerosol number concentration, can be grouped into two basic methods:

(a) An empirical method, relating observed aerosol mass [Jones et al., 1994] or sulphate
mass [Boucher and Lohmann, 1995] and droplet number concentrations. The
limitations of this method are related to extent of accessible observational data to

validate GCMs. Additionally, the established relationships relate only sulphate and
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sea—salt to CDNC [Pringle et al., 2009; Rap et al., 2009] and have no information on

the microphysics controlling the nucleation of cloud droplets;

(b) A mechanistic method of droplet nucleation, which uses a model to simulate the
relationship between CDNC and aerosol particles and droplets, determined at cloud
base, based on the microphysics of the processes involved Abdul-Razzak and Ghan
[2000]; Pringle et al. [2009]. In this method, the change in CDNC is associated
with change in the total aerosol concentration, size distribution, aerosol composition,
updraft velocity and /or activation parameters, together with an approximate solution
of the Kohler equation [Lohmann et al., 2000; Nenes and Seinfeld, 2003; Penner
and Chuang, 1999]. The limitation of this method is related to the solution of the
microphyical equations and with the unresolved cloud parcel updraft velocity [Pringle

et al., 2009]

The most common relationship between aerosol number concentration and droplet
concentration — the CCN spectra — is the power—law size distribution of aerosol particles,
derived by Twomey [1959], which relates the production of super—saturation due to adiabatic
expansion in a vertically moving parcel, and the number of droplets activated from the CCN

phase [Feingold et al., 1998; Khvorostyanov and Curry, 2006; Seinfeld and Pandis, 1998]:
Neen(s) = Cs* (2.9)

where Noon(s) is the number of droplets activated, s is the maximum super—saturation
produced near cloud base, and C' and k are parameters determined by experimental
measurements [Feingold et al., 1998]. For instance, s = 1 corresponds to 1%

super—saturation, and C' is the CCN concentration activated at 1% super—saturation.

2.5 Aerosol removal processes

As stated in Section 1.1, aerosols have a limited residence time in the atmosphere,
dependent on their size and location. Aerosol removal processes are commonly represented
in climate models by two mechanisms: dry and wet deposition [Thomas and Schumann,
1991]. In the following two sections, a short description of these removal mechanisms is

presented.
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2.5.1 Dry deposition

The process in which aerosols (and gases) are removed from the atmosphere to the
surface of the Earth by air motions is called dry deposition. The paper by Wesely and
Hicks [2000] contains a good review of the current/recent knowledge of dry deposition. For
simple applications, dry deposition speed v, is commonly represented by a formula devised
by Chamberlain [1967], which relates it to the mass flux " and the particle concentration

C' at a reference height (generally 10m) above ground surface.
vg=—F/C (2.10)

In climate models dry deposition speed v, is represented as a flux of electrical current
through resistances connected in series. One example of this type of models is given by

Equation 2.11 [Hicks et al., 1987; Seinfeld and Pandis, 1998|:

1
d:77“a+7“b+7’c+vg (2.11)
where r, is the aerodynamic resistance (a function of atmospheric turbulence) [Businger,
1986]; ry is the so—called quasi—laminar resistance (a function of the molecular diffusion)
Wesely and Hicks [2000]; r. is the surface resistance (a function of the surface type, physical
structure of the colliding particles, hygroscopicity and other physico—chemical properties).
When gravitational settling is important (i.e., when particles deposit themselves immediately

after colliding with the surface), the term representing the settling speed v, is included in

Equation 2.11. The surface resistance is the most complex of the resistances.

2.5.2 Wet deposition

This is a process by which particles are swept from the air by hydrometeors (rain, fog
or snow) [Seinfeld and Pandis, 1998] and is also the most effective way by which particles
are removed from the atmosphere [Loosmore and Cederwall, 2004]. Often, climate models
parameterise wet deposition in terms of two processes, namely In—cloud scavenging and

Below—cloud scavenging [Harrison et al., 2001; Jung et al., 2002].

2.5.2.1 In—cloud scavenging

Also called 'rainout’, this form of scavenging consists of two processes: a) the nucleation

of CCN in cloud droplets, and b) the incorporation of the non—nucleated fraction of aerosols
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by hydrometeors [Seinfeld and Pandis, 1998]. The first, in which particles are captured as
CCN is the most important mechanism for the wet removal of aerosol particles [Ebert et al.,
1998; J.M. and Pacyna, 2008].

Win P
Azpy,

ACiyes = —C (2.12)

2.5.2.2 Below—cloud scavenging

Or 'washout’ — is when particles are captured by falling raindrops. Several authors have
defined various parameterisation schemes used to describe the below—cloud scavenging. In
a recent work, Duhanyan and Roustan [2011] give a detailed review of these schemes, in
which variables such as the Raindrop Size Distribution (RSD), the terminal velocity of
raindrops, the below—cloud scavenging coefficient for gaseous and particulate pollutants,
and particle-size distributions are taken into account. For instance, below—cloud wet
scavenging can be written as a first—order differential equation representing the depletion of

the aerosol number concentration N(r,¢) with time as a function of a scavenging coefficient

A [Chate et al., 2003]

dN
(r) — AN(r,1) (2.13)
dt Bel.Cld.Scav
where, for particles, the coefficient A is a function given by

A= /0 N R0 (R)VE(R, )N (R)dR (2.14)

where R and r are, respectively, the raindrop and scavenged particle radii (in pm); v;(R)
(in ms™1), is the raindrops terminal velocity; F(R,r) is the collision efficiency of an aerosol
particle — i.e., the probability for an aerosol particle of radius r to collide with a raindrop
of radius R; and N(R) (in m~*) represents the raindrops size distribution.

As shown by Loosmore and Cederwall [2004], for instance, when rain rate
.RTr 3
J:/O =R u(R)N(R)AR

is taken into account, then
_3ER,)
2 R

where the terminal velocity from a particle with diameter D can be given by [Mircea

and Stefan, 1998; Pruppacher and Klett, 1978]

A

J, (2.15)

gyound
vy = vFomd [”‘O‘L] (2.16)
Pair
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Different types of RSDs can be found in literature: Gamma; Weibull; and log—normal
distributions [Seinfeld and Pandis, 1998]. The latter is the most commonly used form of

RSD in climate modeling, and is represented by:

Ctot [ InD — lnﬁg]
N(D) = — 20y |- 22— 2.17
(D) Dr\/2(Inoy)? 2(Inoy)? ( )

where D, is the geometric mean of the diameters D of the raindrops; Cio is total

concentration of the raindrops; and o, the standard deviation of the distribution.

2.6 Aerosol optical properties

As stated in the introduction, the transmission of radiation through an aerosol-laden
medium, as well as the aerosol hydrodynamic characteristics, are highly dependent on the
shape and size of the aerosols [Friedlander, 1977]. Thus, to assess the characteristics of
the aerosol—-radiation interaction, aerosol optical characteristics relevant to the absorption
and reflection of radiation need to be known.

In climate models, attenuation of the radiation by aerosols is represented in terms of
absorption and Mie diffusion. The Mie diffusion theory is applicable when the wavelength of
the incident radiation is comparable in magnitude to the size of the scattering particle, which
is the case with atmospheric aerosols [Seinfeld and Pandis, 1998]. Thus, the attenuation

of radiation of wavelength \ traversing the atmosphere is given by

d])\ = —Oz)\[)\ds (2.18)

where dS is the length of the medium traversed by a beam of intensity I, and « is the
extinction coefficient of the medium. When the latter parameter is vertically integrated

over a unitary cross—section column of path length L, it leads to the AOD or thickness 7

L
7')\:/0 ardS (2.19)

in which 7 =0 implies no reduction in intensity; 7 = 1 implies an e—fold reduction in intensity
and 7 > 1 means the observer will detect almost zero intensity.

Other optical parameters exist for describing aerosol-radiation:

= Aerosol Index (Al);
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= Angstrém exponent (AE);
= Single Scattering Albedo (SSA);

» Asymetry Factor (AF).

Al signals the Ultra—Violet (UV)-absorbing aerosols such as dust and soot [D'Alessio
et al., 1998; Herman et al., 1997]. If Al is positive absorbing aerosols (dust and smoke)
are dominant; small or negative values relate to non-absorbing aerosols and clouds. In
turn AE is the exponent («) used to parameterise the relationship between aerosol size and

dependence of optical depth on wavelength [Eck et al., 1999]:

: 0 (2)

A\ 1
—=— and, thus a = — 2.20
] <>\1> In (%1) (2.20)

where 7 and 71 are AODs at the wavelengths )\ and \j, respectively. Eck et al. [1999]

showed that, in general, if @ <1, then aerosol size distribution is mostly dominated by
mechanically generated particles (coarse mode), and if & > 2, size distribution is dominated
by fine mode aerosols (produced by BB and industrial activity).

The SSA, designated wy, is the fraction of the aerosol light scattering over the extinction

[Hess et al., 2010]:

Os

b
Oq+0g

(2.21)

Wo =

where o, and o are the absorption and scattering coefficients. One of the most relevant
optical properties of aerosols is w, because the direct radiative effect is very sensitive to
SSA [Hong et al., 2009; Montilla et al., 2011].

The angular distribution of light scattered from aerosol particles is called the Aerosol
Phase Function (APF). When radiation is scattered by aerosols, it then points to either
forward or backward direction. The AF, designated as ¢, indicates the predominant
scattering direction. Thus, if g ~ 1, radiation is mainly scattered in a forward direction;
when g = —1, the backwards direction is predominant. When g = 0, it indicates isentropic
scattering [Ebert and Curry, 1992; Kaufman et al., 1994]

The interaction of radiation with aerosols is represented in models by a Radiative
Transfer Equation (RTE) [van De Hulst, 1981], in which the diffuse solar intensity I in

plane—parallel atmospheres has the form

dl(r,p) wo (1 / N1 Yo —7 /0
= 1) =52 [ )Py = 2 x FoP (1, —po)e (2.22)

I
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where p = cosf, 0 is the zenith angle, 7wF{ the solar flux on TOA, g the cosine of the
solar zenith angle 6.

Currently, there are dedicated computer codes for solving the RTE, such as the
the DIScrete Ordinate Radiative Transfer model (DISORT) [Stamnes et al., 2000] and
MODerate resolution atmospheric TRANsmission (MODTRAN) [Berk et al., 2009]. This
type of code is too computationally demanding to be directly incorporated into climate
modeling, particularly where the numerical integration of the Fourier components of the
scattering phase function is concerned [Menghua and Wang, 2003].

Among the aspects which add complexity to the solution of the RTE, Eq 2.22 needs
to be solved for: a) all levels of the atmosphere; and b) all the frequencies in the
electromagnetic spectrum [Clough et al., 1992]. Thus, a major challenge for climate models
is to devise simple yet accurate numerical solutions of Equation 2.22 without compromising
the computational demands of the other components within the model [Joseph et al., 1976].

As a trade—off, climate modelers use several assumptions in order to analytically solve
and incorporate the RTE in model calculations [Coakley et al., 1983; Meador and Weaver,
1980]. The most widely known approximations for the integro—differential RTE are the
so—called Eddington and Two-Stream approximations (or variants thereof) [Coakley and
Chylek, 1975; Joseph et al., 1976]. In other instances, lookup—tables are used by climate
models as source of information on aerosol optical properties and volume fraction for every
wavelength of the radiation [Levy et al., 2005; Menghua and Wang, 2003; Strow et al.,
1998; Wong et al., 2009].
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Chapter 3

Research Methodology

This study employs the ECHAM5-HAM to assess the impact of biomass burning aerosol
loading on Southern African climate. While ECHAM5-HAM is the main focus of the
work, the WRF/Chem Regional Climate Model (RCM) is sporadically used as a support
model to help in analysis required in finer scales and short periods. The two models run
online simulations of aerosol-radiation-cloud interactions with global and regional coverages,
respectively. These models were chosen for their different levels of complexity in dealing with
aerosol climate feedbacks: ECHAM5-HAM is a GCM able to recirculate aerosols globally,
with parameterizations of gas-to-particle conversion processes. WRF/Chem is an RCM
that depends on the boundary conditions created by a GCM; nevertheless, it is capable
of creating aerosols not only through processes of nucleation, but also through chemical

reactions.

3.1 Description of the models

3.1.1 The aerosol-climate GCM ECHAM5-HAM

The ECHAMb5-HAM is the fifth-generation climate model developed at the Max Planck
Institute for Meteorology (MPIMet) and is a state-of-the—art coupled climate—aerosol
GCM. The model uses a hybrid sigma—pressure terrain—following vertical coordinate system
[Simmons and Burridge, 1981], and a flux form semi-Lagrangian transport scheme by Lin
and Rood [1996] is used to represent transport of scalars in the gaussian grid. Time
integration is performed with a semi-implicit leapfrog scheme [Robert et al., 1972].

The dynamics and physical parameterisation of the model are imported from the 5t
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Version of the European Centre Hamburg Model (ECHAMS5) model [Roeckner et al., 2003]
and the aerosol component utilised is from the Hamburg Aerosol Module (HAM) [Stier
et al., 2005]. The latter is a double-moment modal aerosol microphysics scheme which
predicts the aerosol mixing state in addition to the aerosol mass and number concentrations,
together with modifications in the cloud microphysics scheme and different aerosol emissions
on aerosol and cloud properties in the present-day climate and for estimates of the total
anthropogenic aerosol effect [Lohmann et al., 2007; Stier et al., 2005].

The size distribution in the HAM is represented by a superposition of seven log—normal
modes, where four size classes of median radii 7; [in pm] are for mixed particles grouped
into nucleation (7; < 0.005), Aitken (0.005 < T7; < 0.05), accumulation (0.05 <7; < 0.5),
and coarse mode (7; > 0.5), and three are for the insoluble (Aitken, accumulation, and
coarse modes), which include the major global aerosol compounds sulphate, black carbon,
particulate organic matter, sea salt and mineral dust [Stier et al., 2005] and is given by

Equation 3.1:

n(lnr) =

“”‘1”_")2] G1)

Z 1V 2T lnaZ [_ 21n? 0;
Its dynamical core — the ECHAMS GCM - evolved from the ECMWF model and solves

prognostic equations for vorticity, divergence, surface pressure, and temperature represented
in spherical harmonics with a triangular truncation in order to provide uniform spacial
resolution over the globe [Roeckner et al., 2003]. Interaction with radiation is as in Fouquart
and Bonnel [1980] with 4 spectral bands: 1 for the visible and ultra—violet, and 3 for the
near—infrared. For the longwave radiation, the model uses 16 spectral bands [Mlawer et al.,

1997]. More details on the available model physical parameterisations can be found in Stier

et al. [2005].

3.1.2 The aerosol-climate model WRF/Chem

The WRF/Chem is a fully coupled climate-chemistry model designed to simulate
climate—air quality interactions [Grell et al., 2005]. Its dynamic core is based on the
non-hydrostatic mesoscale Weather Research and Forecast Model (WRF) [see description in
Skamarok et al., 2007]. As a further extension of the “meteorology-only” WRF, the model
is also scalar preserving, uses the same horizontal and vertical grids as well as the same
parametrisation schemes for microphysics, convection, PBL, Land—Surface Model (LSM)

and radiation. The model uses a terrain—following hydrostatic pressure coordinate and the
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Figure 3.1: Structure of the WRF/Chem modeling system. From Peckham et al. [2010]

grid staggering is the Arakawa C-grid. Time integration is performed with higher—order
integration schemes, which include 2nd apd 3rd integration schemes, and 2nd to 6t —order
advection schemes in both horizontal and vertical directions Skamarok et al. [2007].

Since its release WRF/Chem has undergone complex improvements in aspects such
as gas—phase chemistry, aerosol treatments and photolysis scheme [Chapman et al., 2009;
Fast et al., 2006; Gustafson et al., 2007]. The version 3.1.1 of the WRF/Chem used
in this work comprises several coupled processes as emission, transport and deposition of
chemical species; aerosol—climate interactions; photolysis; and radiation. The model applies
the second—moment microphysical scheme of Lin et al. [1983] to derive prognosis of cloud
droplet activation as a function of the ASD. Detailed description of the WRF/Chem model
can be found in Grell et al. [2005].

Figure 3.1 shows a schematic diagram of the WRF/Chem modeling system, which is
composed by the WRF Pre-processing System (WPS); the WRF solver with chemistry; and

the Post-processing and visualization tools. Aerosol size distriubution in WRF/Chem is
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represented by a superposition of two overlapping modes of log—normal distributions given
by the same distribution as in Equation 3.1. Description of additional processes such as
nucleation, condensation, and coagulation as well as photolysis can be found in Grell et al.

[2005].

3.2 Models setup and datasets

3.2.1 ECHAMS5-HAM setup

ECHAMbS-HAM is set to cover the whole globe and the period covered spans 1991-1996.
Figure 3.2 shows the model domain used in these experiments. The resolution used in this
work is L31/T63, which corresponds to a horizontal resolution approximately equivalent to

1.8x1.8 degrees and 31 hybrid sigma—pressure vertical levels from surface to 10 hPa.
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Figure 3.2: Domain size of ECHAM5-HAM. Box in yellow shows study area, where

modification of wildfire emissions occur.

The model is run under four different wildfire aerosol emission settings summarised in
Table 3.1. The use of each model to obtain desired results is described in Section 3.3. The
simulations cover a six—year period, from 1991 to 1996, however, January to November
1991 results are considered adjustment period and, thus, not used in the analysis. The
intention of using this period was to omit the ENSO signal (rainfall in particular) on the
aerosol emissions [Tosca et al., 2010; Tummon, 2010] as this signal is the most dominant
mode of climate variability over the region [see for example Janowiak, 1988; Nicholson

and Entekhabi, 1986; Richard et al., 2000]. 1991 to 1996 is the longest period available
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Table 3.1: Configuration of simulations of ECHAM5-HAM.

Simulation Description

GLBLBBO Global emissions from nature (volcanoes, lightning induced
forest fires, desert dust, sea spray and natural emissions from
vegetation); Global anthropogenic emissions from industrial
activities; GFED emissions set to nil globally

GLBLBB1 Global emissions from nature; Global anthropogenic emissions
from industrial activities; GFED emissions exist globally

RGNLBBO Global emissions from nature; Global anthropogenic emissions
from industrial activities; GFED emissions exist globally except

for the shaded region shown in Figure 3.2

within the ECHAM5-HAM initial and boundary conditions received by the author from
the MPIMet, in which the atmospheric aerosol layers are not likely to be removed by wet
deposition and, therefore, their interaction with climate is not perceived.

The AEROCOM anthropogenic and BB emissions for year 2000 [Dentener et al., 2006]
are used as source of information on emissions. These emissions use year 2000 monthly
mean values as reference for all years, i.e., there will be no interannual variation of monthly
emissions. The BB emissions are from the GFED database and are composed of BC and
POM aerosols, as well as the sulphate aerosol precursor SO2. The ECHAM5-HAM model
is driven by prescribed SSTs and sea ice are based on the climatological data from the
Atmospheric Model Inter-comparison Project 2 (AMIP2) [Gates et al., 1999]. A surface
mixed-layer is coupled to the interior ocean in order to represent near—surface vertical mixing
and to improve the response time-scales to atmospheric forcing, such as the aerosols, which
is controlled by the mixed-layer thickness [Roeckner et al., 2003].

Differences between variable magnitudes in the GLBLBB1 and GLBLBBO simulations give
the impact of global BB on these variables; differences between variables in GLBLBB1 and

RGNLBBO give the impact of regional BB on the variables.

3.2.2 WRF/Chem setup

As an RCM, WRF/Chem is configured to cover the shaded region shown in Figure 3.3.

This figure shows vegetation fraction valid for November 2001. Dimensions are 99 gridpoints
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on the south—north direction, 137 on the west—east direction and 27 vertical levels, with
a spatial resolution of 60km x 60km, in polar stereographic projection. These dimensions
were chosen in order to optimise computation demand and model output data size. The
model is set to run with adaptive time—step to guarantee numerical stability throughout
the simulation [Hutchinson, 2005], and the map projection is set to polar stereographic to
comply with one of the requirements of using global emissions data sets and/or wildfire

emissions in this version of the model las described in Peckham et al.. 2010I.
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Figure 3.3: WRF/Chem model domain location in polar stereographic map projection.
Shaded region over the continent depicts Leaf Area Index (LAI) for November
2001.

The WRF-Chem V3.1 model is forced by NCEP/DOE Reanalysis-Il data [Kanamitsu
et al., 2002] and SSTs from the weekly 1° spatial resolution Optimum Interpolated (Ol)
SST analysis from National Oceanic and Atmospheric Administration (NOAA) [Reynolds
et al., 2002]. This version of WRF—Chem includes three LSM schemes, from the simple Soil
Thermal Diffusion (STD) to the Noah LSM [Ek et al., 2003] and the Rapid Update Cycle
(RUC) [Smirnova et al., 2000; Smirnova et al., 1997]. In our case, soil moisture estimates
are based on model generated soil moisture fields from Noah LSM [Ek et al., 2003], a
scheme with four temperature and moisture layers (with thicknesses of 10, 30, 60 and 100

cm) and fractional snow cover and frozen soil physics'. Although it is acknowledged that

LA comparison of the performance of available LSM schemes in WRF was carried out by Jin et al. [2010]

over the United States of America
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the performance of an LSM over a region is highly influenced by the available input fields
and the highly variable surface water and energy states at the beginning of the simulation
[Rodell et al., 2005], the Noah scheme option is used for it has extensively been tested and
operationally used at the National Centers for Environmental Prediction (NCEP). The Noah
LSM has 1 vegetation type per grid cell and uses monthly Normalized Difference Vegetation
Index (NDVI) to represent seasonal vegetation dynamics. It uses initial conditions provided
by the WPS to prognose total and liquid soil moisture and surface and skin temperatures

in each layer by solving Eqs 3.2 and 3.3:

ot 0z

— 4+ F 2
aer + Py (3.2)

a0 0 <D89> 0K
0z

c05 -5 (K0T ) (33)
where, where D, K, C' and K, are functions of soil texture and moisture and Fj represents
sources (rainfall) and sinks (evaporation) of moisture.

The WRF-Chem model is tuned with chemistry options and physical schemes which
parameterise both the effects on radiation and on clouds, as shown in Table 3.2. The
monthly averaged 1x1 degree Global Fire Emissions Database Version 2 (GFEDv2)
[Randerson et al., 2005] from http://daac.ornl.gov/ is used as source of information
on regional emissions from vegetation fires. This dataset covers the time period January
1997 — December 2006, and is pre—processed to fit model settings by a special tool
named PREP-CHEM-SRC, documented by Freitas et al. [2011]. Aerosols generated by global
emissions and brought into Southern Africa through long—range transport mechanisms
are provided by the GOCART model [Chin et al., 2000], referred to in Chapter 2.
GOCART is a global three-dimensional chemistry—transport model, with a horizontal grid
resolution of 2.5° x 2.5°, with 20-55 layers in the vertical. The model solves equations for
advection, turbulent mixing, moist convection, dry deposition, wet removal and chemical
transformations. Emissions treated in the model include sulfate precursors, organic carbon,
black carbon, mineral dust and sea—salt particles.

Figure 3.4 shows 1997-2006 monthly OC emission anomalies from the GFEDv2 datasets
for the region shaded in yellow in Figure 3.2. This figure is generated to help identify the
simulation period. In this work, the period in which the emissions build up, reach their

peak, and dissipate is targeted. The model is thus set up to simulate JJA and SON seasons,
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Table 3.2: Summary of schemes used by WRF/Chem.

Process Option/scheme
Convection G3 — Improved Grell and Dévényi [2002]
Photolysis Fast-J by Wild et al. [2000]

Shortwave radiation Goddard Shortwave Scheme [Max and Suarez, 1994]
Longwave radiation ~ Scheme from CAM

Cloud microphysics  Lin et al. [1983]

PBL Asymmetric Convective Model (ACM2) by Pleim [2007]
Land-surface Noah LSM by Ek et al. [2003]

Cloud chemistry TRUE

1997-2008 OC emiss. anomalies [1.e—10 kg(0C)/m-2.5—1]
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Figure 3.4: Ten-year (1997-2006) averaged emission anomalies of OC in Southern Africa
(shaded region in Figure 3.2), based on GFEDv2 data.

including a spin—up period of 1 month (results of May are not used in the analysis).

In this part of the work, WRF/Chem simulation year is 2001, unambiguously one of the
years with the highest emission rates in this period according to Figure 3.4. Two simulations
are performed with prognostic cloud droplet number included in the microphysics (i.e., the

indirect effect) namely

(a) WRF/Chem with BB aerosol emissions from GFED (WRFCHEVMBB1)

(b) WRF/Chem without BB aerosol emissions (WRFCHEMBBO)

Differences between variable magnitudes of the WRFCHEMBB1 and WRFCHEMBBO

simulations give the impact of BB on these variables.
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To increase the existing model complexity in WRF/Chem, gas—phase chemistry
mechanism is turned on so that secondary aerosol formation is allowed during the
simulations. The chosen mechanism is Carbon Bond Mechanism—Z (CBMZ) [Zaveri and
Peters, 1999] combined with MOSAIC using the maximum number of sectional aerosol bins

allowed (i.e., 8), including some aqueous reactions.

3.3 Methods

Verification of the models

Root Mean Squared Error (RMSE) and correlation maps are used to verify model
performance against observed temperature and precipitation data in Southern Africa in
monthly, seasonal and annual scales. Model performance for temperature and precipitation
are compared to the corresponding 0.5° x 0.5° resolution of the University of East Anglia
Climate Research Unit (CRU) [Mitchell and Jones, 2005] gridded datasets. Although there
are indications of biases of 0.5° —1.3°C and 10 — 25% for temperature and precipitation
respectively [see New et al., 1999, 2000], at the time the work was carried out, CRU datasets
were the standard alternative to the both spatially and temporally scarce observed climate
for some regions of the world and are found to be the datasets models are mostly verified
with [see Giorgi et al., 2004; Tadross et al., 2006, for example]. WRF model performance
over Southern Africa has extensively been verified against observed data by Crétat et al.
[2012].

Observed datasets are regridded to the models' resolutions before any comparison is
performed. Model AOD is compared to that observed by the ground—based global AErosol
RObotic NETwork (AERONET) [Holben et al., 2001] available at http://aeronet.gsfc.
nasa.gov/. This network, working since 1993, uses ground—based measurements of
sun—photometers to measure extinction of incoming solar radiation by atmospheric pollution,
and thus, determine AOD and AE, as shown in Section 2.6. Although it represents point
observations, it is a quite well established quality assured dataset, validated in many regions
of the world, and even used to validate products of the emerging airborne counterparts and
models at the reference wavelength of 550nm [see Holben et al., 2001; Kim et al., 2008;
Popp et al., 2007, for instance]. AERONET observations and model AOD are compared by

their corresponding Probability Distribution Functions (PDFs).
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Figure 3.5: Available AERONET sites in Southern Africa. Green squares indicate the stations
used to verify WRF/Chem model performance and light—blue rectangles around
these are the areas where ECHAM5-HAM simulated AOD is compared to MODIS

observations.

Over the continental Southern Africa, AERONET has 23 observing stations as shown
in Figure 3.5, and most of them were set up on a permanent basis around the year 2000
during the SAFARI2000 project. For the current study only four sites in Southern Africa are
used, namely Inhaca, Skukuza, Etosha and Mongu for they have relatively good temporal
data coverage for 2001 (these stations are indicated in the map with green squares). Thus,
only WRF/Chem results are compared to observed AOD, applying linear interpolation from
model grid cell to AERONET station coordinates and, afterwards, comparing histograms
of model interpolated daily data with observations to assess similarities on their probability
distributions functions. Scatter plots are also drawn to indicate correlations between
observed and modeled data.

The advent of satellite-based measurements of aerosol properties over southern Africa
allows a refined spatio—temporal verification of simulated datasets. Thus, in order to assess
how GLBLBB1, WRFCHEMBB1 and WRFCHEMBBO settings of the models simulate AOD in
the region, they are compared to the Moderate Resolution Imaging Spectroradiometer
(MODIS) products. The MODIS instruments, launched in December 1999 onboard Terra
Earth Observing System (EOS) platform and in May 2002 onboard Aqua spacecraft retrieve
aerosol and cloud optical properties globally. Validation of MODIS products over land

in Southern Africa using AERONET ground—based station data, as well as the retrieval
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algorithms used by the former can be found, for example, in Platnick et al. [2003], Remer
[2005], and Ichoku et al. [2001].

Because of the unavailability of systematic observations of AODs over Southern
Africa for the 1991—1996 period, the performance of the GLBLBB1 setting of the model
in simulating AOD over this region is evaluated by comparing seasonal climatologies
of 1991—1996 simulations with 2001-2010 MODIS observations, as well as monthly
climatologies in the areas enclosing Inhaca, Skukuza, Etosha and Mongu AERONET
stations, using box-and-whisker plots. This poor man's approach is considered valid for this
purpose as the AOD climatology is somehow known and documented, with little interannual
variability [Queface et al., 2011]. WRF/Chem settings of the model are also compared to
MODIS observed AOD through spatial maps as well as scatter plots [King et al., 2003].

A tool devised by Taylor [2001] — the Taylor Diagrams — able to derive information
about pattern similarities among variables without spatial and/or temporal restrictions, by
geometrically mapping a statistical summary of variable intercorrelation, RMSEs and ratio
of respective variances on the same 2—dimensional diagram is also used in this part of the
work to compare WRF/Chem simulated AOD against their corresponding observed MODIS

datasets.

Identification of the local and external sources to BB aerosol

concentrations in Southern Africa.

In this section, seasonal maps of GFED emissions of carbonaceous aerosols — used
as tracers of biomass burning — are employed together with modeled transport pathways,
to identify the sources of the carbonaceous aerosol burden found over Southern African
atmosphere.

Firstly, the study investigates causal relationship between regional emissions and
aerosol concentrations, and their links to the resultant AOD. Thus, intra-annual plots of
area averaged regional aerosol emissions and concentration for the Aitken, accumulation
and coarse mode aerosols are produced, including the resultant AOD (for the three
ECHAM5-HAM simulations). These graphs are then employed to identify common trends
in the variables aforementioned. It is expected that fluctuations of these variables follow a
same trend.

Should an asynchronous peak of aerosol concentration (i.e., outside of the regional
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aerosol emissions season) appear on any of the modes, then it is assumed as an external
contribution to the aerosol burden. Zonally averaged vertical cross sections are employed
to identify the altitudes where largest aerosol concentrations occur. Once the levels of
maximum concentrations are identified, both vertical and horizontal winds overlaid onto
aerosol concentrations are plotted. These plots give an indication of the local and external
sources and transport mechanism of the BB aerosol burden found in the regional atmosphere

at these levels.

Identification of synoptic conditions favourable for high atmospheric

aerosol concentrations in Southern Africa

Synoptic conditions favourable for high atmospheric aerosol concentrations in Southern
Africa are identified with the help of a neural network technique — Self-Organising Maps
(SOMs) [Kohonen, 1982] — which is applied in several areas of research in order to reduce to
human-readable dimensions the high dimensionality of data, while maintaining the structure
of the data.

The SOM technique uses unsupervised learning Artificial Neural Network (ANN)
algorithms to recognize data patterns, by keeping similar patterns adjacent to one another,
while keeping very different types apart in the maps [see Hewitson and Crane, 2002, for
instance]. The SOM technique is widely used in different areas and it has been demonstrated
that it is more robust in extracting variability patterns than other clustering techniques such
as the Empirical Orthogonal Function (EOF) or Principal Component Analysis (PCA) [see
Liu et al., 2006; Reusch et al., 2005].

Crane and Hewitson [1994], Cavazos [2000] and Hewitson and Crane [2002], for instance,
have extended the application of the SOMs by using them to identify the primary features
of the synoptic-scale circulation over a region.

In this work, Sea—Level Pressure (SLP) is used as a proxy for regional atmospheric
circulation as it was shown to be a good indicator of regional climate [Tyson et al., 1996a,b].
and trained together with modeled carbonaceous aerosol concentrations from the GLBLBB1
simulation, using the super-SOM algorithm, which is an extension of the SOM that allows
multiple data layers to be trained at once after being normalised. A weighted distance over
all layers is calculated to determine the winning units during training. Resulting SOMs

maps are used to identify which circulation patterns prevail when aerosol concentrations
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are high and the opposite. Detailed description on the implementation of the SOM training
algorithm can also be found in Sang et al. [2009]. In this work, a 12-node SOM is used
as this size is able to adequately represent all synoptic types in the region, as suggested
in the latter reference. Data is trained in fifty thousand (50000) iterations until nodes
converge and no significant changes in distances between the nodes are seen during the
training process. Histograms of number of days mapped in each archetype per month for the
modeling period as well as the average annual frequency of months with high carbonaceous
aerosol mixing ratios averaged over nodes of concern are presented.

Daily averaged Geopotential heights and vorticity, wet and dry deposition velocities, as
well as the SLP used before to train the SOMs, are extracted from the SOM nodes in
which carbonaceous aerosols are widespread in the subcontinent, and are used to determine
their partial impacts on carbonaceous aerosol concentrations. This is done by applying
Generalised Additive Models (GAMs), which are mechanistic regression models in which the
common linear predictors 1 = >_3; X used in regression analysis, are replaced by splines
of the form Y s;(X;) [Hastie and Tibshirani, 1986], in which s; are smoothed exponential
functions obtained from an automated scatter—plot smoother algorithm.

The GAM technique allows for complex relationships among variables to be unveiled
without the requirement of prior knowledge of their structural linking mechanism and has
broadly been used in several epidemiological studies to evaluate dose-response relationships
[see Benedetti and Abrahamowicz, 2004; Preisler, 1989, for example|, and is gradually
being used in air pollution research [see Aldrin and Haff, 2005; Carslaw et al., 2007; Pearce
et al., 2011a,b], where pollution concentrations are modeled as a function of meteorological

variables written in the form:

log(yi) = Zn:lsy'(%j) +€ (3.4)
iz

where y; is the concentration at the it"; s;(x;;) is a smooth function of covariate j, n is the

total number of covariates, ¢; is the ith residual: and var(ei)za2

, assumed to be normally
distributed.

Replacing the variables in Equation 3.4, the logarithm of carbonaceous aerosol mixing
ratios is modeled as the sum of smoothed functions of the variables aforementioned and

takes the form:
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log(Mix.ratio) = s(day) 4+ s(SLP) + zn: [s(GPT)+s(SVO)]+ 35)
i=1 3.5

s(WETDEPO)+ s(DRYDEPO)
where s(day) is the calendar day, introduced to account for seasonality and long—term
trends [see Carslaw et al., 2007, for instance]; SLP is the sea level pressure; GPT and
SV O are the geopotential heights and vorticity at the levels of interest (n); WET DEPO
and DRY DEPO are the wet and dry deposition velocities. The logarithmic function for
the predictand was used as, according to Aldrin and Haff [2005], for example, it ensures

data to be evenly distributed and that predicted values are positive in the original scale.

Estimation of potential feedbacks between BB aerosols, the thermal

structure, atmospheric circulation and precipitation development

To assess feedbacks between BB aerosols, the thermal structure, the atmospheric
circulation and the precipitation, differences between the GLBLBB1 and RGNLBBO simulation
results are used.

In this part of the work, changes in the radiative impacts are presented alongside
fire—induced changes of temperature, vertical velocity, aerosol number concentration and
cloud cover are presented for the months with positive aerosol emission anomalies (identified
by the SOM procedure).

SLP, temperature and precipitation patterns are investigated in both intra— and
interannual time scale.

For atmospheric circulation and precipitation, the analyses are extended to a seasonal
scale, making it possible to assess the change in the regional atmospheric dynamics caused

by BB—induced changes in the radiative forcing over the region.
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Chapter 4

Evaluation of models’ performances

against observations

In this section, the GLBLBB1 setting of the simulations is compared to the mean
observed temperature and precipitation data from CRU [Mitchell and Jones, 2005]. Spatial
and temporal analyses of both simulated and observed climate are plotted; RMSEs and
correlation maps between the two are used to assess ECHAM5-HAM's performance in
intra— and inter—annual scales. WRF/Chem simulated AOD is compared with both MODIS
and AERONET observed AODs.

4.1 Comparison of ECHAMS-HAM with CRU
temperature

The ability of the GLBLBB1 setting of the ECHAM5-HAM in simulating observed annual
mean temperature is shown in Figure 4.1. The CRU observed annual mean temperature is
shown in Figure 4.1a; the differences between GLBLBB1 simulated and CRU observed mean
surface temperature are shown in Figure 4.1b. In Figure 4.1c, RMSE between simulated
and observed mean surface temperatures are presented; Figure 4.1d shows the correlation
map between simulated and observed values for the same variable.

Simulated spatial patterns of temperature somewhow match observations, with the
module of the deviations mostly found below 1.5°C. Highest mean observed annual
temperatures were around 25°C degrees over DRC, parts of Mozambique, Botswana and

in regions following the bordering region between Zimbabwe and Zambia. Lowest values
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Figure 4.1: Comparison of simulated and observed annual mean temperature, including the
corresponding zonal means. a) CRU observed; b) GLBLBB1-CRU simulated; c)
RMSE between simulates and observed mean annual surface temperatures; and
d) temporal correlation map between simulated and simulated and observed mean

surface temperature.

of around 15°C were seen over the Drakensberg mountains in South Africa and Lesotho.

A slight positive model bias of 1-2°C in magnitude, especially over the desert region in
southern Namibia and also in parts of Zimbabwe and Tanzania, was also seen.

Analysis of the RMSE between simulated and observed mean temperature (Figure 4.1c)
indicated that the model was able to capture the spatial pattern of mean temperature,
showing a generalised pattern of average error of less than 2°C for the interior of the
region; a larger value of RMSE was seen over the western part of south Africa and the west
coast of the subcontinent, over the Namib Desert.

The model/observation correlation map of annual mean temperature (Figure 4.1d)

shows values above 90% below 15°S; between 80% and 90% over parts of Angola, Zambia,
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Malawi, northern Mozambique and Tanzania. However, this setting of the model poorly
correlated to observed temperature data over most of the DRC, where negative correlations
of up to 10% were observed. This is an expected result, as stated in Section 3.3, because
this is a region of the world where observed climate data barely exist, leading to large

uncertainties when comparison of observations and simulations is concerned.
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Figure 4.2: Simulated and observed monthly mean values of surface temperature deviations
over land in Southern Africa averaged over 1991-1996. Simulated values are in
a red dashed line and CRU—observed are in a blue solid line. The domain of

comparison is comprised between 37°S — 0°S and 0°E — 60°E.

The  deviations from  the climatological ~monthly mean  values of
ECHAM5-HAM—simulated and CRU-observed surface temperature for the domain
comprised between 37°S — 0°S and 0°E — 60°E are shown in Figure 4.2. The GLBLBB1
setting of the model was able to capture the seasonality of mean temperature over the
study region. The magnitude and signal of the simulated temperature deviation is very
close to the observed values. The model exhibits a cold bias of around 0.5° between
December and June, and a positive bias of the same magnitude over the rest of the
year. Largest model deviations occur namely in April and November, when bias reached
approximately —=1°C and +1°C, respectively.

In Figure 4.3, seasonally averaged temperature differences between simulations and
observations are shown, together with the corresponding zonal averages.

The predominant feature showed by the model in DJF and MAM was a slight cold bias
of approximately 2°C over the central regions of the subcontinent, especially in parts of

Namibia, Angola, southern DRC, western Zambia and a localized region in northern South
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Figure 4.3: Seasonally averaged temperature differences between simulations and
observations and corresponding zonal means for a) DJF; b) MAM; c) JJA; and
d) SON seasons.

Africa. Zonally averaged temperatures for DJF and MAM seasons indicated a slight warm
bias of less than a degree between 20°S-30°S, mainly caused by the model overestimating
temperatures over north-western South Africa, and the Namib Desert. During JJA and
SON seasons, the model showed a scattered pattern of a warm bias, with the JJA simulated
temperature bias being more pronounced (especially over central and north-western South
Africa) than the bias noted during SON.

Figure 4.4 shows the annual cycle of simulated (in red, dashed line) and observed (in
blue, solid line) mean temperature for Southern Africa, over the five years analysed. The
model and observations seemed to agree on the pattern of warm and cold cycles; however,
while the model indicated annual mean winter temperatures would be between 17.5°C
and 18.5°C, the actual observed temperatures were slightly warmer (between 18.5°C and
19.5°C). In relation to annual mean summer temperatures, no significant differences were
devisable from the graph, with the exception of the summer of 93/94 when the model

exhibited a cold upwards bias of approximately -1°C when compared to the observed data.
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Figure 4.4: annual cycle of simulated (in red, dashed line) and observed (in blue, solid line)

mean temperature for Southern Africa, over the five years analysed

4.2 Comparison of ECHAMS-HAM with CRU
precipitation

Figure 4.5 shows the capability of the GLBLBB1 setting of the ECHAM5-HAM for
simulating observed annual mean precipitation. Model simulated annual mean precipitation
is shown in Figure 4.5a; the CRU observed annual mean precipitation is shown in Figure 4.5b.
In Figure 4.5c, RMSE between simulated and observed annual mean precipitation are
presented; Figure 4.5d shows the correlation map between GLBLBB1 and CRU values for
the same variable.

Spatial distribution patterns of precipitation for both a) simulated and b) observed cases
generally match in space and magnitude. In terms of magnitude, simulation and observation
identify the same locations of minimum annual precipitation values: The lowest minimum
precipitation areas (less than 200mm/yr) are located over the southern regions of the
Namib and Kalahari deserts. For the maximum precipitation values, the model highlighted
the wettest region as that within 15°E-30°E and spanning 15°S to the North of the study
domain (with rainfall above 2000mm/yr); the observation depicted two regions as the
wettest: one with mean annual rainfall close to 1600mm/yr, located within a zonal band
between 15°S and 10°E stretching across from central Angola, crossing Zambia and ending
in Tanzania and northern Mozambique; the other, with values around 400mm/yr higher

that the previous, located over northern DRC and northwards.
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Figure 4.5: Comparison of 1991-1996 model mean annual rainfall with CRU observations.
a) GLBLBB1 mean annual precipitation in mm/year; b) CRU mean annual
precipitation in mm/year; c) RMSE between simulated and observed mean annual
precipitation; and d) temporal correlation map between simulated and observed

time series of annual precipitation.

Analysis of the RMSE map between simulated and observed mean temperature
(Figure 4.5¢) indicated that the model was able to capture the precipitation variability
over the desert areas covering parts of Botswana, Namibia and South Africa, and over both
the Limpopo and Zambezi basins. However, the model showed some localised deviations
of mean precipitation (of up to 900mm /yr) in parts of Angola and the DRC. The RMSE is
lowest (less than 200mm /yr) over most the south and the south—eastern part of the study
domain.

To examine how well the model time series of annual precipitation correlated to
observations, a temporal correlation map is presented in Figure 4.5d. Correlation coefficients
exceeding 70% were the most predominant pattern over the region; however, some
minor exceptions occurred in some places where the model seemed to demonstrate a low
correlation of approximately —15% to 15% with observed rainfall. This low correlation

occured in the same regions where the highest deviations from observed mean annual

Page 55 of 173



Effects of Biomass—Burning Aerosol Loading on Southern African Climate

temperature were seen (Figure 4.1c).

Climatological annual cycle of simulated and observed precipitation is shown in
Figure 4.6. Both model and observations showed almost the same amplitude of variability,
ranging from around -80mm/month for the model and -60mm/month for CRU (both
in August) to around 80mm/month (in January) for the model and 70 mm/month (in
February) for the observations. The monthly pattern of simulated precipitation was in
good agreement with observations, although model precipitation showed slightly more
month-to-month variability in austral Summer than CRU. In austral Winter, the model
is able to follow the trend of observed precipitation, however with dry bias of up to

20mm/month (especially in August).
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Figure 4.6: As in Figure 4.2 but for rainfall.

Seasonal precipitation differences between simulated and observed precipitation in
mm/month are shown in Figure 4.7. Differences between simulation and observation
were particularly notable during the DJF season, when the model overestimated by up
to 100mm/month precipitation in the central region of the subcontinent (especially in
DRC and Angola) but exhibited the opposite sign over Mozambique and south—eastern
Zambia and Westen Tanzania. The same spatial pattern was seen in MAM; when values
peaked +80mm/month. During JJA no considerable deviations were seen in the simulated
precipitation in comparison with observation becaused this corresponded to the dry season
in the region. A subtle overestimation of precipitation occured again in southern DRC and

eastern Angola. A negative bias of up to 50mm/month was seen over western Angola and

DRC.
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Figure 4.7: Comparison of simulated and observed seasonal precipitation in mm/month. The

seasons are: a) DJF; b) MAM; ¢) JJA; and d) SON.

Figure 4.8 shows simulated (in red dashed line) and observed (in blue solid line)

area—averaged deviations of monthly precipitation in Southern Africa for the analysis

period (Dec 91-Nov 1996). Simulation and observations had the same cyclical pattern

of precipitation values above mean in austral mid-Summer and below mean in austral

mid-Winter. Simulated variability ranges from approximately -80mm/month in mid-Winter

to 70-90 mm/month in mid- Summer; observed variability ranged from —80mm/month to

30-100mm/month in mid-summer. Simulation were able the capture the bell-shaped cycle

of precipitation over Southern Africa. The model, however, exhibited a systematic dry bias

in austral Winter (up to 15 mm/month in July); a wet bias was seen during the wet season

of 94/95. Additionally, the model seemed to indicate the highest precipitation peak a month

earlier than observations, with the exception of the wet seasons of 91/92 and 94/95, when

it peaked two months later.
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Figure 4.8: Simulated (red dashed line) and observed (blue solid line) area—averaged
deviations of monthly precipitation in Southern Africa for the analysis period

(Dec 91-Nov 1996).

4.3 Comparison of ECHAMbS-HAM AOD with MODIS
data

Figure 4.9 shows seasonal mean AOD maps of 1991-1996 ECHAM5-HAM simulations
(left-hand side column) and 2000-2010 MODIS observations (right-hand side column) over
Southern Africa for DJF [in a) and b)]; MAM [in ¢) and d)]; JJA [in e) and f)]; and
SON [in g) and h)] seasons. For the reasons stated in subsection 3.3, the comparison
of ECHAM5-HAM -simulated AOD with observations uses a poor man's approach, by
evaluating the model against AOD climatology of a different period, namely 2001-2010.

During the DJF, the model (Fig. 4.9a) was able to replicate both the spatial pattern and
the magnitude of the observations (Fig. 4.9b), especially over the northwestern portion of
the domain where AOD values ranging from 0.2 to 0.6 are seen. However, over land in the
central portion of the subcontinent (mostly over Angola, Zambia, Namibia and Botswana),
the model underestimates AOD, with simulated values below 0.1 against observations
between 0.1-0.4.

The MAM season exhibits a pattern not so much different from the one seen in DJF,
with the model (Fig. 4.9c) simulating a noteworthy northward retraction of the peak AOD
seen in DJF above 10°, while observations (Fig. 4.9d) still show AOD values between

0.3-0.4. It is important to mention that this is the period when BB emissions are mostly
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Figure 4.9: Seasonal mean AOD maps of 1991-1996 ECHAM5-HAM simulations (left-hand
side column) and 2001-2010 MODIS observations (right-hand side column) over
Southern Africa. Seasons depicted are DJF [in a) and b)]; MAM [in c) and d)];
JJA [in €) and f)]; and SON [in g) and h)].

occurring in the Equatorial forest over the African continent.

In JJA, during the onset of the biomass burning season in Southern Africa, the model
(Fig. 4.9e) was somehow able to simulate the spatial pattern of the observed AOD
(Fig. 4.9f), especially the location of the highest peak AOD. However, in this case the
magnitude of the underestimation of the observed AOD is higher than in the previous cases.

While simulated values barely reach 0.6 in the peak regions, the observations almost double
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the simulated magnitudes.

In SON, the model (Fig. 4.9g) fails to accurately map the observed (Fig. 4.9h) AOD

peaks over the central and the upper—left quadrant of the domain, showing simulated values

below 0.2, while MODIS observations could reach up to 0.5-0.7 in these regions.

4.4 Comparison of WRF/Chem AOD with AERONET

and MODIS data

Figure 4.10 shows PDFs of daily values of WRFCHEMBB1 simulated (blue, dash-dot line)
and AERONET observed AOD (red, solid line) over the four AERONET stations used in

this study for the June—November 2001 period.
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Figure 4.10: PDFs of WRFCHEMBB1 simulated (dash—dot line) and AERONET observed (solid

line) AODs over a) Inhaca; b) Skukuza; c) Mongu; and d) Etosha stations for

June—November period.
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At all stations, both the model and observations showed a quasi—gaussian distribution
of AODs. At Inhaca (Mozambique) and Skukuza (South Africa), the modeled distribution
was narrower than the observed, with a majority of the AODs values constrained within 0.0
— 0.6 (for Inhaca) and 0.0-0.4 (for Skukuza), against observed AOD values which spanned
0.0 to more than 1.0 in both locations. The simulated and observed distribution peaks
were around 0.15 and 0.25 respectively at Inhaca and 0.15 for both simulated and observed
at Skukuza. A contrasting behaviour of the distribution was seen over Mongu (Zambia)
and Etosha (Namibia): At Mongu the modeled distribution was almost the same as the
observed (both spreading from 0.0 to slightly over 0.8); at Etosha, the modeled distribution
of AOD covered a similar interval to that of Mongu, whereas the observed distribution was
constrained between 0.0 and close to 0.35. At these stations, the model shifted the peak of
the AODs distribution to slightly higher values (close to 0.2) at both stations; observations
were peaking slightly below 0.1.

Figure 4.11 shows June—November 2001 averaged spatial distribution of a) MODIS
observations at 500nm; b) WRFCHEMBB1; and c) WRFCHEMBBO simulated AODs over Southern
Africa.
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Figure 4.11: June—November 2001 averaged spatial distribution of a) MODIS observations
at 500nm; b) WRFCHEMBB1; and c) WRFCHEMBBO simulated AODs over southern
Africa.

Over land, both settings of WRF/Chem model were somehow able to replicate the
spatial pattern of peak AODs retrieved by MODIS during the June—November 2001 period,
especially the location of the maximum AOD. The areas over the DRC, Angola (and that
part of the Atlantic Ocean close to Angola) where AOD values usually achieve maximum

values during this period (from 0.8 to 1.2) were well represented on the WRFCHEMBB1
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setting of the model, and fairly well represented in WRFCHEMBBO. In these regions, the

simulations slightly underestimated observations, exhibiting values of 0.4-0.5 and 0.2-0.3

for WRFCHEMBB1 and WRFCHEMBBO, respectively. Additionally, simulations showed a slightly

higher than observed AOD over Botswana and central South Africa, in which MODIS

seemed to observe no AOD at all.

Analysis of the results above were supplemented by using the Taylor diagrams shown

in Figure 4.12. In this figure, AOD correlations, standard deviations and RMSEs between

the reference values from MODIS and the two settings of WRF/Chem simulations, namely

the WRFCHEMBB1 (in red circles) and the WRFCHEMBBO (in blue triangles), are presented for

June—November 2001 period.
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Figure 4.12: Normalised Taylor diagrams of June—November 2001 daily averages of
WRF /Chem-simulated and MODIS—observed AODs over the four AERONET

stations in Southern Africa, indicated in Figure 3.5, namely a) Inhaca; b)

Skukuza; c) Mongu; and d) Etosha.

Correlations, standard deviations and

RMSEs between the two settings of WRF/Chem (WRFCHEMBB1, in red circles

and WRFCHEMBBO, in blue triangles) and MODIS data are shown.
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Based on the Taylor diagrams, poor correlation between simulations and observations
were seen at all four study stations. In the southern stations (Inhaca and Skukuza)
correlation values were negative; for their counterparts in the north values were also low but
positive. The standard deviation, represented in the Taylor diagrams as the distance of the
simulated values from the origin, was small ranging from 0.05 to 0.15, with the exception of
the WRFCHEMBBO over Skukuza. Here errors as large as five times those of the WRFCHEMBB1
over the same place were simulated. The normalised RMSEs for all models over all stations
were close to 1 (or slightly above) for this period — in other words, the models simulated
AOD error is about the same value as (or slightly larger than) the standard deviation of the

MODIS observed.

4.5 Summary

The ability of the models to replicate observed climate was been examined by comparing
simulated precipitation and temperatures with observed data from CRU and AOD with
AERONET and MODIS datasets. The model showed good agreement in the spatial
patterns of the variables, as well as in the variability and range of the magnitudes of
the variables concerned. Although exhibiting some localised bias (especially over desert
areas and areas where the observed data is scarce), the model was able to simulate with
a good approximation the observed variability in these regions. Possible explanations for

both temporal and spatial deviations are:

(a) Although aerosols are known to play a major in the radiative forcing and thus
influencing surface energy balance and consequently climate variables such as
temperature and precipitation, they are not yet properly accounted for in climate
models, either because their properties are not well represented in the model equations

or because they are not well quantified and characterised in regions such as Southern

Africa.

(b) The resolution at which the model was being run (T63/L31), was relatively coarse
when compared with that of the CRU datasets. At a such model resolution, some
sub-grid scale features important for the evaluation of temperature were not well
captured and, as was shown by Roeckner et al. [2006a], the RMSEs decrease

monotonically with increasing horizontal resolution;
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()

The performance of a climate model over a region is highly influenced by the LSM
coupled to it. In turn, the LSM itself is a function of the input fields and the highly
variable surface water and energy states at the beginning of the simulation [Rodell
et al., 2005]. As stated in Section 3.3, this region of the world has a scarcity of resolved
spatio-temporal data. CRU data, for example, was found to have bias simply because
of the scarcity of data (particularly over DRC), thereby making any comparison of

variables nearly impossible [Tadross et al., 2006];

Prescription of monthly mean aerosol emissions of year 2000 for all the simulation
years, instead of the inter—annually varying emissions, which could allow the model
to capture deviations caused by inter—annual variability of emissions [Aghedo et al.,

2007];

Both models use GFED2-based biomass burning emissions, which are known to be
lower than other emission inventories (see for example Liousse et al. [2010]; Stroppiana
et al. [2010]). In addition, the current setting of WRF/Chem, the possible loss
of information during the interpolation of aerosol concentration from the GOCART
model 2.5° x 2.5° grid to the finer WRF/Chem 60kmx60km grid seems to also
contribute to the underestimation of the AOD over most of the region, because of

the high spacio-temporal variability which is smoothed out at the larger grid; and

MODIS AOD algorithm is known to perform poorly over areas with high surface
reflectances (e.g., deserts). Thus, poor model performance over desert areas in
Southern Africa may have been caused by the comparison with an uncertain metric

[Mahler et al., 2006].
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Chapter 5

Contribution of local and external
sources to biomass burning aerosol

concentrations in Southern Africa

From the climate modeling perspective, it is necessary to know the exact location of
the factor the impact of which on climate is to be studied. This ensures that sensitivity
studies can be carried out by changing the level or quantity of the factor at the precise
location. In this chapter, GFED emissions of carbonaceous aerosols — used as tracers of
biomass burning — were employed together with modeled transport pathways, to identify

the sources of the BB aerosol burden found over the Southern African atmosphere.

5.1 Global and regional sources of carbonaceous
aerosols and their contribution to regional aerosol

burden

Figure 5.1 shows 1991-1996 averaged monthly cycle of emissions, concentrations
and the AODs in Southern Africa. Figure 5.1a) shows GFED combined BC and OC
emissions; Figures 5.1b), c) and d) show model—derived vertically integrated burden of
Aitken, accumulation and coarse modes BC and OC aerosols, respectively. Figure 5.1e)
represents the modeled AODs caused by the presence of BC and OC aerosols.

From Figure 5.1b to Figure 5.1e, the GLBLBB1 simulation is represented by a dashed
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red line; the GLBLBBO by a blue dash—dotted line; and the RGNLBBO by a black dotted line.
The concentrations in the Aitken, accumulation and coarse modes are on the same scale

so that the magnitudes of the concentrations can be easily compared.
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Figure 5.1: Intra—annual cycle of 1991-1996 averaged a) GFED emissions; and modeled
inter—annual cycle of atmospheric burden of b) Aitken, c) accumulation, and d)
coarse modes of BC and OC. In e) the modeled BC and OC AOD is presented.
In all b), ¢), d) and e), GLBLBB1 is the red dashed line; GLBLBBO is the blue
dash—dotted line; and RGNLBBO is the black dotted line.

BC and OC emissions from GFED [Figure 5.1a] built up around the onset of the austral

dry season in April, reached their peak of around 2 x 10~ kg/m? /s in August and dissipated
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later in December. The modeled regional atmospheric burden of Aitken mode aerosols
(Figure 5.1b), also showed a mono-modal pattern as the emissions. This pattern showed
an increase-to-reduction cycle from August to October, slightly after and for a shorter
period than displayed by the GFED regional emissions cycle in the region. The modeled
Aitken mode peak concentration was in October with values around 25 x 10~%kg/m?. By
contrast, almost no Aitken mode BC and OC aerosols were found in the region’s atmosphere
throughout the year when BB emissions were switched off either regionally RGNLBBO or
globally GLBLBBO.

Relative to the accumulation mode, the modeled inter—annual cycle of BC and OC
aerosol burden in the region (Figure 5.1c), the GLBLBB1 showed a major peak of the same
order of magnitude and synchronised with that of the Aitken mode. Some additional
variability is seen, caused by a minor increase/decrease cycle with a pattern close to that
of regional emissions, followed by a larger increase and decrease between May and August,
before the major peak of around 15mg/m? referred to earlier was also seen. Again, for this
aerosol mode, RGNLBBO and GLBLBBO simulations were both close to zero throughout the
year.

In Southern Africa, modeled concentrations of BC and OC aerosol in the coarse mode
(Figure 5.1d), are three orders of magnitude smaller than in the Aitken and/or accumulation
modes. Amplitudes of the cycle varied between 1 and 3 pg/m?2. The GLBLBB1 simulations
exhibited a trimodal distribution pattern, with 1 month lagged peaks when compared to
the accumulation mode described before. In this case, the highest peak of the coarse
mode BC and OC aerosol concentration is reached in October. The RGNLBBO and GLBLBBO
simulations had an intra-annual cycle, as opposed to the previous cases, building up as early
as September, with values close to 1.0ug/m? and increasing to peak around 2.5-3pg/m?
in March, thereafter decreasing to the original minimum of around 1.0pg/m? in August,
in a pattern much similar to that of GLBLBB1. A competition of the accumulation and
coarse mode could also be seen during the onset of emissions in Southern Africa: while the
concentration of accumulation mode particles increased (Figure 5.1c), the opposite took
place for the coarse mode particles (Figure 5.1d)..

The modeled inter—annual cycle of the BC and OC contributions to the regional AOD
(presented in Figure 5.1e), show the GLBBLBB1 simulation largely dominating AOD levels

throughout the year. The GLBBLBB1 fraction of the AOD had a minute peak centred in
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February, which dissipated in May. In June, the AOD rose to values an order of magnitude
higher than the former and peaked in August (between 0.03 and 0.04), before decreasing
slightly a month later, and peaking again (to a maximum value of 0.05) in October — a
month later than the emissions counterpart (Figure 5.1a). The contributions of the two
other simulations remained close to nil throughout the year, with the exception of the
January—April period, when RGNLBBO exhibited negligible concentration values, at levels
almost half those of the GLBLBB1 model setting.

Figure 5.1 is intended to demonstrate the causal relationship between regional emissions
and aerosol concentrations, and their links to the resultant AOD. Regional emissions were
expected to cause increases in aerosol concentrations and thus increase the AOD within a
short time—frame. The time—frame would be of the same order as the duration of emissions.
This is confirmed by the similarity in the patterns exhibited by the emissions (Figure 5.1a)
and the AOD (Figure 5.1a) graphs. AOD in the region can be attributted mostly to Aitken
and accumulation mode particles, given their similar monthly pattern.

Nevertheless, there were situations in which peak atmospheric BC and OC aerosol
concentrations existed outside the emissions cycle, namely in January, for the accumulation
mode, and in March for the coarse mode. These peaks suggested that some sort of external
sources brought in aerosols into the region through long—range transport mechanisms.
Tyson and D’Abreton [1998]; Aghedo et al. [2007]; and Swap et al. [1996], have done
extensive work, looking at the opposite situation, in which the contribution by African
pollution to the air pollution in other regions has been studied.

The peculiar behaviour noted in Figure 5.1d) in which coarse mode mixing ratios in
GLBLBBO and RGNLBBO simulations were found to be slightly larger than in GLBLBB1 around
February, i.e., when concentration values became larger when emission sources had been
removed (either regionally or globally) than when emissions were present, is addressed in
the context of Chapter 7.

In order to investigate the provenance of the aerosols which caused increases of
concentrations of fire—generated aerosols in the atmosphere of Southern Africa during the
BB off-season period previously referred to, global sources of BC have been mapped in
Figure 5.2 for seasonally averaged biomass burning emissions of BC (from the GFED—-based
AEROCOM reference emissions for year 2000). Detailed description of the inter-annual

variability in global biomass burning emissions can be found in van der Werf et al. [2006].
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In this study, only the location of the wildfire emissions were needed to identify the possible

sources of fire emitted aerosols found in the study region.
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Figure 5.2: Seasonally averaged biomass burning emissions of BC from the GFED-based
AEROCOM reference emissions for year 2000 in 10712 kg/m?s, together with the
zonal means on the rhs of each map. Maps are for a) DJF; b) MAM; c) JJA;
and d) SON respectively.
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During DJF season, wild—fires were found in Central Africa; in a large and intense
latitudinal band stretching between 0-15°N and extending from 15°E to 45°. Minor patches
of wild—fires are found over Southeast Asia and around the Equator on the South American
continent. The zonal mean showed peak emissions occurred between latitudes 0 to 15°N
during the DJF season, mainly caused by the African contribution.

In MAM, wild—fires appeared to move to higher latitudes on the American continent,
centred around 15°N, while on the African continent wild—fires are almost extinguished
throughout the continent, apart from some localised burning which occurs in the western
and central parts of the continent, and in the DRC. Over Southeast Asia, fires intensify
and expand to the north and south of the areas affected during DJF season. The latter
fires and the American contribution are responsible for the major zonal peaks between 0 to
30°N in this season, while the minor zonal peak seen between 15°S to 0°N is caused by the
Congolese forest fires.

In JJA, the dominance of the African fires south of Equator takes effect. Except for
minor hotspots in the Amazon forest and the initiation of fires in northern Australia, the
African fires during this season dominates the global zonal mean of emissions, and the zonal
mean curve has now moved to latitutes 30°S to 0°S.

Later, during SON, fires move further south and the whole southern hemisphere
is burning almost over all the land areas namely, Amazon forest, Southern Africa and
north-western and northern Australia. These fires contribute to the widespread zonal mean
stretching from beyond 30°S to 0°S. Additional fires occuring during this season, over the
African tropical forest between 0°N to 15°N, cause an additional peak on the zonal mean
between these latitudes.

Zonal averages of modeled vertical profiles of BC and OC mixing ratios, overlaid by
vertical winds, are presented in Figure 5.3, to clarify the behaviour displayed in Figure 5.1,
and take into account the sources of wildfire aerosols presented in Figure 5.2.

Carbonaceous aerosols can be found over the region almost throughout the year, with
maximum mixing ratios expanding and retracting according to each season. In the DJF
season (Figure 5.3a), these aerosols were found in a very small location of the model domain,
around 20°S, from the earth's surface to 500hPa. Mixing ratios were also low, with the
maximum lower than 1 x 10~ 2kg/kg. The aerosols were mostly found in the interface of

a region where vertical winds indicated sinking air parcels south of 22°S (with speeds up to
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Figure 5.3: Zonal averages of seasonal vertical profiles of BC and OC concentrations for the
GLBLBB1 case, overlaid to pressure—coordinate vertical winds. BC and OC mixing
ratios are represented by shades, and vertical wind by contours. Positive values
of vertical winds (indicating sinking) are the solid lines; negative ones (indicating
rising) are dashed lines; and the zero contour is the black thick line. Seasons

represented are (a) DJF; (b) MAM; (c) JJA; and (d) SON.

3 Pa/s) and rising air parcels between 22°S and the Equator (with speeds up to 2 Pa/s).

In MAM (Figure 5.3b), carbonaceous aerosol mixing ratios had pattern slightly similar to
that of DJF; however the peak appeared to move southwards and hover at around 700hPa
over 26°S. Additionally, a new and smaller peak appeared below 700hPa at latitudes between
5°S — 10°S. Convective activity during this season was only perceived above the latitude
8°S; below that latitude, sinking air masses predominate.

In JJA (Figure 5.3c), mixing ratios of carbonaceous aerosols were higher than in previous
cases; they seemed to cover all latitudes from 8°S to the southern boundary of the study

area, and tended to be constrained between the earth’s surface and altitudes of 6 km.
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Maximum mixing ratio values of around 1 x 10~'?kg/kg, were found close to the surface
throughout most of the study area. Highly stable conditions prevailed during this season,
with sinking air masses reaching up to 4 Pa/s.

Finally, for the SON season (Figure 5.3d), large carbonaceous aerosol mixing ratios
were well established over the domain, from surface to ~bkm and ~8km near the
southernmost boundary and 20°S, respectively. All latitudes appeared to be equally covered
by carbonaceous aerosols during this season and the largest peak was noted between 16°S
and 24°S.

Although the convective activity is high in DJF, which injected /carried aerosol particles
aloft from the surface, the absence of sources of carbonaceous aerosols during this season
excluded the possibility of local production of the aerosols — as shown in Fig. 5.3a — and
suggested the existence of a long—range transport mechanism. Additionally, during MAM,
the presence of aerosols was noted as far away as 26°S, when the regional emissions were
constrained in small cells in the Congo region, also suggesting a similar transport mechanism

had moved particles as far as this distance in the atmosphere.

5.2 Major transport pathways of carbonaceous aerosols

The assumptions above were confirmed by global modeling of seasonal circulation
patterns, shown in Figures 5.4 and 5.5, which present major transport pathways for each
season at the levels at which maximum mixing ratios occured (at 850hPa and 700hPa).

Our model suggests that carbonaceous aerosols causing the off-season peaks in aerosol

concentrations are derived from the following sources:

= In DJF, at both 850 and 700hPa levels, north—easterly trade winds added to intrusions
from the Asian fires bringing carbonaceous aerosols from the tropical rainforest
north of the Equator to the south. Then, south—easterly trade winds re-circulated
matter inside the semi—permanent continental gyre. This re-circulation caused a peak
concentration centred around the Drakensberg mountain region (close to 30°E/30°S),
a result of accumulation of particles because of prevailing sinking motion, added to
the effect of elevated orography, manifested by the inhibition of horizontal circulation
at the 850hPa level. The end result was increased concentration values in the

atmosphere. Choi and Choi [2008], for example, have presented a detailed explanation
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of the pollution trapping effect caused by the shallow PBL close to mountains.
However, this work was not able to include the important effect of the PBL per
se — the model was too coarse for this effect to be explicitly treated. Thus, the
increased aerosol concentration may possibly be explained in terms of nucleation

processes [Makkonen et al., 2009].

= In MAM, the large peak close to 10°S is mostly associated with the Congolese fires;
south—westerly winds were seen to be driving air-masses from over Brazil to merge
with the Southern African gyre and, again, causing the peak over the Drakensberg
mountains. Interestingly, using Light Detection And Ranging (LIDAR) observations
together with off-line modelling, Bencherif et al. [2003], have only attributed the
aerosols found over Durban (29.9S/31.0E), South Africa, to the air masses coming
from the equatorial region close to Brazil; not taken into account was the contribution
of the re-circulated matter. Another interesting fact was the existence of a minor
payback mechanism (not visible in the maps because of the scale used), seen through
a large-scale re-circulation system centred over sub-equatorial Atlantic, in which
aerosols were taken from Central Africa by the north— and south—easterlies towards
the Southern American region, and brought back by a band around 30S to Southern

Africa by westerly winds.

Details of the behaviour in JJA and SON need no discussion here, since Southern Africa
is the major contributor to the aerosol concentrations during this season, and this has been
thoroughly discussed by Piketh and Walton [2004] and well as by Tyson et al. [1996a,b]. It
is important to note the contribution of the north—easterlies and easterlies to the aerosol
concentrations during SON, and, again, the role of the topography with the associated air
sinking motion in trapping aerosols around the 850-700hPa levels in both the JJA and SON
seasons.

To elucidate the role of topography on the concentrations found at lower levels around
the Drakensberg region, WRF/Chem model was used to zoom into the area at a finer
resolution and present the horizontal wind and temperatures profiles at 700hPa (Figure B.2,
in Appendix B), and a vertical cross section (which crosses the mountains at an angle of
45° with the latitudes) of black carbon and temperature (Figure B.3). The JJA season
was chosen from the available WRF/Chem simulations for its resemblances to the GCM

simulated MAM and JJA winds over the region of concern.
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WRF/Chem was used to zoom into the area (again, at a finer resolution) and produce
the horizontal wind and temperatures profiles at 700hPa. Figure B.2 clearly shows winds
in the Drakensberg region are a combination of westerlies and the continental anticyclone,
reinforcing the assumptions previously made that aerosol concentrations in the region are
a combination of locally generated aerosol particles and those coming from two different
sources. Wind flow at this level in this region seems to be controlled by two geopotential
lines that are very close together.

The vertical cross section in Figure B.3, also helped differentiate between two peaks
of aerosol masses over the region. One peak, at the south, coming from the west at
approximately 21°W, was located in the stable layer at around 4km above sea level (asl);
the other peak, on the northern side of mountains peak, apparently undergoing a wake effect,
was in the layer between 5km and 6km asl. The former was clearly the contribution of the
westerlies; the latter represented the contribution of the gyre at this level. Concentration
above the PBL was far larger than inside it; this allows the author to differentiate between
local and non—local aerosol contributions over the Drakensberg Region, being local aerosols

mostly trapped inside the PBL and non—local located above it.
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Figure 5.4: 850hPa streamlines overlaid to ultra—fine mode BC and OC aerosol

concentrations. Seasons are (a) DJF; (b) MAM; (c) JJA; and (d) SON.
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Figure 5.5: Same as Figure 5.4, but for 700hPa.
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5.3 Summary

In this chapter an online aerosol—climate GCM has been used to identify major pollution
sources contributing to the carbonaceous aerosol burden found over the Southern African
atmosphere. Apart from the local sources (which have already been identified and have
extensively been studied) external sources also exist, namely the African tropical forest
fires north of the Equator and, to a lesser extent, the South American wildfires. The
Equatorial fires contributed to the slight increase of concentrations in the northern part of
the study area through south—easterlies; the latter region, together with the anticyclonic
gyre, bring pollution from the Amazonian forest through westerlies to the southern region
of the domain, which is then trapped by the combination of elevated orography in the
Drakensberg mountains and the prevailing air sinking motion, added to possible local aerosol
nucleation processes.

The impact on the concentrations of the existing aerosols when biomass burning
emission modes are switched off both regionally (RGNLBBO) and globally (GLBBLBBO) was
very low, and therefore, it can be expected that the impact on the direct and semi—direct
effects (factors intrinsically linked to the aerosol optical properties) would also be low.
This fact led the author to assume that the direct and semi-direct effects of carbonaceous
aerosols in Southern Africa are primarily governed by local emissions, and, particularly
biomass burning.

It was found almost irrelevant for the atmospheric concentrations of carbonaceous
aerosols over Southern Africa that biomass burning was removed either globally (GLBBLBBO)
or regionally (RGNLBBO). This indicated that local emissions were the largest contributors
to the regional carbonaceous aerosol concentration. Thus, discussions on the next sections
will mostly be based on differences between GLBBLBB1 and RGNLBBO, rather than between
GLBBLBB1 and GLBBLBBO.

Finally, a peculiar behaviour was found from January to mid—February, when coarse
mode mixing ratios were larger when fire emission sources were removed (either regionally or
globally) than in the case when emissions were present. This indicated that complex changes
in the aerosol growth dynamics is induced by the presence of BB aerosols (accumulation
mode), causing the the concentrations of the course mode to be depleted during the BB
season in Southern Africa. These changes might be linked to the increased probability

of a particle coagulating with a smaller particle (in the accumulation mode) rather than
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with a coarse mode particle. In fact, Porter and Clarke [1997] had already acknowledged
that, on average, the peak diameter of the accumulation mode shifts to larger sizes as the

concentration of this mode increases.
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Chapter 6

Relevance of the synoptic variables in
determining the aerosol
concentrations in Southern Africa

during the biomass burning season

In this chapter, SOMs were used to assess the relevance of circulation conditions
influencing carbonaceous aerosol concentrations over southern Africa. Five-year daily
averaged BC and OC aerosol mixing ratio are trained together with SLP, from the GLBLBB1,
in a 32x21 grid covering 0°E-58°E and 38°S-1°S. Patterns have been analysed, based on
the prevailing conditions, for occurrences of maximum concentrations. A 50 000—iteration
SOM training process was found to be more than enough for convergence of the nodes on the
SOM (A sample graph showing relative changes of Euclidean distances during the iterative
training of the SOMs is presented in Appendix C). Once the high aerosol mixing—ratio
nodes had been identified, geopotential heights, vorticity, wet and dry deposition velocities,
and the SLP (previously used to train the SOMs) were used in GAM to assess their marginal

impacts on mixing—ratios.
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6.1 Identification of circulation conditions influencing
biomass burning aerosol concentrations in
Southern Africa using Self Organizing Maps
(SOMs)

As shown in the Chapter 5, emissions of this type of aerosols are driven by anthropogenic
activities regardless of the prevailing climate, and their occurrence is not intrinsically related
to concentrations (Figure 5.1). Furthermore, the occurrence of emissions from outside the
study area, which impacted on concentrations within the region, forced the author into
finding relationships between the factors related to regional circulation patterns and the
aerosol concentrations (rather than between the circulation patterns and emissions). Thus,
emissions have not been accounted for in the SOM training process.

Figure 6.1 shows a 3x4 SOM composite map of archetypes resulting from a
simultaneous training of SLP (shaded) and carbonaceous aerosols mixing ratios (contours).
In the SLP shading, red represents higher pressure; blue represents lower pressure. In the
contours, thicker lines represent larger mixing ratios; and thinner lines indicate the opposite.
An additional table of graphs, Figure 6.2, is complementary to Figure 6.1, and was created
to show the distribution of the number of days mapped in each SOM node per month
for the ECHAM5-HAM modeling period. In these graphs, each season is depicted by a
different colour (easing the interpretation of the seasonality of concentrations detailed in
the graphs).

As for the SOM algorithm, opposed systems were mapped on diagonally opposite corners
of the SOM map, with the transition states located in between [Hewitson and Crane,
2002]. In Figure 6.1, colour and contour patterns clearly show the archetypes evolving from
the high—pressure system over the subcontinent and relatively high aerosol concentrations
above 20°S (Node-01), to a low—pressure system over the whole subcontinent (together
with weakening of the high—pressure systems over the Indian and Atlantic Oceans. Nodes

located between Node-01 to Node-12 depict the evolution of the archetypes.
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Frequency distribution of the archetypes ranged from 3.26% (Node-02) to 23.44%
(Node-10). These extremes, given their location on the SOM map, represented transitional
states. Low frequencies were mainly located at the top portion of the SOM map (nodes
02, 03, 05, and 08); while high frequencies are mapped at the bottom portion of the same
map (Nodes 09, 10, 11 and 12). Coincidentally, months with high aerosol mixing ratios are
presented on the lhs while the opposite group is located on the rhs of the SOM map. Given
that the SOM algorithm was trained using two variables with equal weights in the algorithm,
one of which was of high variability and a short lifetime (the aerosol concentrations), the
absence of the highest concentrations in the nodes with the highest frequencies was an
expected result.

In the maps presented in Figure 6.1, areas with higher carbonaceous aerosol mixing ratios
were associated, in general, with lower pressure systems, in general. The archetype shown
in the Node-01 (top—left), represents a high—pressure system over the southern and eastern
part of the subcontinent, displaying the larger carbonaceous aerosols mixing ratios which had
slotted into a relatively low pressure cell centred over Congo and part of the Atlantic coast
(and, at lower levels, in a region over and around the Drakensberg mountains (Chapter 5)).
This pattern, occurring approximately 5% of the simulated period, represents typical austral
winter conditions, when the Indian Ocean high—pressure system, otherwise located below
30°S, is mirroring the Atlantic Ocean anticyclone on either side of the subcontinent. The
two ocean high—pressure systems then merge into a single high—pressure system over the
southern region of the subcontinent. In fact, counting the days in each month contributing
to this node (as presented in Node-01, top—left graph in Figure 6.2) showed that this node
(with 86 days) is mostly contributed for by July. The 86 days correspond to almost 90%
of the total number of days in this node (June and August each contributed a marginal
number of days to this node).

At the opposite end (denoted as Node-12, at the bottom-right of Figure 6.2), the
Indian Ocean anticyclone had moved south and eastwards and had slightly weakened; the
high—pressure system (once over the subcontinent) had now split into two systems, one
on either side of the subcontinent; a low pressure system was well established over the
subcontinental landmass. In this pattern, carbonaceous aerosol mixing ratio was almost
non—existent over a large part of the subcontinent (with the exception of above 12°S). This

archetype occurred in almost 9% of the simulated events and is was a pattern commonly
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found over the region throughout the austral summer. This fact was confirmed through
the results gained from the SOM mapping of 159 days in node Node-12 (bottom-right
Figure 6.2). Node Node-12 was almost exclusively partitioned by DJF days. During the DJF
season the Intertropical Convergence Zone (ITCZ) moves downwards, bringing convective
rainfall which eventually rinses aerosols out of the atmosphere (by wet removal processes)
and reduces the concentration of aerosols in the region.

Node-09 (bottom—left corner) of the SOM represents a situation similar to Node-01.
However, carbonaceous aerosols were not yet well established over the subcontinent (apart
from the Atlantic coast of Angola and the land regions in Angola and the DRC). Part of the
Indian Ocean high was already over the south-eastern part of the subcontinent. Although it
is still south (when compared to Node-01), the merging with the Atlantic high was visible.
This circulation is typical of austral late autumn, when the single high—pressure system
over the subcontinent starts to form and moves northwards. This was corroborated by the
count of days in this node (bottom-left Figure 6.2), shown to mostly correspond to the
MAM season (with more emphasis on May days which contributed 126 days (60%) of the
212 total count of days in this node). This was the period in which local emissions were
initiated within the region.

Node-04 (top-right node of the SOM), represents the archetype in opposition to
Node-09. In Node-04, the Indian Ocean high was retracting eastwards and splitting
away from the Atlantic high; the continental low establishes itself over most of the
sub—continent, with the exception of part of the south—eastern portion of the subcontinent.
Carbonaceous aerosol mixing ratios accompanied the continental low, and even exhibited
some intrusions over the Indian Ocean close to Madagascar. This period corresponds to
austral spring, in which fires were active over most of Southern Africa (Chapter 5) and
when the River—of-Smoke phenomenon is observed.

The transitional nodes with relatively high concentration of aerosols covering a large
portion of the subcontinent (nodes 02, 03, 05, 06, 07, and 08) also represented the
splitting of the continental high into separate Indian and Atlantic highs and the eastward
displacement of the Indian Ocean high. Analysis of the occurrence days showed that these
archetypes mostly fell in June, July, August, September, and, to a lesser extent, November

days.
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Figure 6.2: Distribution of number of days mapped in each SOM node per month for the
ECHAM5-HAM modeling period.
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Figure 6.3 shows the time evolution of the average number of days mapping per month
for the nodes with both widespread and relatively higher aerosol concentrations (Nodes 01,

02, 05, 06, 09, 10 and 11).
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Figure 6.3: Annual frequency of months with high carbonaceous aerosol mixing ratios
averaged over nodes 01, 02, 03, 04, 05, 06, 07 and 08. Each of the 6 colours

represent a month, from June to November.

In Figure 6.3, the average number of appearances per node referred to above, varied
between 3 and 5 for June to October, with very little internal variability. November, showed
small values (below 1), with a decreasing trend along the time—line. The dry season of the
1992 showed the largest variability with September peaking at 5 appearances; November
also exhibited the largest number of occurrences in the simulated period. October also
showed some inter—annual variability, having increased in 1993 and 1994, then decreased to
a steady value in 1995 and 1996. The overall picture was of steady behaviour throughout
the modelling period, a likely effect of using monthly variations of emissions of a single year
(year 2000) as reference for each year of the study period, as stated in Section 3.2.1. The
relatively high peak in September occurrences in 1992 could be explained in terms of the
dry conditions that prevailed in 91/92, which would favour the availability of biomass for
burning [Tummon, 2010; van der Werf et al., 2006]. As stated before, these simulations
used the year 2000 AEROCOM reference emissions and, therefore, other circulations factors

have to be taken into account [Reid et al., 2012].
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Table 6.1: Approximate significance of smooth terms.

edf Ref.df F p-value

s(SLP) 5.758  7.065 3.076 0.002955
s(850hPa Geopot) 6.965 8.072 2.947 0.002607
s(geopot700.gam)  3.839 4.961 1.723 0.126051
s(vorticity850.gam) 1.831 2.370 9.860e-01 0.384255
s(vorticity700.gam) 1.000 1.000 4.680e-01 0.493738
s(wetdepo.gam) 1.000 1.000 2.020e-01 0.653192
s(drydepo.gam) 4650 5.733 9.480e-01 0.456370

6.2 Assessment of the relative importance of
synoptic variables in the determination of
aerosol concentrations in Southern Africa using

Generalised Additive Models (GAMs)

The extent to which factors associated with atmospheric circulation individually affect
carbonaceous aerosols concentrations over the region, is presented below using the GAM
technique (Equation 3.5, Chapter 3).

The approximate significances of each of the smoothed terms, after GAM simulation
with the covariates proposed by Equation 3.5, are summarised in Table 6.1, where “edf”
values represent the estimated degrees of freedom for the model terms; “F" gives a rough
estimate of the importance of each term; p-value is p-value for the test. Results indicated
that the model was able to explain 94.2% of the variance, with SLP the most important
circulation parameter influencing the mixing ratios (F' ~ 3.1; p < 0.005); followed by the
geopotential height at 850hPa (F' & 2.9; p < 0.005). Other parameters (e.g., the 700hPa
geopotential height; the vorticity and the deposition velocities) had a lower impact on the
mixing ratios in the proposed model.

Figure 6.4 shows the partial response plots of carbonaceous aerosol mixing ratios relative

to:
a) SLP;
b) 850hPa geopotential height;
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c) 700hPa geopotential height;

d) Vorticity at 700hPa;

e) Wet deposition velocity;

f) dry deposition velocity.

The shaded region represents the 95% confidence interval for the GAM fits; the short

vertical lines on the horizontal axis represent the data density used for the fitting.
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Figure 6.4: Partial response plots for carbonaceous aerosols for the nodes with days with

large carbonaceous aerosol overcast. a) is for SLP; b) is 850hPa geopotential

height; c)Vorticity at 850hPa; d) Vorticity at 700hPa; e) Wet deposition velocity;

and f) dry deposition velocity. Shaded region shows the 95% confidence interval

for the fits; short vertical lines at the horizontal axis represent data density.

The smoothed function s(SLP) depicted in Figure 6.4a) relates the mixing ratios to

SLP in a quasi—parabolic way so that a negative effect is seen as long as the SLP values
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remain outside the range 1005hPa—-1015hPa. Otherwise, the SLP slightly diminished the
mixing—ratios. The slope of the increase was larger if SLP was above ~1025hPa than when
SLP was lower than ~1005hPa. A change in SLP from 1000hPa to 1010hPa could reduce
the mixing ratios by 5%; a change from 1015hPa to 1040hPa could increase the mixing
ratio by ~20%.

The behaviour of the 850hPa geopotential height (Figure 6.4b), is the inverse of SLP.
The effect displays a convex curve, intersecting the horizontal axis at approximately 1450m
and 1525m. The impact varied by almost -15% when the geopotential height varied between
1330m and the first intersection with the horizontal axis. Between the two interactions,
the impact was slightly positive but vey close to nil. Thereafter, the height had further
negative influences on the mixing height, with a similar slope to that seen at 1450m.

For vorticity at 850hPa, an apparently a positive impact occurred only if the circulation
was anti—cyclonic in the region, with a maximum variation of approximately 2% at —10 x
10~°s~. When vorticity was positive, no clear impact was seen. In relation to the 700hPa
vorticity, very little changes of mixing—ratios were seen. Mixing ratios appear to be are
linearly related to the vorticity at this level; the impact varied from 0.5%-0.5%.

The response of the mixing—ratios to the wet—deposition velocity is a complex function
similar to an amplified oscillator, where the response fluctuates between positive and
negative values, with increments in both amplitude and period throughout the cycle. The
amplitudes of the impacts ranged from 0% (when wet—deposition velocity was nil) to close
to -20% (when velocities were 3x1071kgm?/s). The number of data elements of wet
deposition velocity used in the model decreased substantially between 2 — 3x10~1%kgm? /s.

In turn, mixing ratios responded to dry—deposition velocities in a positive manner.
Generally, no considerable impact was seen until dry deposition velocities reached 4mm/s;
at this point a linear positive response took place and, at 14mm/s, the response was
approximately 30%. The uncertainty of the model is large especially in the range of

8-14mm/s, since very few data elements were found in this interval.

6.3 Summary

In order to identify circulation conditions which are likely to influence carbonaceous

aerosol concentrations over Southern Africa, a SOM algorithm was applied simultaneously
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to two variables (daily averages of BC and OC aerosol mixing ratios and SLP of a five-year
period), in a 32x21 grid covering 0°E-58°E and 38°S-1°S.

Frequency distribution of the archetypes in the SOM indicated that extreme frequencies
occurred in the transitional nodes, given their location in the map. This occurred mainly
because one of the variables in the SOM training process — the aerosol mixing—ratio — was
of high variability and short lifetime when compared with the SLP. As a consequence, the
highest mixing—ratios were not located in the nodes with the highest frequencies.

Since the period of interest in this study is when Southern Africa is covered by
carbonaceous aerosols, histograms of months mapped in the SOMs were produced and
showed that the highest frequencies of months with large BB aerosol concentrations in the
region correspond to the June—October period, with minor occurrences of November. This
corresponds largely to the onset and offset of regional BB season. Additionally, no clear
annual changes were discernible, presumably because each year of the modelling period is
driven by the same year 2000 monthly averaged reference emissions from AEROCOM. This
implies that the AEROCOM reference emissions may give a indication of the seasonality
of the emissions, however, they fail to give annual variations in resulting BB aerosol
concentrations in the region.

SLP appear to be a good indicator of where larger values of pollution are likely to be
found over Southern Africa. In fact, according to the SOMs, modeled Southern African
aerosol pattern seemed to be controlled by the Indian and Atlantic high—pressure systems
with aerosols sitting inside the continental low, with some intrusions to the Indian Ocean
below 20°S, when the Indian Ocean high retreats to the East. This period primarily
corresponded to September, when the famous annual River—of-Smoke phenomenon occurs
[Annegarn et al., 2001].

GAM was applied to evaluate the relative importance of the circulation variables on
the regional concentrations of carbonaceous aerosols, during the months identified in the
previous step. To confirm the suppositions, GAM simulated results showed that SLP
was, in fact, the most important factor determining aerosol concentrations over Southern
Africa, followed by the other factors such as geopotential heights, vorticity and wet and
dry deposition. In fact, the deposition velocities seem to be largely uncertain as their
confidence interval spans a large area in the graphs (Figures 6.4e,f), and, therefore, their

results should be interpreted cautiously. Croft et al. [2010] have shown that uncertainties
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in wet-deposition could be related to the representation of in—cloud scavenging processes;
Gronholm et al. [2007] have shown that the dry deposition of aerosol particles is particularly
highly dependent on either atmospheric turbulence or stability and the collecting properties
of the surface, factors not accounted for in our GAM since circulation variables were of
concern.

Nonetheless, the significance of dry deposition (F=0.95) is approximately five times
higher than that of wet deposition. This was probably because wet deposition would occur
mostly from the onset of the rain season in the region (October) onwards, however, the
major source of aerosol emissions during that period is the Southern African subcontinent,
as was seen in the previous section, and is ceasing the emissions, and, therefore, there are
no considerable amounts of aerosols to be removed by wet—deposition, and thus the reason

for the low significance in wet deposition.
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Chapter 7

Potential feedbacks between biomass
burning aerosols and the thermal
structure, the atmospheric circulation

and precipitation

Resulting differences from the GLBLBB1 and RGNLBBO simulations have been used in this
chapter to assess the feedback between BB aerosols, the thermal structure, atmospheric
circulation and precipitation. Analysis of the impact of the BB aerosols on the thermal
structure targeted the months with positive aerosol concentration anomalies and relatively
large regional coverage(as identified by the SOM procedure in the previous chapter); for
atmospheric circulation and precipitation the analysis was extended to all seasons of the
year, making it possible to assess the change in the regional atmospheric dynamics caused

by BB—induced changes in the radiative forcing over the region.

7.1 Direct and indirect effects

Figure-7.1 shows BB induced changes in the a) SSA and the impacts of BB aerosols on
clear sky b) net top solar radiation; c) net atmosphere SW radiation; and d) net surface
radiation for the June-October period. Corresponding zonal means are plotted on the righ
hand side of each map. Blue tones indicate reduced impact; red tones indicate increased

impact.
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Figure 7.1: June—October averages of BB aerosol induced changes (GLBLBB1-RGNLBBO
difference) in a) SSA and b) clear—sky net TOA solar radiation; c)clear-sky
atmospheric SW radiation; and d)clear—sky net surface solar radiation. Lines

on the rhs of each map represent zonal averages.

BB aerosols mostly contributed to the decrease of the SSA over large parts of land in the
subcontinent (Figure 7.1a), with maximum contributions occurring over the western region
of the subcontinent, extending to the Atlantic Ocean and to the north—eastern part of the
subcontinent. Figure A.2 presents SSA for the reference state (RGNLBBO), which shows that
in the absence of BB emissions the region is somehow largely diffusive, with SSA values
ranging from 0.9 to 1. When BB aerosols were added, the region mostly underwent an
SSA decrease of around 0.02 to 0.08 mainly on the regions with the maximum BB aerosol
emissions during this period. In turn, over land in north—eastern South Africa and southern
Mozambique, and over the region where the Atlantic and Indian Ocean high pressure systems
are generally located, dominance of scattering aerosols was clear, with largest SSA changes
(between 0.02-0.05) found over a region centred in Swaziland, as well as over the Indian
Ocean exit pathway of the River-of-smoke. This result implied that over and near the
BB emission sources, absorption by accumulation and coarse mode BC aerosols dominates

over scattering by OC aerosols; away from the sources, in the southern regions, fine mode
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OC scattering aerosols dominated. The BB fine mode scattering OC aerosols tended to be
located inside higher pressure systems rather than lower pressure systems (as demonstrated
by the SOM and GAM algorithms for the carbonaceous aerosol in the previous chapter),
this understanding is relatively new and will require further studies.

Modeled net top solar radiation (Figure 7.1b) showed a variation between -2.8 to
42.2W/m?, and appeared to respond negatively to the presence of BB aerosols, especially
over ocean, where the AOD and radiative forcing maps matched. The largest negative
forcing occured over water on the Atlantic coast (between 15°S and the Equator), followed
by parts of the continent (over Angola and DRC and the south—eastern part of the continent
over South Africa and southern Mozambique). The largest positive forcings occurred mainly
over Namibia with the maximum over the Namib desert, followed by parts of Botswana,
northern Mozambique and Madagascar, between 15°S-5°S.

Absorption and scattering processes in the atmosphere (Figure 7.1c) depleted large part
of the solar radiation crossing it, and the overall effect on the direct radiative forcing of BB
aerosols in the atmosphere was an increase of up to 16W/m?. The largest changes occurred
over the locations of maximum carbonaceous aerosol mixing ratios (as shown in the previous
chapter). A similar pattern (both in space and magnitude) was also seen for net surface
direct solar radiative forcing (Figure 7.1d); the latter presented slightly larger reduction
values near the maximum mixing ratios, with some cancellations over the north—eastern
and south—western portions of the analysis area.

The overall result was one of negative forcing of BB aerosols at all levels, mainly where
the largest concentrations were seen (which is a known result from several studies cited in
this thesis). However, for Southern Africa, the sudden appearance of positive clear—sky TOA
SW forcing in certain areas was slightly different from the results obtained, for example,
by Roeckner et al. [2006b] and Sakaeda et al. [2011]. Their studies only accounted for
the optical properties of carbonaceous aerosols, leaving aside sulphate nucleated from BB
SOs. This aerosol is known to be highly reflective and, if over deserts, may enhance the
already high desert albedo itself (as indicated by Power [2003]). Furthermore, with the
addition of BB aerosols, the BC/OC (absorbing/reflecting) ratios may have a role top play
in determining the SSA over these regions. This effect may also be an artifact of the
model because of the existing complexities in estimating aerosol absorption over bright

areas, caused by the Critical Surface Albedo (CSA) [Seidel and Popp, 2012].
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The simulated role of cloud in the absorption and scattering of radiation, and the

combined radiative effects of BB aerosols and clouds are presented in Figure 7.2.
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Figure 7.2: BB induced changes in radiative forcing components for cloud SW (lhs column);
cloud LW (middle column); and net solar (rhs colum). Rows indicate TOA
(top); atmosphere (middle); and surface (bottom). The third column indicate

the all-sky radiative forcing. Units are in W/mQ.

Model results indicated that the contribution of BB aerosol cloud forcing to the net
forcing (top row) was mostly manifested through the SW component, with an order of
magnitude larger than the contribution of the LW component, which does not seem to vary
much over land, regardless of the level of the atmosphere (Figures 7.2b,e,h). Net top solar
radiation (Figure 7.2c) was an unequivocal result of net SW TOA cloud forcing (Figure 7.2a).
Although the negative values of the clear—sky net TOA solar radiation (Figure 7.1b), they
were around an order of magnitude lower than the SW TOA cloud forcing and, thus, not
enough dominant to compensate it at this level.

In the atmosphere (Figure 7.2 middle row), the cloud responses were around 10 times

weaker than the clear sky atmospheric SW radiative forcing (Figure 7.1c). Thus, the net
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atmosphere solar radiative forcing was mostly determined by the aerosol component. Both
SW and LW cloud forcings were negative; although low in magnitude, LW radiation was
larger than SW.

On the surface, competing negative SW clear—sky (Figure 7.1d), mostly positive cloud
SW (Figure 7.2g), and mostly negative cloud LW (Figure 7.2h) forcings resulted in the
complex pattern shown in (Figure 7.2i), in which parts of the continent received less
radiation while other parts received more because of the combined effects of the BB aerosols
and clouds (Figure A.5, in the Appendix, for the correlation of net surface forcing over two
distinct regions - one region under the influence of aerosols only; the other with competition
of aerosols and clouds). As a result, southern and southwestern parts of the subcontinent
experience a increase of solar radiation of around 5-7 W/m2; parts of Zimbabwe, central
Mozambique and the north western region of the domain, where largest negative SSA values
were registered, experienced a decrease of the same magnitude.

Modeled BB aerosol induced changes in near—surface temperature as a consequence of
the forcings described above, as well as the resulting changes in SLP during June—October
period, are shown in Figures 7.3a and b. In the graph, blue tones represent negative changes;
red tones represent positive changes.
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Figure 7.3: June—October BB induced changes in a) 2m temperature and b) mean SLP.

The net surface radiative forcing described above, caused the changes in near—surface
temperature shown in Figure 7.3a during the June—October period. Over the oceans,
opposite signs were seen for near—surface temperature: while the Atlantic cooled by up to
—0.4K; the Indian Ocean side of the subcontinent warmed by the same magnitude. Over land,
the largest cooling (of up to 1K, associated with the net atmospheric SW radiative forcing

caused by absorption and reflection of the BB aerosols) occurred mostly over the regions

Page 95 of 173



Effects of Biomass—Burning Aerosol Loading on Southern African Climate

where the change of SSA was negative — from the DRC, crossing Angola to north—eastern
South Africa and parts of north—western Mozambique.

Regions with a positive temperature response to the BB aerosols (specifically, the
south—western portion of the subcontinent and Indian Ocean coast) were largely influenced
by the positive net surface SW cloud forcing, suggesting that the suppression of clouds leads
to an increase of SW radiation; added to the high albedo of the Kalahari desert and the
scattering properties of the aerosols leaving the subcontinent through the Indian Ocean exit
pathway. The zonal mean of regional surface temperature was consistent with the spatial
map, showing the maximum reduction approximately at 15°S, with a slight increase around
30°S because of the responses of the desert and the Indian Ocean side of the subcontinent.
The air warming pattern over the Indian Ocean side matched that observed during the
River—of-Smoke phenomenon as discussed before, and is a signal typical of the fine mode
biomass burning exiting the subcontinent, alongside the eastward displacement of the Indian
Ocean high pressure cell. The spatial pattern of temperature obtained in this study, slightly
differed with the results obtained for the same region by Sakaeda et al. [2011], in which the
reduction of temperature was twice as high, and no increase in surface temperature was
noticed on the Indian Ocean side and the south-western region.

As a result of the surface cooling/warming, mean SLP slightly increased/decreased
throughout most of the study domain by approximately F0.3 to +0.6hPa (Figure 7.3b).
The changes in SLP caused the wind convergence zone over land in Angola to move slightly
from the inner continent to the Atlantic coastal region; an enhancement of convergence
over DRC and, to a lesser extent, over the eastern part of the subcontinent. Over land,
the overall impact of the BB aerosols was a reduction in the typical anticyclonic flow. The
outer boundary of the Atlantic high intensified its anticyclonic speed by around 1m/s (i.e.,
the high pressure system slightly moved northwards), thus reducing the speed of westerlies;
while the Indian high pressure system weakened by the same amount (i.e., slightly moved
southwards). Over the eastern coast above 30°S, a lessening of up to -0.5m/s of the
easterlies was seen, the likely cause of changes in the quantity of moisture advected from
the Indian Ocean to the north—eastern part of the continent, and subsequently the cause of
changes in precipitation (discussed in Section 7.2). These results are consistent with those
obtained by Ming and Ramaswamy [2011] and Ming et al. [2011].

Modeled BB induced changes in the vertical profiles of temperature and vertical velocity
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and cloud fraction and aerosol number for the JJASO period, averaged between 10-30°E
over land (Figure 7.4); 0-10°E in the Atlantic Ocean side (Figure 7.5); and 30-50°E in the
Indian Ocean side (Figure 7.6), respectively, were mapped. Averaging over these longitudes
was considered appropriate to capture response of the troposphere to the different surface
temperature settings (Figure 7.3).
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Figure 7.4: Modeled vertical profiles of BB induced changes in a) temperature (shaded) and
vertical velocity (Aw) (contours) and b) cloud fraction (shaded) and aerosol
number concentration (contours), over land (10E-30E), for June-October period.
Red tones and full contour lines indicate positive values, while blue tones and
dashed contour lines indicate upward directed/negative vertical velocities/aerosol

numbers changes.

Over land in Southern Africa, mid—troposphere diabatic heating caused by absorbing
aerosols, combined with the surface cooling, dampened vertical motion from surface,
and, additionally, as the troposphere was almost well mixed with absorbing aerosols, a
quasi—uniform heating profile was seen. This caused most of the troposphere to increase
stability and, thus, induced a decrease of vertical velocity over large portions of the domain
in consideration, with the exception of above 8°S, where velocity was slightly increased
(Figure 7.4a).

At altitudes above 150hPa, a second inversion in the temperature profile was induced
by BB aerosols; the maximum reduction of up to 0.6K occurred between 30°5-10°S. This
was very close to the maximum where vertical velocities changed sign and enhanced upper
level convection. The velocity changes caused the increase of up to 6% in cloud cover seen

in Figure 7.4b over the same regions, while the remaining portions experienced a reduction
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of similar magnitude.

The intense reduction of around 9% of cloud fraction, seen between 30°-15° at altitudes
between 500hPa — 250hPa, was because of evaporation, since the aerosol concentrations
do not change over this space. Above 15°, at altitudes between 500hPa and 150hPa,
cloud fraction a to respond to the microphysics (with the aerosols acting as CCN), as
with the increase in temperature over this region, a reduction of cloud fraction would
have been expected. The overall pattern was one of decreased lower and mid-level clouds,
compensated in some manner by increased upper level clouds; both changed by less than
6% in magnitude. Therefore, an insignificant negative impact on precipitation was to be
expected over land during this period.
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Figure 7.5: Same as Figure 7.4, but for the Atlantic Ocean side (0°E-10°E).

Over the Atlantic side, (Figure 7.5), the tropospheric temperature changes are larger
than over land, with increases of up to 1K between 30-10°, at levels below 700hPa, because
of absorbing aerosols. Below 30° the band with intermediate increases in temperature
reached heights close to 400hPa, because of the contribution of scattering aerosols which
dominated over absorbing aerosols in this region (Figure 7.1a), resulting in increased
warming of upper levels by back—scattering of solar radiation. Vertical velocities were
largely increased from the mid—troposphere to 100hPa height, at regions below 20°S. The
velocity changes were caused caused by the large temperature gradients between the mid
and the upper levels as compared to the case over land in Southern Africa. Between

20°5-5°S, differing vertical gradients of temperature anomalies caused the vertical velocities
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changes to be stratified, with increased updrafts below 500hPa; reduced updrafts between
500-250hPa; and, further increased updrafts above 250hPa. In general, in this region,
cloud fraction response and temperature display an inverse proportionality throughout all
levels. However, the massive increase in cloud fraction between 32E-18E, at levels between
400-150hPa should to be attributed to microphysics and the shielding caused by an increase
of upper level fine mode scattering aerosols, which appear to prevent cloud evaporation.
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Figure 7.6: Same as Figure 7.4, but for the Indian Ocean side (30°E-50°E).

On the Indian Ocean side (30°E-50°E), temperature response was slightly weaker than
on the Atlantic side, with the lower levels cooling even further, and reaching altitudes
close to 9km below 20°S. A large cooling cell of up to —1K was found hovering above at
approximately 32°S. The increased surface temperature (Figure 7.3a) added to the cooled
lower level tropospheric layer (Figure 7.6a) (which was cooled due to scattering aerosols)
caused an enhancement of lower level tropospheric convection; this was then suppressed
at the mid-troposphere by an increase in temperature (caused through reduction in the
number of scattering aerosols, and an eventual increase in concentration of the absorbing
aerosols), which in turn caused reduction in cloudiness (Figure 7.3b). Eventually the CCN
number concentration was also reduced. In the upper levels, temperature response was still
positive below 25°S, while becoming negative above that latitude, thus favouring upper
level convection. Aerosol numbers appeared to counteract the temperature induced cloud
evaporation effect in the upper levels between 30°S5-25°S. This reduction in temperature

caused cloud fraction response to be slightly positive at these levels.
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The overall impacts of BB aerosols and precursors over Southern Africa displayed
increasing tropospheric temperature over regions where absorption dominated over
scattering (i.e., over most of the northwestern region of the study domain), thus reducing
cloud cover, a result consistent with studies carried out for the Southern African region by
Tummon et al. [2010]. However, with the inclusion of sulphate aerosol nucleated from SO,
from BB (known to be a hygroscopic and scattering aerosol [Boucher and Lohmann, 1995;
Ramana et al., 2010]), the response of temperature and clouds on the Indian Ocean side
presents a different behaviour from that documented by Roeckner et al. [2006b]; Sakaeda
et al. [2011] and Tummon et al. [2010], once the semi—direct and first and second indirect
effects began to play a role in the simulations. This finding was hypothesized by Randles
and Ramaswamy [2010], where it was anticipated that a change in low—level circulation and
increased subsidence would cause a decrease in cloudiness, precipitation and atmospheric
water vapour, should the atmosphere be dominated by scattering aerosols.

Nevertheless, because changes caused by the indirect effect did not seem to fully
compensate for the magnitude of those caused by the direct effect, it was expected that an
increase in tropospheric temperature and a reduction in cloudiness would still prevail; and
the consequences to precipitation would be low and limited to where there was considerable
competition between the direct and indirect effects, and where considerable changes in
circulation had occurred. Similar results on the magnitude of the response of clouds have
been found over South America by Wu et al. [2011].

The impact of BB aerosols on a) convective and b) grid—scale precipitation is presented
in Figure 7.10. Units are percentage departure of daily averaged precipitation in mm/day
(averaged over June-October 1991-1996 period) and the shaded regions show precipitation
where values were at the 90% confidence level.

As expected, low response in both convective and large scale precipitation was found
during this period, mainly because the analysis period largely included the austral dry season.
However, a modest negative response of around —25% was found for both convective
and large-scale precipitation over Mozambique and Zimbabwe during this period; over
Madagascar and parts of the Indian Ocean, and over the Atlantic coast, some localised
increases of up to 80% in daily amount of precipitation were seen. The pattern of
convective precipitation reduction seen over southern Tanzania and central Mozambique

and Zimbabwe (Figure 7.7b) was probably associated with the second indirect effect, in
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Figure 7.7: June—October fire induced departures in precipitation for a) convective; and b)
grid—scale precipitation. Values are in percentage of [mm/day] and only those at
90% significance level, according to Student’s t-test, are presented. Blue tones

represent wet bias; red tones represent dry bias.

which increased concentration of sulphate CCN (Figure 7.8a) resulted in reduced nucleation
rate (Figure 7.8b), and increased high cloud fraction (Figure 7.8c), suppressing precipitation
formation (as hypothesized by Boucher and Lohmann [1995] and also discussed by Quaas
et al. [2009], Takemura et al. [2005] and Myhre et al. [2007]). For the large-scale
precipitation (Figure 7.7b), the pattern of precipitation reduction in Central Mozambique
and part of Zimbabwe was largely associated with reduction of moisture convergence in this

period. (Figure 7.3b).
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Figure 7.8: June—October BB induced changes in a) Sulphate concentration; b) Sulphate

nucleation; and c) Total cloud cover.

7.2 Effects on circulation

What changes does a transient phenomenon such as biomass burning have in seasonal

and inter—annual precipitation? In an attempt to answer this question, seasonal and
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inter—annual maps of the extent of BB induced changes (GLBLBB1 — RGNLBBO) in
temperature, mean SLP and total precipitation and circulation are presented below. Mean
SLP is chosen to describe the effect of circulation because of its strong relationship with
BB aerosol concentrations (Chapter 6).

Figure 7.9 shows seasonal changes in temperature (shaded) and mean SLP (contours)
over the region. Blue tones indicate negative changes and red tones represent positive
changes; the thick red line is the zero transition line The seasons represented are a) DJF; b)
MAM; c) JJA; and d) SON. In Figure 7.10, the left-hand side column represents changes
in precipitation, and the Student's t-test 90% significance level seasonal precipitation
differences maps are shown on the right-hand side (representing seasonal precipitation
change (shaded) overlaid to streamlines at 850hPa (right-hand side column). The maps
were defined for DJF (a and b); MAM (c and d) JJA (e and f); and SON (g and h) seasons.
Precipitation unit is given as percentage of mm/day. Zonal means have also been included
on the right-hand side of each map.

Seasonal changes shown in Figure 7.9 indicate that, in austral summer, there was a
modest BB radiative forcing induced cooling/warming, of up to 1K in magnitude, over
near land/ocean surfaces. While the mean SLP had diminished overall during this season,
decreases over land were slightly less than over oceans. In MAM, the pattern was one
of an accentuated decrease in surface temperature in the southern portion of the land,
with no considerable changes noted over the ocean. Mean SLP had increased by 1.5hPa
overall, slightly diminishing at both the Atlantic high and the Congo low by nearly the
same magnitude. In JJA no considerable changes of temperature were seen over land; the
Atlantic Ocean appeared to cool more than the Indian Ocean. Mean SLP had increased
overall by 1.5-2.5hPa, with the largest increases located over the southern portion of the
study domain. Finally, in SON, the temperature and pressure patterns were similar to that
displayed in Figures 7.3a and b (thoroughly discussed in Section 7.1).

BB aerosol impact in precipitation showed a tendency to increase precipitation on the
western portion of the subcontinent; a tendency to decrease precipitation was noted for
the eastern portion during austral Summer, autumn and winter seasons (Figure 7.10a,
and b). Slight changes towards the opposite direction were noted during the austral Spring
(Figure 7.10g). A strong signal of precipitation increase of up to 80% was be found over the

Atlantic Ocean, in the northwestern region of the domain; conversely, a prominent reduction
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between 40-60% was seen in DJF (Figure 7.10b) over central and northern Mozambique,
Malawi, Tanzania, Madagascar, as well as over the Mozambique Channel.
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Figure 7.9: Seasonal changes (GLBLBB1-RGNLBBO) in Temperature (shaded) and mean SLP
(contours) over the region. Blue tones indicate negative changes (shaded and
dashed contours) and red tones (shaded and contours) represent positive changes.
The thick red line is the zero transition line. Seasons represented are a) DJF; b)

MAM; c) JJA; and d) SON.

In DJF (Figure 7.9a), the upper—level fine mode aerosol burden from northern Equatorial
Africa was brought back into the subcontinent by an induced recirculation system over the
Atlantic coast (Figure A.4, Appendix A). This burden, added to the precipitation increase,
exerted a negative radiative forcing over the northern portion of the subcontinent, slightly
reducing near—surface temperatures (by —1K) over the continent. Over the oceans, the
radiative forcing was positive, slightly increasing surface temperatures by around the same
magnitude. Although the mean SLP had, in overall, diminished during the DJF season,
this pattern of surface temperatures caused decreases over land to be slightly lower than
over the oceans, and thus, reducing the magnitude of the pressure gradients. Under these
circumstances, the departures in precipitation, shown in Figure 7.10a and b, for the western

and eastern regions of the subcontinent respectively, were probably caused by

i) an increased convergence over the Atlantic side (Figure A.10a), with wet flows from
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the Equatorial Atlantic being mixed into the dry continental flows, added to the

increased relative humidity;

ii) a reduction in the strength of the easterly trade winds which normally bring moisture
from the Indian Ocean on to the land, thus lessening the contribution to the DJF

rainfall over the continent.

iii) a positive soil moisture — precipitation feedback, i.e., if the antecedent summer season
had a deficit of soil moisture (because of aerosol impact), precipitation in the following

season would be reduced, and vice-versa [Tadross et al., 2010; Zhu et al., 2009]

iv) model’s internal variability, associated to the response of the prescribed SSTs to the
aerosol forcing within the mixed—layer ocean model [see for example Hagemann et al.,

2006; Yue et al., 2011].

In MAM, the Atlantic wet signal moves southeastwards and over the bordering region
between Namibia and Angola (Figure 7.10d); the dry signal retreated northwards to
Tanzania and reduced in magnitude. The increase of precipitation simulated over the
Namibia/Angola region was a result of BB radiative forcing induced changes in temperature,
which caused an increase in relative humidity, adding to the new pressure gradients
(weakening the Atlantic high pressure system, and enhancing the continental flow), causing
the convergence of wet continental air masses (which appear to return to land after rotating
over Ocean through this region (Figure A.10b), thus enhancing austral autumn rainfall. In
Tanzania, analysis of the mean SLP in the surrounding areas, suggested the usual easterlies,
which would bring moisture to the region, were weakened by an overall increase in mean
SLP over this region. Radiative forcing induced changes caused temperature to rise over
this region, thereby reducing the relative humidity. During this season it became apparent
that the flow was dominated by north—easterlies, bringing dried air to the southern portion
of the country.

Overall dry conditions were prevalent in this region during JJA and southerly winds
were induced over the eastern portion of the subcontinent; the westerlies were generally
weakened over the western coast (Figure 7.10f). Moist air was taken from the central
region of the subcontinent to converge with the tropical Atlantic over the north—western
region of the subcontinent (Figure A.10c), causing the slight increase in precipitation noted

during this season between 10E-20E and 10S° and the Equator.
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Figure 7.10: Seasonal fire induced changes in precipitation (lhs column) and 90% significance
level changes in precipitation (shaded) overlaid to streamlines at 850hPa (rhs
column) for DJF (a and b); MAM (c and d); JJA (e and f); and SON (g and
h) seasons. Precipitation unit is given as percentage of mm/day. Blue tones

represent wet bias; red tones represent dry bias.
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In SON, no perceptible change in precipitation was seen over the region (Figure 7.10h),
with the exception of a minor increase noted over the south—western tip of the subcontinent,
caused by enhanced moisture convergence from the enhanced Atlantic anti—cyclone and the
continental flow to this region (Figure A.10d).

Interest was focused on a specific region (inside the box in Figure 7.10h), representing
the location where the largest precipitation reduction occurred during the DJF season.
Corresponding intra—annual variability of vertical velocity and cloud cover are presented in
a height—time Hovmoller diagram (Figure 7.11a,b); precipitation and surface temperature
are in a line graph (Figure 7.11c).

The radiative impact of aerosols apparently caused a reduction in convection by reducing
the vertical gradients of temperature, thus inhibiting convection, possibly contributing to the
cloud fraction over this region in almost all the months of the year. Decreased cloudiness
was notable around February, when the surface temperature increased by approximately
0.4K. Vertical velocity was reduced by increased stability from near surface to 150hPa;
cloud fraction was reduced for both mid and high clouds. This reduction of cloudiness also
caused precipitation to decrease over this period. It is the February signal which is being
captured by the seasonal map presented in Figure 7.10b.

Later, in April, convection was slightly enhanced, also causing cloud cover to increase,
because of the increased soil moisture stored during previous months. In May, with the
onset of BB fires in Southern Africa, radiative forcing again caused a decrease in mid
troposphere convection, apparently without a clear impact on the cloudiness, since the
uplifted moisture was below the convective height. The June—August forcings, have been
explained previously, and, by their characteristics, implied a reduction in precipitation as well.
In November, a minor increase in mid altitude convection, seemed to have an equivalent
impact on cloudiness at mid—level heights. This phenomenon appears to occur cyclically,
but the magnitude of the convection and cloud cover signal was weaker in other months
when compared to February.

Figure 7.12 shows the inter—annual (1991-1996) cycle of surface temperature (solid line)
and precipitation (dashed line). In this graph, temperature variability exhibited an increasing
amplitude trend, from +0.5K to +4K; the amplitude of the precipitation variability showed
a slightly decreasing trend. The amplitude of the temperature anomaly ranged from 0.5K

(in summer of 1991/92) to approximately between -3K and 4K (In summer of 1995/96
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Figure 7.11: Hovmoller diagram of simulated BB radiative forcing induced changes in (a)

vertical velocity in Pa/s; (b) hov-omega-clouds in percentage; and (c) convective
(in continuous line) and intra—annual variability of large—scale (dashed line)
precipitation in mm/day and surface temperature (dash—dotted lines) for the

region marked by a box over Mozambique and Tanzania in Figure 7.10b.
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Figure 7.12: Inter—annual changes in monthly mean surface temperature (solid line) and
rainfall (dashed line) for region depicted by a box over Mozambique and

Tanzania in Figure 7.10b.

and in October 1996). Precipitation peak anomalies occurred around February and were
lagging one month behind surface temperature peaks. Summer precipitation of 1992 had
the maximum reduction of 220mm/month in this region. This reduction in precipitation can
eventually be attributed to the 1991 /92 drought in Southern Africa, which may have reduced
the available soil moisture, required to spin—up precipitation in the following season (hinted
at by Roeckner et al. [2006b]). In fact, the whole precipitation reduction trend can be
explained in terms of a positive soil moisture — precipitation feedback, i.e., if the antecedent
summer season had a deficit of soil moisture (because of aerosol impact), precipitation in
the following season would be reduced, and vice—versa [Tadross et al., 2010; Zhu et al.,
2009] as well as the model's internal variability, associated to the response of the prescribed
SSTs to the aerosol forcing within the mixed—layer model [see for example Hagemann et al.,
2006; Yue et al., 2011].

No clear explanation in terms of BB aerosols could be found for the amplitude—increasing
pattern of the temperature variability. The model used only monthly aerosol emissions from
the reference year 2000 and, therefore, inter—annual variability of emissions was excluded
as a reason. It has been acknowledged that, over land, precipitation and temperature
have strong negative correlation [van Dorland et al., 2007]. Thus, amplification of the
temperature response in Fig. 7.12 is likely to be a consequence of precipitation increase
caused by the model's internal variability and the response time of the prescribed SSTs to

the aerosol forcing, as stated before. It is important to mention that ECHAM5-HAM has
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a mixed layer which controls near—surface vertical mixing, which implies that the surface
forcing of upper level aerosols is not well accounted for over oceans [see for example Yue
et al., 2011].

Nevertheless, the overall impact of BB aerosol induced radiative forcing was one of
reduced convergence, decreased convection and, therefore, reduced precipitation over the
north—eastern region of the domain. In general, these findings are consistent with those
obtained by Roeckner et al. [2006b]. They did, however, differ slightly at some locations
where the inclusion of sulphate in the simulations changed the radiative forcing pattern and
induced different circulation patterns (which can sometimes cause convergence to increase

in some areas, therefore increasing precipitation, rather than diminishing it).

7.3 Summary

In this chapter, the potential feedbacks between biomass burning aerosols and the
thermal structure, the atmospheric circulation and precipitation were assessed by analysing
the differences between GLBLBB1 and RGNLBBO results.

The direct and indirect impacts of BB aerosols were initially presented for the months
identified by the SOM algorithm as being those with the largest aerosol concentrations over
the region, namely from June to October. As the BB induced changes in radiative forcing
were seen to cause changes in circulation patterns, the analysis of the impacts on circulation
and precipitation was extended to other seasons of the year.

Thus, BB aerosols in Southern African atmosphere have been shown to influence the net
top solar radiation through high cloud forcing; the net atmosphere SW radiation forcing was
almost exclusively influenced by the absorption and scattering properties of aerosols. In turn,
the net surface solar radiative forcing resulted from a combination of aerosol contribution
(at the locations of largest concentrations), and the net surface SW radiative forcing (in
the south and south—western region of the subcontinent).

The impacts of BB aerosols over Southern Africa were mostly manifested by increases
in tropospheric temperature where absorption by BC dominated over scattering by OC
and sulphate, and thus reducing cloud cover. Previous studies have demonstrated the
consistency of these results; however, the inclusion of the hygroscopic and highly scattering

sulphate aerosol (nucleated from SOy from BB) in the study, likely caused the temperature
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and clouds response along the Indian Ocean portion of the study domain to be different
from other studies. The semi—direct and first and second indirect aerosol effects began to
play a role, although minor, in the simulations, just as Randles and Ramaswamy [2010] had
hyphothesised.

Comparisons of temperature and precipitation from BB inclusive simulations (i.e., with
fire emissions containing OC, BC, POM and the sulphate precursor SO3) and simulations
that excluded these factors demonstrated that some locations, returned different radiative
forcing results when compared with previous studies of the region, where overall negative
surface forcings were found. In this study, both negative and positive changes of surface
temperature (and thus lower—level convergence) were also found.

However, because the June—October season largely includes the austral dry season, it
was an expected result for a minor impact on precipitation through the indirect effects to
be found. Special attention was paid to the region over central and northern Mozambique
and Tanzania, where the most significant precipitation reduction was found.

Analyses of changes of temperature and precipitation in both seasonal and inter—annual
scales showed that the impact of BB aerosol loading was not restricted to the June-October
season. The precipitation reduction trend was accompanied by a temperature increase trend.
The trend of the amplitude of precipitation variability was negative because of a memory of
(low) antecedent soil moisture caused by BB aerosols; as a response, temperature amplitude
increased. Large impacts on circulation and precipitation were found over land in DJF, with
a significant reduction (of up to 60% in daily rainfall), caused by changes of radiative forcings
induced by BB; this has impacted circulation patterns inside the Hadley cell region, and, in
some cases, either favoured or inhibited moisture convergence.

This suggested that, despite the reduced occurrence of local BB aerosol emissions in
other seasons, a minor disturbance of radiative forcing at the surface either caused by
external aerosols brought into the region via any long—range transport mechanism or by a
possible teleconnection mechanism, can lead to imbalances of SLP, causing convergence to

change in direction and, thereby, impact on precipitation magnitude.
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Chapter 8

Conclusions, Limitations of the study

and Suggestions for Further Research

8.1 Conclusions

The aim of this study was to better understand the role of the aerosols, directly and
indirectly generated from biomass burning emissions, on Southern African climate through
using a state—of-the—art aerosol—climate model, namely ECHAM5-HAM. The WRF/Chem
model was used as a support model to show some finer scale characteristics in the region
in a shorter time—scale. The models are able to represent aerosol nucleation processes,
both the direct and indirect aerosols effects, and, in the case of the latter model, chemistry.
Simulation were run with and without BB emissions and, in particular, apart from the
carbonaceous aerosols, the impact of which on climate has extensively been investigated by
other authors before, fire emissions included SOy — a precursor gas of sulphate aerosols —
which has different chemico—physical properties from the carbonaceous aerosols, and thus,
has different radiative and microphysical properties. The specific objectives of the work

were to:

» Identify the contribution of local and external sources to BB aerosol concentrations

in Southern Africa;

» Assess the relevance of the synoptic variables in determining the aerosol

concentrations in Southern Africa during the biomass burning season;

» Estimate potential feedbacks between the BB aerosols, the thermal structure and the
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atmospheric circulation, and the consequent impacts on temperature and precipitation

during austral spring, and their subsequent inter-annual variability.

Verification of the performance of the models against observed data

Initially, in order to assess the suitability of the models for the proposed study,
comparisons were made between the model simulations and the actual observed climate and
aerosol observations. Results have showed that ECHAM5-HAM was in good agreement
with the spatio—temporal patterns of temperature and precipitation, and within the range
of acceptable variability of these variables, although minor biases had been simulated by the
model. Biases occurred mainly over desert areas and areas where observed data is scarce

and may have been caused by the following:

(i) Although aerosols are known to play a major in the radiative forcing and thus
influencing surface energy balance, they are yet properly accounted for in climate
models, either because their properties are not well represented in the model equations
or because they are poorly quantified and characterised in regions such as Southern

Africa;

(i) the relatively coarse resolution of the model was unable to reproduce some sub—grid

scale features [Roeckner et al., 2006a];

(iii) the scarcity of good spatio—temporally resolved observational data, since CRU data

itself was found to suffer from biases too, particularly over DRC [Tadross et al., 2006];

(iv) the prescription of using monthly mean aerosol emissions taken from the reference
year 2000 for all the simulation years, instead of the inter—annually varying emissions
[Aghedo et al., 2007]. Using the second option would have allowed the model to

capture deviations in climate variables caused by inter—annual variability of emissions.

The model showed a relatively good performance in reproducing spatial distribution of
observed AOD, however poor performance in representing the AOD magnitude over the
region was exhibited. This was probably because simulated results were compared with

uncertain observations. The uncertainties in the observations were probably caused by:

(i) the poor performance of the MODIS AOD algorithm for areas with high surface
reflectances (e.g., deserts) is known [Mabhler et al., 2006; Seidel and Popp, 2012];
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(i) the scarcity of good quality time-resolved observed AOD data over Southern Africa.

The models were considered to be in good overall agreement with observed climate
variability in the study region. The major findings are summarised in the following

subsections:

Identification of the contribution of local and external sources to BB aerosol

concentrations in Southern Africa

To identify the sources of the aerosols contributing to the burden in Southern Africa,
enabling sensitivity studies to be carried out (by switching these sources on and off),
the ECHAM5-HAM was run with BB aerosols (GLBLBB1 simulation). GFED emissions
of carbonaceous aerosols - used as tracers of biomass burning — were employed together
with modeled transport pathways, to identify the sources of the BB aerosol burden found
over the Southern African atmosphere. Results indicated that the major pollution sources
(in addition to the local sources of emissions) contributing to the aerosol burden over the
Southern African atmosphere included the African tropical forest north of the Equator and,
to a lesser extent, the South American fumes (especially during DJF and MAM seasons).

The African tropical forest fires contribute to the slight increase of concentrations in
the northern part of the study area, carried by the south—easterly winds; the second, added
to the local emissions and a continental anticyclonic flow, bringing pollution from the
Amazonian forest, at higher levels, carried by westerly winds to the southern region of the
domain, where aerosols are likely to be trapped by the combination of elevated orography
in Drakensberg and the prevailing subsidence.

These results suggested that Southern Africa experiences external aerosol pollution
during almost all seasons — i.e., and not only during the dry season (as studied by Chatfield
et al. [1998]; Duncan et al. [2007]; Trentmann et al. [2002]. Therefore, to assess the
feedbacks between aerosols and climate in the region, it is important to look at both local

and external contributions to the aerosol burden.
Assessment of the relevance of the synoptic variables in determining the aerosol
concentrations in Southern Africa during the biomass burning season

The role of synoptic conditions on atmospheric aerosol concentrations in Southern

Africa and the relative importance of these synoptic variables on regional concentrations
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of carbonaceous aerosols were investigated by using (Super—)SOMs (a type of SOM that
allows multiple data layers to be trained simultaneously) and GAM. The (Super-)SOM was
applied simultaneously in a 32x21 grid covering 0°E-58°E and 38°S-1°S over two variables:
a) the daily averaged BC and OC aerosol mixing ratio and b) SLP. The latter variable
was chosen to give a representation of the circulation patterns over the region; a 50 000
iteration GAM of the carbonaceous aerosol mixing—ratio as function of SLP, geopotential
heights, vorticity and wet and dry deposition, was applied. Results of this section of the
study are:

At a first glance, SLP appeared to be a good indicator of where larger values of pollution
were likely to be found over Southern Africa; modeled aerosol patterns suggested that the
Indian and Atlantic high—pressure systems delimited the aerosol burden area, with the largest
aerosol concentrations found within a continental low, but displaying some intrusions into
the Indian Ocean below 20°S, in the period when the Indian Ocean high retreated towards
the East (this phenomenon generally occurs in September).

Histograms of months mapped in the SOMs demonstrated that the period when
Southern Africa was overcast by carbonaceous aerosols corresponded to the June—October
period (in agreement with results previously obtained by Tummon [2011]). It was also
noted that no significant inter—annual variability existed, presumably because the model
was driven with year 2000 monthly averaged reference emissions from AEROCOM.

The GAM procedure demonstrated that the choice of SLP as a representative of
circulation patterns for the SOMs over the region was good; calculated significance revealed
SLP as the most important circulation variable determining aerosol concentrations over
Southern Africa, followed by other variables (e.g., geopotential heights, vorticity and wet

and dry deposition).

Estimation of potential feedbacks between the BB aerosols and the
thermodynamic structure during austral spring, and the implication thereof on
temperature and precipitation during austral spring, and their subsequent seasonal

and inter—annual variability

Feedbacks between the BB aerosols and (i) the thermal structure, (ii) atmospheric
circulation and (iii) precipitation, were assessed by calculating differences between results

from the GLBLBB1 and RGNLBBO BB simulations.
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Results indicated that the radiative impact of BB aerosols in Southern African, here
assessed through the responses of clear—sky and cloudy radiative forcing components at

varying levels (TOA, mid-level atmosphere and at the surface), exerted:

a) a mainly positive net radiative forcing at the TOA, with the contribution from cloud
forcing compensating for the negative contribution of net TOA longwave (LW), with

the exception of localised portions of the Atlantic Ocean;

b) a mainly positive net atmosphere radiative forcing, almost exclusively influenced by

clear—sky radiation through the absorption and scattering properties of aerosols;

c) a competition between clear-sky and cloudy-sky shortwave (SW) and LW cloud
forcings, resulting in a complex pattern of forcings over the region (where the negative
clear—sky contribution was largest over the western and north—western portion of the
sub—continent and parts of Zimbabwe and Mozambique); the positive cloud forcing
at the surface was found to be responsible for the positive values of the surface RF

elsewhere.

In general, impacts of BB aerosols over Southern Africa during June—October period
were manifested by increases in tropospheric temperature when SSA values decreased
because of the increase of BC/OC ratios, therefore increasing tropospheric absorption.
This fact reduced cloud cover, in agreement with studies previously carried out for the
Southern African region [Tummon et al., 2010]. However, the inclusion of BB—derived
SO5 and the CCN-active sulphate aerosol nucleated from SOs derived therefrom, induced
a different radiative forcing, which caused temperature and clouds over the Indian Ocean
portion of the study domain to respond differently from the behaviour expressed in other
studies. The behaviour was different likely because sulphate aerosols are hydrophilic, highly
scattering and serve as efficient CCN [Boucher and Lohmann, 1995], the evaporation of
clouds through the semi—direct effect was compensated for by the first and second indirect
aerosol effects, as these began to play a role in the simulations in sulphate dominated
regions, increasing both near—surface temperature and high—clouds in some instances, a
result expected by Randles and Ramaswamy [2010] and also investigated by Ramana et al.
[2010], in experiments carried out over China.

Comparisons of temperature and precipitation from simulations with and without BB

have shown that at some locations, because of the inclusion of BB SOs and sulphate, the
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spatial pattern included regions with positive surface RF, a result completely different from
that obtained by Sakaeda et al. [2011] and Tummon et al. [2010], in which only negative
surface RF values were observed. This implied that both negative and positive changes
of surface temperature and, thus, lower—level convergence, were also possible. However,
during the June—October period, a minor impact on precipitation was found (this period
largely includes the austral dry season), thus suggesting that the direct and semi—direct
effects would be more important than the indirect effects during this period.

Analysis of the dynamic effects over Southern Africa indicated that BB induced changes
in precipitation were primarily through circulation changes. Both positive and negative signs
of the surface radiative forcing caused by different chemico—physical properties of the aerosol
burden (as is the case with the inclusion of sulphate), induced different responses of the
surface temperature, which in turn affected the SLP, the spatial differences of which would
then determine the new circulation patterns and low-level convergence, and thus also affect
precipitation.

Large impacts on circulation and precipitation were found over land in DJF, with a
significant reduction of up to 90% in daily rainfall near Mozambique and Tanzania. These
impacts, caused by BB, induced changes of radiative forcings resulting in an inhibition of
moisture convergence over this region during this period. A study recently carried out by
Rotstayn et al. [2012], proposed a mechanism involving changes in the Walker circulation
or the local Hadley circulation to explain circulation trends caused by aerosol and GHG in
the Australasian region.

The aerosol induced changed in circulation noted in DJF suggests that despite the
reduced occurrence of local BB aerosol emissions in other seasons, a minor disturbance
of radiative forcing at the surface caused by external aerosols (brought into the region
via any long—range transport mechanism) or by a possible teleconnection mechanism, can
lead to imbalances in SLP which will cause low—level convergence to change direction
bringing more or less moisture and, therefore, impact on precipitation magnitude at a
local scale. Additionally, the trends in the precipitation variability were found to be linked
to the antecedent soil moisture conditions, and, the opposite response of temperature to
precipitation was also found. A negative trend of the amplitude of precipitation variability (in
the region with the significant precipitation reduction) was found. Apparently precipitation

had a memory of the (low) antecedent soil moisture caused by BB aerosols. As a result,
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temperature responded in the opposite direction (i.e., the trend of variability amplitude was
positive).

It is important to look at the overall aerosol emissions from BB - from the aerosols
directly released on the BB process to those nucleated from the precursor gases and the
mixing of these, since different radiative forcings will be generated by different chemical
species (see Jacobson [2001]), and, therefore, different circulation patterns will probably
be induced. This implies that a more comprehensive model, which includes chemistry, (e.g.
WRF /Chem) should be able to uncover the BB aerosol/climate feedbacks with reasonably

good approximation.
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8.2 Limitations of the study and Suggestions for
Further Research

This study was carried out with some limitations and the interpretation of results
should be done cautiously. The following limitations characterised the study and should be

considered in future studies:

= The use of coarse resolution aerosol emission inventories may have masked out some
key interactions between aerosol and climate on the finer scale. Given the short
lifetime of aerosols, it would be advisable to integrate into the model a finer spatial

resolution emissions database for the Southern African region.

= As different emission rates are known to exist in the inter—annual scale, the use
of GFED-based AEROCOM monthly averaged reference emissions for year 2000
has caused the inter—annual variability of emissions to be masked out in the
ECHAM5-HAM model. Therefore, it would be advisable to integrate inter—annual

variability of emissions in the ECHAM5-HAM simulations.

= The ECHAM5-HAM model is driven by prescribed SSTs. Thus, the model does not
include feedbacks between aerosols and the SSTs. However, it has been acknowledged
that aerosols may alter the surface temperature of the ocean through their radiative
forcing. Thus, it would be desirable for the model to include updates of the SSTs

based on the forcing exerted by aerosols.

= |t was shown that the inclusion of sulphur dioxide in the ECHAMb5-HAM simulations
led to different radiative forcing and, therefore, induced different circulations patterns
which may have impacted on precipitation patterns. It is expected that, if the model
had accounted for chemistry, the resultant chemical species would have displayed

different roles in the interaction with radiation and clouds.

= Better results would be attainable by using the latest version of models (which have
the capability to account for other parameterisation schemes together with aerosols).
Updated versions of the models include suitable convection schemes, able to inject

aerosols to appropriate heights in the troposphere.
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= An attempt to include simulations of a state-of-the art model, which would help
overcome part of the limitations presented above was made. Given that the simulation
time required on the fastest computer cluster available and the size of data generated
were unfavourable for the timely accomplishment of the tasks outlined for this study,
WREF /Chem results are presented without further discussion in Appendix B to serve

as support model for ECHAM5-HAM and a reference for further studies.

= It is important to understand the physical mechanisms by which the absence on BB
aerosols (either globally or regionally) causes larger concentrations of coarse mode

aerosols over the study region than the simulations with BB aeorols (Figure 5.1d).

= This work included sulphate aerosols nucleated from SOs. Since not all SOy gas
nucleates into sulphate aerosols, a further study aiming at understanding the possible

impacts of the remaining SOy gas in regional climate is advisable.

= Another important aspect for further research is why BB fine mode scattering aerosols
tended to be situated within high—pressure systems instead of low—pressure systems

(as did carbonaceous aerosols).

Nevertheless, this study was able to show that BB aerosols can not be disregarded when a
more comprehensive evaluation of the regional climate in Southern Africa is concerned. The
complex impacts of aerosols on climate found in this study may help scientists understand
more about the drivers of the climate dynamics in the region, and incorporate these drivers
into seasonal forecast, thereby increasing the ability to predict certain anomalous climate

patterns that, once established, would put the region at risk of disaster.
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Appendix A

Auxiliary results from ECHAMS-HAM
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Figure A.1: Latitude-month Hovmoller diagram of 550nm AOD.
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Figure A.2: JJASO average of simulated SSA in the RGNLBBO simulation
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and dashed lines) for a) DJF; b)MAM; c) JJA; and d) SON seasons. In the
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line contours, dashed and solid lines indicate negative and positive anomalies,

respectively.
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Figure A.8: Relationship between LWP and Effective Radius as a function of AOD for region

with increased precipitation (lhs), and with decreased precipitation (rhs)
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Figure A.9: Seasonal BB induced changes of 2m temperature
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Figure A.10: Seasonal changes in relative humidity and 850hPa winds
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Figure A.11: Latitude-month Hovmoller diagram of precipitation changes.
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Figure A.12: Changes in monthly mean rainfall for the region over Mozambique and Tanzania

where a significant reduction of precipitation was simulated.
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Figure B.1: Scatterplot of WRF-Chem modeled and AERONET observed AOD for Inhaca,
Skukuza, Etosha and Mongu. Red circles correspond to WRF/Chem simulations

in which only direct (DIR) effects were taken into account, while blue diamonds
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to those which both direct and indirect aerosols effects are considered (INDIR).

Apparently the INDIR simulations underestimate AOD when compared with the
DIR simulations. This may be cause by wet deposition of aerosols when the
prognosis of cloud droplet number concentration is done via aerosol number

concentration , as is the case of INDIR
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Figure B.2: JJA 2001 WRF/Chem simulated temperature, geopotential height and winds at
700hPa
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Figure B.3: WRF/Chem simulated vertical profile of black carbon and temperature, crossing

Drakensberg region at 45° with the longitude axes

Page 133 of 173



Effects of Biomass—Burning Aerosol Loading on Southern African Climate

(a) JUA ASURF TEMP K (b) SON ASURF TEMP Kl
10°E 20°E 30°E 40°E 10°E 20°E 30°E 40°E
og_,,,,,,,,,',, Lo 0° —-oom-- e Lo
5°S — - 5°S 5°S — - 5°S
10°8 — |- 10°s 10°S -‘:‘1 - 10°8
15°S + - 15°s 15°S - 15°8
20°5 L sg0g 20°8 — L 20es
2505 o L ogeg 25°S I 25°s
30°S ] gpeg 30°S -1 30°s
35°8 | T : T | T " T 378 .‘I T : T | T J T
0° 10°E 20°E 30°E 40°E 50°E 0° 10°E 20°E 30°E 40°E 50°E
[ [ N O |
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Figure B.4: BB aerosol induced changes in surface skin temperature for a) JJA and b) SON

respectively. In JJA the general pattern is one of surface temperature reduction

(up to -0.4K); Minor warming patches (up tp 0.2K) are noted over South Africa,

Botswana and in the eastern coast of the subcontinent. In SON the warming and

cooling patterns are mixed; the magnitude of the (JJA) warming has increased

(up to 0.4-0.5K)
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Figure B.5: BB aerosol induced changes in mean sea level pressure for a) JJA and b) SON
respectively. The mean sea-level pressure (MSLP) signal appeared to contradict
that of temperature (Figure B.4) in both seasons. In JJA, MSLP had increased
by ~10hPa on the western portion of Southern Africa; over the eastern side,
including Indian Ocean, between 20°S-30°S, MSLP had slightly reduced by
about 5hPa. In SON, a large decrease (up to -10hPa) was noted over Botswana
and western South Africa. The pathway of the River—of-Smoke had also suffered
a reduction in MLSP (uo to -5hPa). Pressure has also increase over the central

parts of Mozambique and south-eastern South Africa
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Figure B.6: The same as Figure B.4 but for precipitation. No clear signal of precipitation
change is noted over the JJA season (this is the austral dry seasonn). In SON,
with the initiation of the wet season in Southern Africa, concurrent patches of

precipitation reduction and increase can be seen over the DRC and south Africa.
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Changes during the iterative training

process of SOMs

SLP/OC+BC Training progress
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Figure C.1: SLP and OC+BC SOM training progress.
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