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Particles injected into the atmosphere by biomass burning, or the 

combustion of vegetation, attenuate incoming sunlight and change the radiative 

balance of the Earth.  African biomass burning alone accounts for ~40% of all 

global biomass burning emissions.  In this dissertation, we analyze data collected 

during the Southern African Research Initiative (SAFARI) field campaign in 

August and September 2000.  We find that when the meteorology was controlled 

by large-scale subsidence, aerosol single scattering albedos at 550 nm (ωo,550) 

averaged 0.89±0.03 with extinction coefficients at 550 nm (σext,550) ranging from 

~50-100 Mm-1 throughout lowest 4-5 km of the atmosphere.  Tropical smoke 

transported to the south during a frontal passage that changed the airflow patterns 

revealed an aerosol with different physical, chemical, and optical properties.  

Average values of ωo,550 decreased to 0.83±0.03 and σext,550 increased by a factor 

of two or more to ~100-200 Mm-1.   

  



To incorporate the measurements into an atmospheric radiative transfer 

model, we design and describe an original retrieval algorithm which uses the 

measurements as constraints and finds an optically-equivalent size distribution 

and refractive index that produce a self-consistent set of aerosol optical properties 

for wavelengths spanning the solar spectrum.  Using the retrieved aerosol optical 

properties as input to the radiative transfer model, we estimate the radiative 

forcing of southern African biomass burning aerosol.  The diurnally-averaged 

shortwave aerosol direct radiative forcing ranges from -7.1±2.7 W m-2 to -8.9±5.2 

W m-2 at the top of the atmosphere and -22.9±3.0 W m-2 to -73.0±7.1 W m-2 at the 

surface.  The larger magnitudes of surface radiative forcing are a result of 

increased concentrations of absorbing particles in the lowest ~5 km of the 

atmosphere which act to both increase σext and decrease ωo.  The increase in σext 

and decrease in ωo reduces the range of radiative forcing at the top of the 

atmosphere, which has important implications for interpreting satellite data. 
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Chapter 1.  Introduction 
 
1.1.  Climate Change and Biomass Burning 

Climate change is a field of multi-disciplined scientific research that has 

tumbled into the public policy arena because of the real impacts the scientific 

evidence suggests.  Major news sources and magazines regularly publish articles 

describing the policies and people affected by events such as heat waves, 

droughts, pollution [Appenzeller, 2006; Becker, 2004; Parfit, 2005], glacial retreat 

[Glick, 2004], rising sea levels, threatened ecosystems [Eliot, 2004; Montaigne, 

2004; Eliot, 2005; Ehrlick, 2006], and even how we as a global community must 

begin to adapt to the forecasted changes in the next century [e.g. Appenzeller, 

2004; Appenzeller and Dimick, 2004; Morell, 2004; Carroll, 2005; Kluger, 2005; 

Kolbert, 2005a-c; Mitchell, 2006].  The consensus of climate change scientists 

and the current research is summarized in the United Nations Intergovernmental 

Panel on Climate Change (IPCC) third assessment report (AR3) and is publicly 

available online [IPCC, 2001].  A fourth assessment report with significant 

updates is scheduled to be published by the IPCC in 2007 [e.g. Wild et al., 2005; 

www.climatescience.gov/Library/ipcc/wg14ar-review.htm].   

Although climate change research is a global-scale, multivariate problem, 

research is often focused on smaller scales to understand the physical processes 

and the regional implications.  Anthropogenic pollution is one example of a 

problem that is well-suited to a smaller scale examination.  The disparate sources 
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of pollution in turn offer other specialized areas of study.  The smoke from 

biomass burning is an example of a specialized branch of the general study of 

atmospheric pollution. 

Biomass burning, or the combustion of vegetation, has affected the 

terrestrial ecosystem for thousands of years.  Using a dynamic vegetation model 

of the Earth, Bond et al. [2005] showed that ~40% of the vegetation distribution 

on Earth appears to be controlled by fires rather than climatological parameters 

such as temperature and precipitation.  Miller et al. [2005] suggested that the 

mechanism of a human-caused mass extinction of Australia’s largest mammals 

that occurred ~50000 years ago was likely due to the introduction of 

anthropogenic biomass burning when the drought-adapted mosaic of trees shifted 

to fire-adapted grasslands and favored the survival of certain animals over others.  

This shifting from a tree-dominated landscape to one dominated by fire-adapted 

grasslands is similar to the modeling results of Bond et al. [2005] and, in the end, 

the evidence suggests that an Earth without human-induced fires would be a very 

different place. 

Biomass burning originates from both natural and anthropogenic sources.  

Natural biomass burning is mainly the result of lightning igniting dry vegetation.  

Anthropogenic biomass burning is an ancient practice [Delmas et al., 1999; Sinha 

et al., 2003; Miller et al., 2005] that is used to clear dead vegetation for new plant 

growth, hunting, signal generation, and domestic cooking and heating [Bertschi et 
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al., 2003; Roden et al., 2005].  Most biomass burning is anthropogenic in origin 

[Bond et al., 2004]. 

 In Fig. 1.1, we reproduce a figure from Ramaswamy et al. [2001] which 

concisely summarizes how different constituents of the Earth’s atmosphere affect 

the radiative balance of the Earth-Sun system.  According to Fig. 1.1, biomass 

burning is still in the process of being understood [Penner et al., 1992; Hobbs et 

al., 1997].  The emissions from biomass burning together with other sources of 

atmospheric pollution, contribute significantly to the uncertainty associated with 

effects of climate change [e.g. Anderson et al., 2003a; Schwartz, 2004; Andreae et 

al., 2005; Delworth et al., 2005; Palle et al., 2005].  By analyzing in situ aircraft 

observation, this dissertation examines the microphysical and optical 

characteristics of southern African biomass burning emissions and estimates the 

effects of the biomass burning aerosol on solar radiation. 

 

1.2.  Aerosol Physical and Chemical Properties 

An aerosol is a distribution of solid or liquid particles of varying physical 

size and chemical composition that are suspended in air.  Particles in the smoke 

from biomass burning, pollution from power plants, and dust that is lifted into the 

atmosphere, are all examples of atmospheric aerosols.  Most particles are in the 

lowest 5 km of the troposphere which extends from the surface to ~20 km.  Good 

examples of observations of different aerosol vertical profiles from around the 

world can be found in Magi et al. [2003], Redemann et al. [2003], Magi et al. 
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Fig. 1.1.  Globally and annually averaged radiative forcing (W m-2) for a period from about 1750-
2000 due to different atmospheric constituents.  Positive (negative) radiative forcing implies a 
warming (cooling) effect.  The height of the rectangles indicate the central or best estimate.  The 
error bars with an ‘x’ are based on published literature while the error bars with an ‘o’ are 
uncertain due to a paucity of published values.  The level of scientific understanding (LOSU) 
represents a qualitative summary of the understanding of the particular atmospheric constituent 
where H, M, L, VL, mean High, Medium, Low, and Very Low, respectively.  Fossil fuel (FF) 
burning is separated into black carbon (BC) and organic carbon (OC) components, while the 
carbonaceous components of biomass burning (BB) are not.  The figure and a full description can 
be found in Ramaswamy et al. [2001].  
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[2005], and Schmid et al. [2006].  The lifetime of particles in the troposphere 

ranges from a few days to weeks (compared to decades for greenhouse gases like 

carbon dioxide) and the sources are widely varying [Ramaswamy et al., 2001].  

This results in a globally heterogeneous spatial and temporal distribution as 

suggested by the global model input in Reddy et al. [2005a] and reproduced in 

Fig. 1.2, or similarly in the modeling studies of Chung et al. [2005] and Takemura 

et al. [2005].  One important note is that the aerosol source strengths and 

distributions in models are not necessarily the same. 

Aerosols range in size from ~1 nm (0.001 µm) to as large as 1 mm (1000 

µm) diameter, but there is a tendency of aerosols to be grouped together in 

different size modes that are dependent on the age and the source.  Particle 

diameter, Dp, is often used to differentiate between these modes of an aerosol size 

distribution [Seinfeld and Pandis, 1998].  For the purposes of terminology, we 

define the nucleation mode of an aerosol size distribution as Dp between 0.003 – 

0.1 µm, the accumulation mode as Dp between 0.1 – 1 µm, and the coarse mode 

as Dp between 1 – 10 µm.  Nucleation mode particles are generally produced by 

direct injection of particles into the atmosphere or by processes like gas-to-

particle conversion, and these very small particles rapidly change both in size and 

chemical composition through processes like coagulation [Reist, 1993; Seinfeld 

and Pandis, 1998; van Poppel et al., 2005].  Accumulation mode particle 

concentrations are generally less than that of the nucleation mode, but these larger 

particles have a much greater impact on visible radiation [Reist, 1993; Hegg et al., 
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Fig 1.2.  The heterogeneous spatial distribution of annually averaged aerosol mass 
burden (units are mg m-2) of sulfate, organic matter (OM), and dust aerosols (see 
Section 1.2) used in a general circulation model.  The values in parentheses are the total 
mass burden.  The overall larger mass burden of dust aerosols is mainly due to the 
larger average diameter of these particles.  The actual spatial distributions of different 
types of aerosols vary from model to model [e.g. Kinne et al., 2003, 2005] and are not 
always based on direct measurements.  This figure was published in Reddy et al. 
[2005a]. 
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1993].  Coarse mode particles (such as dust shown in Fig. 1.2) are globally 

significant as well, but we concentrate in this study on particles in the nucleation 

and accumulation modes with Dp < 1 µm, or submicron particles.   

An aerosol size distribution is often described using a lognormal 

distribution that is defined as 
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p

g

gp

gp

a
ppa dD
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where n(Dp) dDp is the particle number concentration (particles/cm3) in the 

diameter range of Dp to Dp+dDp, Na is the total aerosol number concentration in 

units of particles/cm3, Dg is the geometric mean diameter in units of µm, and σg is 

the unitless geometric standard deviation.  The value of Dg is defined as  

∫
∫

∞

∞

=

0

0

)(

log)(
log

pp

ppp

g
dDDn

dDDDn
D      (1.2) 

and σg is calculated using 

1)(

)log(log
log

0

0

2

−

−
=

∫
∫

∞

∞

pp

ppg

g
dDDn

dDDD
σ     (1.3) 

The sum of two or more lognormal distributions can be used to fully describe the 

various features of a submicron aerosol size distribution [Haywood et al., 2003a] 

or the entire aerosol size distribution [Seinfeld and Pandis, 1998; Stier et al., 

2005], but often a single lognormal distribution (or unimodal distribution) 

suffices.   
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The chemical composition of aerosols is dependent on the source region 

and this affects the complex refractive index (m) which is given by  

mλ = mr,λ + imi,λ         (1.4) 

where mr,λ is the real part of mλ, mi,λ is the imaginary part, and λ implies the 

dependence of the values on the wavelength of radiation.   

Common chemical components of aerosols are ionic species like sulfate 

(SO4
2-) [Charlson, 1999] and various carbonaceous mixtures that are often 

broadly classified as organic carbon (OC) or black carbon (BC) [d’Almeida et al., 

1991; Bond et al., 2004; Reid et al. 2004a-b].  Distinguishing between OC and BC 

is based on the temperature of chemical evolution from particulate matter to a gas 

when an aerosol sample is heated [e.g. Kirchstetter et al., 2003], but this 

temperature of particle evolution is not an exact value, resulting in potential 

overlaps between the OC and BC classifications.  Organic aerosol chemistry 

research has been summarized in extensive reviews by Saxena and Hildemann 

[1996] and more recently in Kanakidou et al. [2005].  

In terms of mass, the chemical composition of biomass burning aerosol is 

dominated by a vast suite of carbonaceous (both OC and BC) particles [Ruellan et 

al., 1999; Eatough et al., 2003; Kirchstetter et al., 2003; Bond et al., 2004; van 

Poppel et al., 2005] with smaller contributions from inorganic particles like 

sulfate [Gao et al., 2003; Li et al., 2003; Ruellan et al., 1999].  Biomass burning 

particles are mainly a secondary product of the combustion process [Reid et al., 

2004a] and form from gas-to-particle conversions [Sinha et al., 2003a; Korontzi et 
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al., 2003].  The vast majority of trace gas emissions from biomass burning are in 

the form of carbon dioxide (CO2) and carbon monoxide (CO) [Hobbs et al., 2003; 

Reid et al., 2004a] and CO is often used as a tracer for biomass burning emissions 

[Sinha et al., 2003a]. 

Aerosol chemical composition also changes over time as aerosols 

originating from various sources interact.  Evidence suggests that biomass 

burning aerosols age quickly [Hobbs et al., 2003; Li et al., 2003; Magi and 

Hobbs, 2003; Posfai et al., 2003; Reid et al., 2004a] and therefore measurements 

made away from the fires are considered to be a fully processed aerosol that is 

relatively stable until dry or wet deposition processes remove the particles from 

the atmosphere or until the aerosol interacts with a new airmass and is diluted in 

concentration. 

The chemical properties of aerosols are also dependent on their mixing 

state [Chylek et al., 1988; Fuller et al., 1999].  Externally mixed aerosols mean 

that every unique chemical species exists independently of the other [Seinfeld and 

Pandis, 1998; Ming et al., 2005].  Although this mixing rule is an ideal way of 

representing chemically varying aerosols, there are times when a real aerosol 

population is externally mixed [Posfai et al., 2003].  Many studies assume an 

internally mixed aerosol or have shown that aerosols often exist in this state [Li et 

al., 2003; Posfai et al., 2004], but there are questions of whether the aerosols are 

homogenously mixed together [Haywood et al., 2003a] or whether the aerosols 

exist as a sort of core with a shell [Ackerman and Toon, 1981; Ross et al., 1998].  
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The mixing state used to represent aerosols in models [Jacobson, 2001; Chung 

and Seinfeld, 2005; Stier et al., 2005] affects the way solar radiation interacts with 

the aerosols [Chylek et al., 1995; Fuller et al., 1999; Ming et al., 2005], but the 

treatment of aerosol mixing and aerosol chemistry varies depending on the study 

[Textor et al., 2005].  

Aerosol optical properties are dependent on the chemical composition and 

the chemical mixing state as well as the physical size distribution.  These 

fundamental properties are, however, difficult to fully characterize since aerosol 

lifetimes are short and the sources are heterogeneous.  We discuss the interaction 

of an aerosol with radiation in the next section. 

 

1.3.  Aerosol Optical Properties 

Radiative transfer theory quantifies the interaction of atmospheric aerosols 

with radiation using the physical and chemical properties of aerosols discussed in 

Section 1.2 [Twomey, 1977; van de Hulst, 1981; Bohren and Huffman, 1983].  We 

begin by describing the interaction of radiation with a single particle and then 

describe the interaction of radiation with a distribution of particles, or an aerosol.   

 Radiative flux in units of W m-2 incident on a single particle will be partly 

scattered or absorbed.  The total energy removed from the beam of radiation 

incident on the particle is proportional to the extinction cross section, Cext, which 

is the sum of the scattering and absorption cross sections 

Cext,λ = Csca,λ + Cabs,λ         (1.5) 
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where the “λ“ subscript implies a dependence on the wavelength (λ) of the 

incident radiation.  For a spherical particle with diameter, Dp, the unitless 

extinction efficiency (Qext,λ) is then Cext,λ divided by the geometric cross sectional 

area of the particle 

2

,
,

4
1

p

ext
ext

D

C
Q

π
λ

λ =          (1.6) 

and can also be expressed as the sum of scattering efficiency (Qsca,λ) and 

absorption  efficiency (Qabs,λ), analogous to Eq. 1.5.  The values of Qsca,λ and 

Qext,λ can be determined accurately using Mie theory [van de Hulst, 1981; Bohren 

and Huffman, 1983] given λ, Dp, and mλ [e.g. Wiscombe, 1987].  The accuracy of 

Mie theory is only limited by the knowledge of the physical and chemical 

properties of the particle and also only applies to spherical particles.  There are 

many discussions of the implications and reality of a spherical aerosol assumption 

applied to real atmospheric aerosols [Ruellan et al., 1999; Fuller et al., 1999; 

Mishchenko et al., 2000; van Poppel et al., 2005], but evidence suggests that 

aerosols tend to become more spherical the longer they reside in the atmosphere 

[Posfai et al., 2004; Reid et al., 2004a]. 

The wavelength dependent single scattering albedo, ωo,λ, describes the 

probability that radiation incident on a particle will be scattered rather than 

absorbed and is defined as 

λ

λ
λω

ext,

sca,
, Q

Q
=o           (1.7) 
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with values ranging theoretically between 0 and 1 (1 indicating a non-absorbing, 

or purely scattering, aerosol).  Generally, values of ωo are ~0.8-0.95 for mid-

visible wavelengths [e.g. Hess et al., 1998], but even over this small range, ωo can 

have a dramatically different impacts on the radiative balance of the atmosphere 

[Russell et al., 2002].   

If the incident radiation is scattered by a spherical particle, the probability 

of scattering within a certain differential angle (dθ) with respect to the direction of 

the incident radiation is given by the scattering phase function, Pλ(θ), which is a 

probability distribution function [e.g. Twomey, 1977] that is defined as 

θθθ
π

λ dP∫=
0

)sin()(
2
11       (1.8) 

where the probability distribution function assumes no azimuth angle dependence 

(i.e. a spherical particle).  The asymmetry parameter, gλ, is defined as the flux-

weighted average of the cosine of the scattering angle (θ) or  

∫=
π

λλ θθθθ
0

)sin()()cos(
2
1 dPg        (1.9) 

and varies between -1 and +1; gλ = -1 refers to complete back scattering of the 

incident radiation, gλ = +1 means that incident radiation is completely scattered in 

the forward direction, and gλ = 0 is isotropic scattering.  Usually values of gλ for 

aerosols are between 0 and +1, indicating the tendency of radiation to be scattered 

in the forward hemisphere rather than the backward hemisphere.    
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The Henyey-Greenstein phase function (PHG) is a common approximation 

to the complete scattering phase function [Wiscombe and Grams, 1976] and is 

dependent only on θ and gλ

[ ] 2/32
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g
gPHG
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=     (1.10) 

The approximation, however, introduces errors into radiative transfer calculations.  

As shown in Boucher [1998], these errors are significant at small and large values 

of θ and for accumulation mode size distributions.  

When examining the effects of incident radiation on an entire population 

of particles, or an aerosol, the different sizes of the particles in the aerosol size 

distribution implies that the values of Qext,λ will also change.  The total 

attenuating effects of an aerosol on incident radiation with wavelength λ can be 

described by extinction coefficient, σext,λ, or  

pppext
p

ext dDDnDQ
D

)()(
4 ,0

2

, λλ

π
σ ∫

∞
=      (1.11) 

where n(Dp) can be defined using a lognormal size distribution (Eq. 1.1) and the 

scattering coefficient (σsca,λ) and absorption coefficient (σabs,λ) are defined 

analogously using the respective efficiencies (Qsca,λ or Qabs,λ).  The units of σext,λ, 

σsca,λ, and σabs,λ are inverse length and stated in this study as Mm-1 (or 10-6 m-1)  

The radiation scattered by an aerosol in the backwards direction (90˚ to 180˚) with 

respect to the direction of the incident radiation is the backscattering coefficient 

(σsca,back,λ).  The unitless hemispheric backscatter ratio, βλ, is defined as 
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λ σ

σ
β

,

,,

sca

backsca=         (1.12) 

and gives the fraction of incident radiation that is scattered in the backwards 

direction relative to radiation scattered into all directions.  The total amount of 

radiation attenuated from an incident beam for a vertical column of aerosols with 

an extinction coefficient σext,λ is the vertical aerosol optical depth (τλ) and is 

defined as 

∫
∞

=
0 , )( dzzext λλ στ         (1.13) 

where z is the altitude in units of length such that τλ is a unitless parameter and 

σext,λ is a function of z.   

The aerosol extinction coefficient (Eq. 1.11) and aerosol optical depth (Eq. 

1.13) are dependent on the aerosol number concentration (Na, see Eq. 1.1) and are 

called an extensive properties.  Aerosol optical properties such as ωo,λ (Eq. 1.7) 

and gλ (Eq. 1.9) are not dependent on Na and are called intensive properties.   

The wavelength dependence of σext,λ can be described by the Angstrom 

exponent, αext, which is defined as 

)log()log(
)log()log(

21

,,
,

21

21 λλ
σσ

α λλ
λλ −

−
−=−

extext
ext      (1.14) 

where λ1 and λ2 describe the range of λ over which αext is calculated and 

1,λσ ext and 
2,λσ ext  are the σext values at λ1 and λ2.  Values of αext,450-700 were ~1.7 – 

2.0 during SAFARI-2000 in the regional haze indicating an aerosol population 
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dominated by submicron particles rather than coarse mode particles (when values 

of αext,450-700 are generally smaller), and this agrees with general biomass burning 

aerosol physical properties [e.g. Reid et al., 2004a].  Analogous definitions can be 

stated for αsca, αabs, and ατ.   

Radiative transfer theory requires quantification of σext,λ, ωo,λ, and gλ.  For 

a particular time and location, each of these aerosol optical properties depends on 

λ, z, and relative humidity (RH).  The dependencies are themselves dependent on 

the chemical and physical aerosol properties described in Section 1.2.  As we will 

discuss later in this study, biomass burning aerosol exhibits a strong dependence 

of σext,λ on λ, z, and RH.  Similarly, ωo,λ for a biomass burning aerosol is 

dependent on z, but the dependence of ωo,λ on λ and RH has not been measured 

directly.  All aerosol optical properties are dependent on the time and space, but 

Anderson et al. [2003a] showed that homogenous aerosol number concentrations 

in the lower troposphere rarely exist for time scales longer than ~10 hours and 

spatial scales larger than ~100 km.  

In this study, we examine aerosol optical properties in the solar (or 

shortwave) spectrum defined as λ = 200 – 4000 nm and the effects of aerosols on 

the radiative balance of the Earth.  Aerosol radiative effects are generally 

confined to the shortwave but modeling research indicates that aerosol longwave 

effects (primarily due to dust and sea salt aerosols) could also be globally 

significant [Jacobson, 2001; Reddy et al., 2005a; Reddy et al., 2005b].   
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The downward and upward fluxes (Fdown and Fup, respectively) in units of 

W m-2 are calculated using radiative transfer theory.  The net flux, Fnet, at any 

level in the atmosphere is  

Fnet = Fdown – Fup           (1.15) 

and can be calculated for any range of λ (shortwave net flux at the surface, for 

example).  The radiative effects of aerosols can be quantified by defining the 

aerosol radiative forcing (RF) in units of W m-2 on the atmosphere as  

RF = Fnet,a – Fnet,n           (1.16) 

where Fnet,a is the net flux at some level in an atmosphere with aerosols and Fnet,n 

is the net flux at the same level in an atmosphere with no aerosols.  Thus, RF 

isolates the overall radiative effects of aerosols for a particular profile at some 

level in the atmosphere.  Conventionally, RF is specified at the top of the 

atmosphere (RFtoa) and at the bottom of the atmosphere (RFboa), or surface 

[Ramaswamy et al., 2001], but radiation absorbed by the atmosphere can have 

important effects on the stability of the atmosphere and cloud formation 

[Ackerman et al., 2000; Jiang and Feingold, 2006].  RF, or more specifically, Fup, 

is dependent on the surface albedo (Fup/Fdown) as well.  Surface albedo over land 

exhibits varying degrees of seasonal and diurnal variability [Moody et al., 2005], 

while ocean surfaces are not as variable. 
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1.4.  Southern African Biomass Burning and SAFARI-2000 

The southern hemisphere is dramatically affected by fire ecology [Bond et 

al., 2005].  As shown in Fig. 1.3, carbon emissions from biomass burning in 

Africa and South America alone account for nearly 50% of the global carbon 

emissions from prolific fossil fuel sources like those in the United States, Europe, 

and China as well as biomass burning in other parts of the world [Bond et al., 

2004]. 

Every year from about April to October, southern Africa (Fig 1.4) 

experiences a period of intense biomass burning during the southern hemisphere 

winter months [e.g. Annegarn et al., 2002; Swap et al., 2002a].  The aerosol and 

trace gas emissions from southern Africa interact with a persistent high pressure 

(anticyclonic circulation) system that remains in place ~80% of the time during 

the winter months over the sub-contintent [Garstang et al., 1996].  The large-

scale subsidence resulting from the presence of the continental high pressure in 

turn creates multiple persistent layers of stability that occur throughout the 

atmosphere at nearly the same pressure levels (~850, 700, 500, and 300 hPa) and 

with a high degree of frequency throughout the year [Cosijn and Tyson, 1996; 

Tyson et al., 1996].  The frequency of occurrence of these stable layers increases 

during the winter months since the continental high pressure is more persistent 

during that time [Cosijn and Tyson, 1996].  Westerly waves from the southern 

mid-latitudes and easterly tropical disturbances occasionally perturb the otherwise 

nearly permanent continental high pressure system [Garstang et al., 1996].   
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Sahara 

Atlantic Ocean Congo River Basin 

Indian 
Ocean 

Namib Desert 

Kalahari 
Desert 

 
Fig. 1.4.  The vegetation types on the continent of Africa in August, during the climatological dry 
season.  Most of the biomass burning occurs in equatorial southern Africa in the tropical forests, 
the woody savannas of Zambia, Angola and northern Botswana, and in the grassland savannas of 
southern Botswana, Zimbabwe, eastern South Africa, and Mozambique.  See the inset for political 
boundaries.  The vegetation map is available at http://modis-
atmos.gsfc.nasa.gov/ECOSYSTEM/index.html and the political map was created using 
http://www.planiglobe.com/omc_set.html.   
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The aerosol and trace gas concentrations from the biomass burning 

emissions depend on both the type of vegetation (Fig. 1.4) and the amount of 

vegetation available.  The vegetation type and density varies strongly from 

equatorial southern Africa to the southern tip of the continent.  The tropical 

forests of the Congo River basin [Delmas et al., 1999] transition to woody 

savanna which changes to a grassland savanna [Sinha et al., 2003] marked by a 

lower density of trees [also see photographs of surface types in Gatebe et al., 

2003].  The fire ecology of southern Africa has certainly had an effect on the 

development of the southern African ecosystem [Bond et al., 2005].   

The vegetation availability depends on the amount of precipitation during 

the wet summer months from the previous year and, in contrast to the nearly 

predictable behavior of the wintertime meteorology in southern Africa, the 

interannual precipitation variations are much larger [Anyamba et al., 2003].  The 

amount of precipitation in southern Africa is partly linked to the Pacific Ocean El 

Nino Southern Oscillation (ENSO), where the warm phase ENSO results in below 

normal precipitation in southern Africa and the cold phase ENSO results in above 

normal precipitation [Anyamba et al., 2002].  So although fires occur every year 

in southern Africa, evidence suggests that interannual variability is the most 

important consideration when accounting for African biomass burning emissions 

[Duncan et al., 2003].   

The persistent continental high pressure system enhances concentrations 

of aerosols and trace gases during the winter months of southern Africa by 
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inhibiting vertical mixing [Tyson et al., 1996; Swap and Tyson, 1999].  The 

overall effect is that aerosols tend to accumulate below the stable layers in dense 

hazes, although often the haze layers are separated by thin clean slots with low 

aerosol number concentrations [Hobbs, 2003].  The vertical mixing increases 

somewhat during the day as solar insolation destabilizes the atmosphere, but the 

aerosol concentrations in the atmosphere are then simply uniformly high rather 

than vertically structured.  The haze layers extend from the surface to ~500 hPa 

[Swap and Tyson, 1999; Magi et al., 2003] and, after noting the marked decrease 

in visibility, one can hypothesize that the haze has a strong effect on sunlight. 

The regional haze in southern Africa is dominated by biomass burning 

emissions.  Bond et al. [2004] suggest that ~86% of the carbon from African 

combustion emissions are from biomass burning sources (compared to, for 

example, ~54% for North America and Europe).  The anticyclonic circulation 

serves to transport aerosols and trace gases in a weak counterclockwise gyre with 

easterly transport in the northern part of the subcontinent and westerly transport in 

the southern part [Tyson et al., 1996; Freiman and Piketh, 2003; Sinha et al., 

2004].  Most of the biomass burning occurs in the tropical latitudes of southern 

Africa.  Significant burning also occurs in the woody and grassland savannas 

south of the tropical latitudes but changes from more variable precipitation 

patterns [Anyamba et al., 2003].  Eck et al. [2003] show that aerosol optical 

depths (Eq. 1.13) in the woody and grassland savanna regions of southern Africa 

(Fig. 1.4) are determined by biomass burning emissions and field data presented 
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in Ruellan et al. [1999], Gao et al. [2003], and Kirchstetter et al. [2003] shows 

that aerosol mass concentrations are much higher than in western South Africa, 

which is mostly shrub and barren desert and is only indirectly affected by biomass 

burning emissions [Piketh et al., 1999].   

  Several field campaigns have been organized to better understand the 

impacts of southern African biomass burning emissions [Swap et al., 2002a, and 

references therein].  The largest field campaign was the Southern African 

Research Initiative (SAFARI) that took place in August and September 2000 

during the dry wintertime months of southern Africa [Annegarn et al., 2002; Swap 

et al., 2002b; Swap et al. 2003].  One of the main objectives of SAFARI-2000 

was to characterize the emissions of southern African biomass burning [Swap et 

al., 2002b].  The University of Washington (UW) research aircraft, together with 

a number of other research groups listed in Swap et al. [2003], collected 

measurements of the physical, chemical, and optical properties of southern 

African biomass burning as a part of the SAFARI-2000 field campaign.  Over 100 

hours of flight time were logged by the UW research aircraft during the campaign.  

Many of the preliminary analyses of the data collected during SAFARI-2000 by 

the UW and other groups were published in a Special Issue of the Journal of 

Geophysical Research (vol. 108, no. D13, 2003).  Many more detailed studies 

from SAFARI-2000 have been published since the Special Issue [Haywood et al., 

2004; Osborne et al., 2004; Sinha et al., 2004; Abel et al., 2005].  Much of the 
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SAFARI-2000 data is available online as well at 

http://daac.ornl.gov/S2K/safari.html.  

 

Section 1.5.  Objectives and Organization of Dissertation 

This study will focus on evaluating the magnitude and the uncertainties of 

clear-sky biomass burning aerosol direct radiative forcing in southern Africa [e.g. 

Ramaswamy et al., 2001].  Since SAFARI-2000, the understanding of southern 

African biomass burning aerosols has improved dramatically [Haywood et al., 

2003a; Myhre et al., 2003; Osborne et al., 2004; Abel et al., 2005], but there 

continue to be problems integrating the data into the models to evaluate the global 

impact of biomass burning aerosol radiative forcing [Ackerman et al., 2004; Kahn 

et al., 2004; Kinne et al., 2005].   

The analysis presented in this dissertation is based on aircraft data 

collected during vertical profiles and offers a supplementary and complementary 

analysis to the previous body of work [e.g. Swap et al., 2003; Abel et al., 2005].  

We discuss a new aerosol optical property retrieval algorithm designed around the 

type of data collected during SAFARI-2000 and use the retrieval output to 

estimate the measurement-based direct radiative forcing [Penner et al., 1992; 

Hobbs et al., 1997; Ramaswamy et al., 2001] due to southern African biomass 

burning aerosols.  These values are compared with published work from southern 

African regional modeling studies [Myhre et al., 2003; Abel et al., 2005].  The 

uncertainty in the radiative forcing is assessed by performing sensitivity studies, 
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which is realistically the only method capable of evaluating uncertainties in 

radiative forcing estimates [Redemann et al., 2000b]. 

In Chapter 2, the instruments used to collect the measurements are 

described and the analysis of the data collected from the aircraft is described in 

Chapter 3.  In Chapter 4, we present and evaluate an original custom-designed 

aerosol optical property look-up table retrieval algorithm that uses the analyzed 

data in Chapter 3 as input.  The output of the retrieval provides a table of the 

wavelength and altitude dependent aerosol optical properties needed as input to a 

column radiative transfer model.  In Chapter 5, we describe the model, discuss the 

radiative forcing calculations, and evaluate the uncertainties in the estimates of 

radiative forcing due to southern African biomass burning aerosol.  Finally, we 

summarize the findings and discuss the implications in Chapter 6. 
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Chapter 2.  Data 
 
2.1.  Airborne Instrumentation 

The University of Washington (UW) Cloud and Aerosol Research Group 

has a long history of aircraft research [Hobbs, 1991].   A complete listing of the 

UW research aircraft flights in SAFARI 2000, the sampling strategies, and all of 

the instruments aboard the aircraft is summarized in the appendix of Sinha et al. 

[2003a] and is also publicly available at 

http://cargsun2.atmos.washington.edu/sys/research/safari/.  The measurements 

obtained from the UW research aircraft (Fig. 2.1) during SAFARI 2000 and used 

in this study are described in this chapter.  Many other details about specific 

instruments on the UW research aircraft can be found in Reid et al. [1998], Ross 

et al. [1998], Hartley [2000], and Garrett [2000]. 

Aircraft altitude and location were determined from an onboard global 

positioning system (GPS).  The altitude was accurate to within ~5 m.  During 

brief periods when the GPS did not record data, GPS altitude is replaced by the 

hypsometric altitude [e.g.  Wallace and Hobbs, 2006].  The two methods agree to 

within ~1% at 700 hPa. 

Meteorological data were collected continuously by a suite of standard 

instrumentation [Sinha et al., 2003a].  This included temperature (T), pressure (p), 

and dew point temperature (Td).  Relative humidity (RH) is derived from 

measurements of T and Td using the empirical equation for saturation vapor 
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Fig. 2.1.  The University of Washington research aircraft (Convair-580) used during 
SAFARI-2000 (Photograph available at http://cargsun2.atmos.washington.edu/). 
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pressure on pp. 350 in the 6th edition of the Smithsonian Meteorological Tables 

and equations found in Wallace and Hobbs [2006]. 

As a final note, all data collected from the UW research aircraft during 

SAFARI-2000 are archived and available by request using contact information 

found at http://cargsun2.atmos.washington.edu/. 

 

2.1.1.  Nephelometers 

A nephelometer measures σsca (Eq 1.11 using Qsca) and σsca,back (Eq 1.12).  

The instrument design was first described by Buettel and Brewer [1949] and the 

first measurements were described by Charlson et al. [1967] and Ahlquist and 

Charlson [1968].  Now nephelometers are deployed in most aerosol measurement 

campaigns [Hegg et al., 1997; Reid et al., 1998; Clarke et al., 2002; Anderson et 

al., 2003c; Magi et al., 2003; Magi et al., 2005; Schmid et al., 2006].  Evaluations 

of the nephelometer performance and a published calibration procedure 

[Anderson et al., 1996; Anderson and Ogren, 1998] helped improve the 

usefulness of the measurements.  The UW research aircraft used two independent 

nephelometers located inside the aircraft and the instruments used an inlet that 

sampled particles with diameters less than ~3 µm and has been described 

previously [e.g. Hartley, 2000; Magi and Hobbs, 2003].   

One nephelometer, custom-built for the UW by the same person that 

designed the commercially-available TSI nephelometer [Anderson and Ogren, 

1998], provided simultaneous measurements of σsca and σsca,back at three visible 
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wavelengths (λ = 450, 550, and 700 nm) and will be referred to as the 3λ-

nephelometer.  When necessary, we will refer to σsca measured at a wavelength λ 

as σsca,λ (for example, σsca at λ = 550 nm would be σsca,550).  We will use similar 

notation for σsca,back.  The 3λ-nephelometer integrated over scattering angles from 

~7˚ to 170˚ for σsca and from ~90˚ to 170˚ for σsca,back.  The methods used to 

correct the measurements for forward (0˚ to 7˚) and backward (170˚ to 180˚) 

angular truncation and non-Lambertian light source illumination within the 

nephelometer sample chamber are described in Hartley [2000] and are similar to 

the correction methodology for the TSI nephelometer [Anderson and Ogren, 

1998].   

The 3λ-nephelometer measurements were all made at ambient pressure 

but the airstream was heated to dry the aerosol to an RH of ~30% to minimize the 

effects of ambient RH on σsca and σsca,back (Section 3.2).  The measurements were 

made with ~10% precision and, with the sample time set at 1 second, the lower 

detection limit was ~1 Mm-1.  As will be shown in Section 3.4, measurements of 

σsca during SAFARI-2000 rarely reached the lower detection limit. 

The other nephelometer on the UW research aircraft will be referred to as 

the 1λ-nephelometer and measured σsca,537.  The airstream to the 1λ-nephelometer 

was not deliberately heated.  However, since ambient RH during SAFARI-2000 

was generally low (e.g. Section 3.3) and the aircraft cabin was warmer than the 

ambient air temperature, the aerosol measured by the nephelometer was most 
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likely at RH<40%.  Measurements from the 1λ-nephelometer are only used in the 

analysis as a proxy substitute for brief instances when the 3λ-nephelometer 

measurements were not available (Section 3.2). 

Both nephelometers were calibrated before and during SAFARI-2000 by 

standard procedures described in Anderson and Ogren [1998].  Natural variability 

and instrument noise are averaged out to some degree by techniques described in 

Section 3.4, but Anderson et al. [1996, 2000] show that nephelometer 

measurements have a ~7% systematic uncertainty that cannot be averaged out.  

Aside from the systematic uncertainty, all other forms of uncertainty are 

propagated using a standard quadratures method [Bevington and Robinson, 1992]. 

 

2.1.2.  Particle and Soot Absorption Photometer 

Measurements of σabs (Eq. 1.11 using Qabs) for Da < ~3 µm were made at λ 

= 567 nm using a Particle and Soot Absorption Photometer (PSAP) located inside 

the aircraft and sampling from the same inlet as the nephelometers (Section 

2.1.1).  The precision of the PSAP measurements is ~25% and the lower detection 

limit is ~2 Mm-1 using a 30 s running mean values of σabs with outputs every 

second.  An internal flow meter in the PSAP monitored the flow rate at standard 

temperature and pressure (T = 273.15K, p = 1013.25 hPa), but PSAP 

measurements were adjusted to ambient temperature and pressure in all analysis 

so that they could be compared to the 3λ-nephelometer measurements.  The 

airstream to the PSAP was also partly heated to RH<40%.   
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The PSAP measurements were corrected for typical errors in instrument-

to-instrument variability, instrument noise, PSAP response to scattering, and 

PSAP response to absorption, following the procedures described by Bond et al. 

[1999], which implicitly account for a wavelength adjustment from 567 nm to 550 

nm.  The PSAP sample spot size diameter for the UW PSAP was measured at 4.7 

mm (compared to the manufacturer stated 5.1 mm) and this correction was 

included as well [Bond et al., 1999].  Potential corrections to the flow rate of the 

PSAP [Bond et al., 1999] were not possible since the instrument was no longer 

available for verification, but personal communications with the SAFARI-2000 

PSAP operator suggested that the flow rate for the UW PSAP was ~2 Lpm, which 

is the same as the flow rate stated by the manufacturer.  Regardless of the 

correction procedures, Bond et al. [1999] show that there is a basic ~20% 

systematic uncertainty associated with the PSAP.  Since we have no quantitative 

evidence of the potential difference in flow rate, we a slightly larger 25% 

systematic uncertainty in the values of σabs reported by the UW PSAP.  All 

uncertainties, aside from the 25% systematic uncertainty, are propagated using the 

quadratures method [Bevington and Robinson, 1992].   

The PSAP is a well-documented, but sometimes problematic instrument, 

and has been discussed in detail in many studies [Bond et al., 1999; Anderson et 

al., 2003c; Sheridan et al., 2005; Doherty et al., 2005].  This study presents data 

from the PSAP using methods that are completely traceable back the raw 

measurements should any further corrections be needed in the future.  We will 
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refer to σabs measured at λ = 550 nm as σabs,550, similar to the notation for σsca.  

Extrapolation of σabs,550 to other wavelengths is possible using αabs (Eq. 1.14).  

We discuss this in Section 3.3.1.   

 

2.1.3.  Aerosol Number Concentration and Size 

Measurements of aerosol number concentrations (Na in Eq. 1.1) were made by 

two condensation nuclei counters (CNCs) manufactured by TSI.  The CNCs were 

located inside the aircraft and sampled from the same inlet as the nephelometers 

(Section 2.1.2).  TSI CNC models 3022 and 3025 counted aerosol particles (in 

units of particle number per unit volume, or simply cm-3) with diameters ranging 

from about 0.007 – 1.0 µm and 0.003 – 1.0 µm, respectively.  The CNC 3022 

measures Na < 107 cm-3 and the CNC 3025 measures Na < 105 cm-3.  Kesten et al. 

[1991] discuss the TSI model 3025 CNC, but aside from the general deployment 

in multiple ground and aircraft based field campaigns [Heintzenberg and Ogren, 

1985; Clarke et al., 2002], there is not very much published about any potential 

problems with the counters.  There is also no calibration associated with the 

instruments but the coincident measurements obtained by the UW CNC 3022 and 

3025 were intended to provide a level of validation.  In theory, CNC 3025 should 

measure slightly more particles because of the larger range.  The measurements 

by the CNC 3025 were on average ~15% higher than those by the CNC 3022 

during SAFARI-2000.  The errors in Na from the CNC (δNa) are calculated as 

counting errors (Na
-1/2) per the discussion in Bevington and Robinson [1992]. 
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The Passive Cavity Aerosol Spectrometer Probe (PCASP) is 

commercially-built by Particle Measuring System, Inc. and the UW used a 

PCASP model 100x mounted on the wing of the aircraft.  The PCASP measures 

Na for fifteen size bins at a low RH to arrive at a size distribution for a dried 

aerosol [Strapp et al., 1992].  The calibration procedure for the PCASP is based 

on using non-absorbing latex spheres with a known refractive index (m) at the 

operating wavelength of the PCASP (λ = 632.8 nm), mlatex,632.8 = 1.592+0i.  For 

field use, m of the sampled aerosol, ma,632.8, must be known and also must be 

nearly constant across the entire size range of the PCASP, which is Dp = 0.1 - 3.0 

µm at mlatex,632.8.  The size bins, particularly with Dp > 1 µm, are quite sensitive to 

ma,632.8 [Liu and Daum, 2000; Hartley, 2000; Haywood et al., 2003a], but without 

direct measurements, past studies have only been able to estimate ma,632.8 based on 

chemical mixing rules (Section 1.2) or by matching measurements to Mie theory 

calculations [Hartley et al., 2001; Haywood et al., 2003a].   

Sampling efficiencies of the PCASP are also called into question by Liu et 

al. [1992].  The UW PCASP was located on the wing of the aircraft and may have 

experienced some issues with sampling efficiencies since the aircraft pitching 

may have compromised the isokineticity of the PCASP design.  Haywood et al. 

[2003] and Osborne et al. [2004] discuss the difficulties of using the PCASP on 

an aircraft.  Guyon et al. [2003], Osborne et al. [2004], and the data in this study 

suggest that σsca derived from PCASP measurements is systematically (and often 

substantially) less than σsca independently measured by nephelometry (Section 
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2.1.1).  Ross et al. [1998] found better agreement, but also used multiple sizing 

probes to more completely characterize the size distribution.    

We refer to the detailed size distributions reported by the UW PCASP 

during SAFARI-2000 only to emphasize the prominence of submicron aerosols 

during SAFARI-2000.  Specifically, we combine the PCASP particle 

concentrations in the first ten sizing bins (0.1 < Dp < 1.0 µm) to estimate the 

submicron (~fine mode) particle concentration and compare this to the particle 

concentrations in the last five sizing bins (1.0 < Dp < 3.0 µm), which we use to 

estimate the supermicron (~coarse mode) particle concentration.  This basic size 

distinction removes much of the uncertainty in the PCASP binning of particles 

discussed above, but still provides some insight into the general particle size. 

 

2.1.4.  NASA Ames Airborne Tracking Sunphotometer 

The NASA Ames Airborne Tracking Sunphotometer, which we simply 

call the Sunphotometer, was mounted on top of the UW research aircraft exterior 

(barely visible in Fig. 2.1).  Under cloudless conditions, the Sunphotometer 

measures the aerosol optical depth of the column of air above the altitude of the 

aircraft at fourteen wavelengths.  The column aerosol optical depth, or τcolumn,λ, is 

defined as 

∫
∞

=
min

)(,, z extcolumn dzzλλ στ       (2.1) 
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and is similar to Eq. 1.13, only with a lower limit of integration, zmin, that 

corresponds to the altitude of the aircraft.  The method of determining τcolumn,λ 

from the Sunphotometer measurements is described most recently in Schmid et al. 

[2006], but the instrument has been deployed in aircraft campaigns since the mid-

1990s [e.g. Redemann et al., 2000b, 2003, 2005a-b; Schmid et al., 2000, 2003].   

During SAFARI-2000, the Sunphotometer only reported τcolumn,λ at twelve 

wavelengths (λ = 354, 380, 449, 499, 525, 606, 675, 778, 864, 1019, 1241, and 

1557 nm) because one wavelength filter degraded during SAFARI-2000 and the 

data was unusable and measurements at λ = 940 nm are used for column water 

vapor calculations [Redemann et al., 2003; Schmid et al., 2003].  Uncertainty in 

τcolumn,λ are generally less than ~10% depending on the wavelength and the 

magnitude of τcolumn.  Horizontal variability can also contribute to uncertainty 

[Redemann et al., 2005a].   

Using measurements of τcolumn,λ, values of σext,λ can be derived by 

differentiating τcolumn,λ at two vertically separated points.  This is not a direct 

measurement, however, and the uncertainty in σext,λ is ~10-30%, with larger 

uncertainty for smaller values of τcolumn,λ [Schmid et al., 2003, 2006].   

The Sunphotometer was calibrated prior to and after SAFARI-2000 

[Schmid et al., 2003] and data from the Sunphotometer is available for all field 

campaigns at http://geo.arc.nasa.gov/sgg/AATS-website/. 

 

34

http://geo.arc.nasa.gov/sgg/AATS-website/


2.2.  Aerosol Robotic Network (AERONET) 

The worldwide Aerosol Robotic Network (AERONET) provided 

important ground-based radiometric measurements [Holben et al., 1998; Holben 

et al., 2001; Dubovik et al., 2000] during SAFARI-2000 [Eck et al., 2003].  

AERONET measures the aerosol optical depth (τλ in Eq. 1.13) at seven 

wavelengths (λ = 340, 380, 440, 500, 670, 870, and 1020 nm), but also retrieves a 

lognormal size distribution and ωo, g, mr and mi at four wavelengths (λ = 441, 

673, 873, 1022 nm) using information from sky-radiance scans [Dubovik and 

King, 2000; Dubovik et al., 2000].  The retrieved aerosol properties are reported 

less frequently since the entire sky must be nearly clear of clouds and τ440 must be 

greater than 0.3 [Dubovik et al., 2000].  The retrieved measurements are also a 

“column-averaged” value in the sense that the ground-based measurements 

represent the aerosol properties of the entire column of aerosol above the 

AERONET site.  AERONET data is available at http://aeronet.gsfc.nasa.gov/. 

Comparisons between AERONET measured and retrieved data and other 

independent measurements are not common, but have been increasing in recent 

years as the satellite and modeling communities have started to rely on 

AERONET climatologies for validation [e.g. Chin et al., 2002; Ichoku et al., 

2003; Chung et al., 2005; Zhou et al., 2005].  Haywood et al. [2003a] and Schmid 

et al. [2003] showed that comparisons between AERONET derived measurements 

and aircraft-based measurements were good.  Measurements of τcolumn from the 

Sunphotometer and from AERONET stations also agree to within about 10-15% 
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[Schmid et al., 2006].  However, in a global circulation model (GCM) 

intercomparison study, Kinne et al. [2003] showed that the GCM derived aerosol 

optical depths were generally smaller than those measured by AERONET, 

especially in regions affected by biomass burning.  More recently, Kinne et al. 

[2005] showed that southern Africa in particular is not well represented in GCMs. 

The retrieved AERONET aerosol properties are more difficult to validate 

since spatial and temporal differences can dramatically affect aerosol properties 

[Anderson et al., 2003b; Redemann et al., 2005a] and usually the best basis for 

comparison is between infrequent aircraft based measurements and the column-

averaged AERONET data products.  The problem of comparing AERONET data 

to in situ data is compounded with potentially undiagnosed aerosol sampling 

issues [Magi et al., 2005; Schmid et al., 2006].  The need for direct, careful, and 

dedicated validation of AERONET retrievals remains an issue [Ackerman et al., 

2004; Kahn et al., 2004; Zhou et al., 2005; Yu et al., 2006] but is slowly being 

addressed by field studies. 

SAFARI-2000 provided several unique opportunities for comparisons of 

aircraft in situ measurements and AERONET retrieved products.  Haywood et al. 

[2003b] showed that the retrieved AERONET products generally agreed with 

aircraft-based in situ measurements for transported biomass burning aerosols in 

Namibia.  Magi and Hobbs [2004] compared two cases of aircraft in situ data 

with AERONET data in South Africa and in Botswana and showed that there 

were discrepancies in the measured and retrieved values of ω0.  Leahy [2006] 
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examined cases from South Africa, Botswana, Zambia, and Namibia and showed 

that carefully chosen comparisons between UW research aircraft derived 

properties and those reported by AERONET were generally in agreement (within 

instrumental errors).  However, on a more global scale, Reddy et al. [2005a] 

found that even with careful comparisons, modeled absorption was biased low by 

about 24% with respect to AERONET absorption. 
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Chapter 3.  Data Analysis 

Over 100 hours of research time was logged on the UW research aircraft 

during the 12 Aug to 16 Sep 2000 sample period of SAFARI-2000 [Sinha et al., 

2003].  The flights ranged from northeastern South Africa, southern Mozambique, 

eastern Botswana, southern Zambia, to Namibia on the west coast sampling a 

wide range of vegetation types (Fig. 1.4) and subsequently, a wide range of 

biomass being burned (Section 1.4).   

 

3.1.  SAFARI-2000 and the River of Smoke 

The general climate of southern African, especially during the southern 

hemisphere winter months, is dominated by a continental high pressure system 

that remains in place ~80% of the time [Garstang et al., 1996].  SAFARI-2000 

took place during a cold phase El Nino Southern Oscillation (ENSO) and this 

resulted in a weakening and a reduction in the frequency of the high pressure 

system [Stein et al., 2003].  Prior to SAFARI-2000, the cold phase ENSO, or La 

Nina, contributed to above average rainfall and vegetation growth [Anyamba et 

al., 2003].  During the burning season of SAFARI-2000, this resulted in above 

average biomass burning emissions [Eck et al., 2003], a weaker easterly transport 

of the emissions, and the more frequent passage of westerly disturbances [Stein et 

al., 2003], especially compared to the climate of southern Africa during a warm 

phase ENSO [Garstang et al., 1996].  However, even under weakened conditions, 
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the subsidence from the presence of the continental high pressure still dominated 

the structuring of the southern African atmosphere. 

One westerly disturbance dramatically affected eastern southern Africa for 

about a week during the SAFARI-2000 sample period.  Fig. 3.1 shows a satellite 

image of southern Africa captured on 4 Sep 2000, during the passage of the 

westerly disturbance that affected the region from about 2-10 Sep 2000.  The red 

arrow on the figure emphasizes the transport of gray-colored smoke in a broad 

northwest-southeast channel from Zambia through southern Mozambique, passing 

over the main part of the SAFARI-2000 sample area.  The low pressure system 

associated with the westerly disturbance is located southwest of the tongue of 

smoke shown in Fig. 3.1 [Stein et al., 2003].  This fascinating event was 

qualitatively described as the “River of Smoke” by Annegarn et al. [2002] and 

Swap et al. [2003].   

A back trajectory analysis of SAFARI-2000 meteorology presented in 

Magi and Hobbs [2003] and in Stein et al. [2003] confirmed that air parcels 

generally originated from the south or the east during anticyclonic circulation, but 

changed to a northerly or northwesterly direction during the westerly disturbance 

that created the River of Smoke.  The smoke visible in Fig. 3.1 was transported 

over the period of a few days from regions of heavy biomass burning in the 

woody savannas of Angola and Zambia and the tropical forests in the southern 

Congo River Basin (Fig. 1.4), southeast over eastern Botswana, Zimbabwe, 

southern Mozambique, and northeastern South Africa before exiting to the 
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Fig. 3.1.  Satellite image of the River of Smoke event during SAFARI-2000 
[Annegarn et al., 2002].  The red arrow indicates the direction of the northwesterly 
flow of gray-colored smoke aerosols from the heavy burning region, over the 
SAFARI-2000 study area in northeast South Africa, eastern Botswana, and southern 
Zambia, and finally out to the Indian Ocean.  This flow pattern persisted from 2-7 Sep 
2000.  This image was captured from the SeaWiFs satellite on 4 September 2000 and 
can be found at http://visibleearth.nasa.gov/view_rec.php?vev1id=3346.  The political 
map was created at http://www.planiglobe.com/omc_set.html 
. 
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southern Indian Ocean.  There was also a marked difference in measured aerosol 

optical properties between the anticyclonic circulation and the River of Smoke.         

 

3.2.  The Effects of Relative Humidity on Biomass Burning Aerosol 

The dependence of aerosol optical properties on relative humidity, RH, is 

crucial to understanding the effects of aerosols on climate [Haywood et al., 1997; 

Charlson, 1999].  As an aerosol is exposed to increasing RH, the water vapor 

pressure around the individual particles increases and condenses onto the particles 

causing the particles to increase in size [Hanel, 1976].  The particles can act as a 

solid substrate for the condensed water vapor, but if the water vapor pressure 

increases enough, the solid particle will dissolve into the condensed water.  This 

phase transformation from solid to liquid is known as deliquescence, while the 

transformation from liquid to solid (which generally occurs at a different RH) is 

known as efflorescence [Tang and Munkelwitz, 1994].  As discussed in Hegg et 

al. [1993] and Reist [1993], an increase in submicron particle size (i.e. Dg in Eq. 

1.1) corresponds to an increase in σsca at midvisible wavelengths.   

The degree and rate of the increase in σsca are dependent on the chemical 

properties of the aerosol [Tang and Munkelwitz, 1994; Carrico et al., 2003; 

Topping et al., 2005a-b].  In that regard, the effects of humidity on an aerosol (or 

the “hygroscopicity”) can give some indication of the overall chemical 

composition [Saxena et al., 1995; Quinn et al., 2005] since some aerosols grow 

more readily under increasing RH than others [Tang, 1997].  Marine aerosol 
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[Tang et al., 1997; Hegg et al., 2002], for example, is more hygroscopic than 

biomass burning aerosol [Kotchenruther and Hobbs., 1998].  In SAFARI-2000, 

the aerosol exhibited varying degrees hygroscopic growth with no apparent 

discontinuity due to deliquescence [e.g. Kotchenruther et al., 1999; Carrico et al., 

2003]. 

 

3.2.1.  Methods 

A plot showing the change in σsca or β (at a specified wavelength) with 

increasing RH is called a humidograph.  To obtain a humidograph for a particular 

aerosol, the 3λ-nephelometer (Section 2.1.1) was used.  A preheater dried the 

incoming particles to ~30% RH for measurements by the 3λ-nephelometer, but 

during a humidograph, the RH in the sample chamber was steadily increased from 

~30% to ~85% over a period of about five minutes.  During the period of 

increasing RH, σsca and σsca,back were measured continuously. 

Practically, humidographs are needed to adjust σsca and σsca,back measured 

by the 3λ-nephelometer at ~30% RH to ambient RH.  This low RH measurement 

protocol with nephelometers is common, although not universal.  Without 

humidification measurements, closure between in situ and remote sensing 

measurements can be poor, especially in regions of the world with high aerosol 

concentrations and high ambient RH [e.g. Kotchenruther et al., 1999; Magi et al., 

2005; Schmid et al., 2006]. 
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 Various empirical relationships have been used to describe the nonlinear 

dependence of σsca on RH [e.g., Kasten, 1969; Grant et al., 1999].  Kotchenruther 

and Hobbs [1998] showed that the RH dependence of σsca for South American 

biomass burning aerosol could be described by an empirical function of the form 
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where σsca,d,λ is the scattering coefficient for the dried aerosol (at RH ~ 30%), a1,λ 

and a2,λ are empirical fitting parameters (the λ subscript indicates a wavelength 

dependence), and RH is in units of percent.  Although simpler functions to 

describe the hygroscopic growth have been used [Hegg et al., 1996] and fits that 

are based on theory are also possible [Kasten, 1969; Quinn et al., 2005; Topping 

et al., 2005a-b], we adopt the empirical function in Eq. 3.1 to describe the 

hygroscopic growth of southern African biomass burning aerosols.  The weakness 

in Eq. 3.1 is the lack of physical basis, but the strength is in the accuracy of the fit 

for RH < 80%, which was always the case during SAFARI-2000.   

The best fit to the data in the humidograph was determined using a 

standard nonlinear least squares optimization routine for each of the three 

wavelengths of the 3λ-nephelometer (λ = 450, 550, and 700 nm).  A measure of 

the accuracy of the fit to each humidograph was determined by the reduced chi-

squared (χ2) parameter [Bevington and Robinson, 1992].   
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Values of β (Eq. 1.12), also at λ = 450, 550, and 700 nm, decreased 

approximately linearly with increasing RH, so we used a linear regression of the 

form 

λλλβ ,2,1 100
)( bRHbRH +⎟

⎠
⎞

⎜
⎝
⎛=        (3.2) 

where RH is in units of percent, b1,λ and b2,λ are fitting parameters (the slope and 

intercept, respectively), and the λ subscript indicates a wavelength dependence.  

The linear correlation coefficient, r2, is used to assess the accuracy of the linear 

regression [Bevington and Robinson, 1992]. 

We define the humidification factor for σsca at a wavelength λ, fsca,λ, as the 

ratio of σsca at a particular RH to σsca,d (at RH = 30%).  Hence, the humidification 

factor at 80% RH, fsca,λ(80), is  

λ

λ
λ σ

σ

,,

,
,

)80(
)80(

dsca

sca
scaf =       (3.3) 

where σsca,λ(80) is determined from Eq. 3.1 and σsca,d,λ divides out.  The definition 

of the corresponding humidification factor β at a wavelength λ is analogous.  

Thus, fβ,λ(80) is 

λ

λ
λβ β

β

,
,

)80(
)80(

d

f =         (3.4) 

where βλ(80) is determined from Eq. 3.2 and βd,λ divides out.   
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3.2.2.  Analysis 

A total of fifty-four humidographs were obtained by the UW research 

aircraft during SAFARI-2000 from aerosols sampled near the fires and aerosols 

sampled in the regional haze (Figure 3.2).  The general information about each of 

the humidographs is listed in Table 3.1, where we have categorized the samples as 

regional haze in South Africa, Botswana, Mozambique, and Zambia (Table 3.1i), 

samples collected directly from smoke plumes (Table 3.1ii) and samples collected 

near Namibia (Table 3.1iii), where there are few local sources of biomass burning 

(due to low vegetation density) and the atmosphere is generally affected by 

transported biomass burning smoke from the east [Haywood et al., 2003a-b; Keil 

and Haywood, 2003].  The humidographs were collected from the continuous 

airflow passing through the 3λ-nephelometer for the regional haze samples, but 

smoke sampled directly from biomass burning was collected in a sample chamber 

and passed through the 3λ-nephelometer separately.  The smoke sampling 

procedure is discussed in detail in Magi and Hobbs [2003].   

The curve fitting parameters for Eqs. 3.1 and 3.2, and the derived values 

of fsca,λ(80) and fβ,λ(80) based on the humidographs obtained during SAFARI-

2000 are listed in Table 3.2.  We use the same categories as Table 3.1 to 

differentiate between the geographical location of the regional haze humidographs 

and humidographs from smoke plumes.  To show the magnitude of the change in 

σsca,λ or βλ with RH for a particular sample, we present the calculations of 

fsca,λ(80) and fβ,λ(80) in Table 3.2, but it should be made clear that fsca,λ and fβ,λ 
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Fig. 3.2.  Locations of the fifty-four humidographs collected during SAFARI-2000 by the UW 
research aircraft (denoted with open circles).  Further details are listed in Table 3.1.  The map  
was produced using http://www.aquarius.geomar.de/omc/ . 
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Table 3.1.  Description date, time, and location of the humidographs collected during 
SAFARI-2000.  The sample conditions are summarized by the back trajectory 
descriptions.  The numerical identifications (ID) in the first column are a cross-
referencing tool for information in Tables 3.2 and 3.3.

ID
Date Flight 

Number
UTC Time Latitude Longitude Parcel back 

trajectory a
Altitudec Pressure

(2000) (hhmm) (ºS) (ºE) (m) (hPa)
i.  Samples from regional haze (South Africa, Mozambique, Botswana, Zambia)

1 14-Aug 1812 1312 24.82 27.44 S/SE C 2327 ± 12 781 ± 0.7
2 14-Aug 1812 1337 25.06 27.28 S/SE C 2330 ± 10 782 ± 0.8
3 15-Aug 1814 912 25.11 31.11 S M/C 972 ± 200 919 ± 1.8
4 17-Aug 1815 826 25.22 31.71 SE/N M/C 1266 ± 4 883 ± 0.4
5 20-Aug 1819 1151 24.22 28.06 W C 3362 ± 4 685 ± 0.4
6 22-Aug 1820 721 24.15 29.99 W C 3057 ± 5 710 ± 0.4
7 22-Aug 1820 951 24.95 31.70 E/NE M/C 883 ± 273 918 ± 1.9
8 23-Aug 1821 1227 23.80 29.50 S C 2944 ± 6 724 ± 0.5
9 24-Aug 1822 709 24.40 30.30 W/SW C 3551 ± 17 670 ± 1.6

10 24-Aug 1822 945 25.90 32.88 W/S M/C 2066 ± 0.4 763 ± 0.3
11 29-Aug 1823 858 22.80 28.80 S C 2896 ± 5 726 ± 0.4
12 29-Aug 1823 928 22.30 29.20 S C 2876 ± 4 727 ± 0.3
13 29-Aug 1823 1005 23.00 28.80 E C 1603 ± 5 847 ± 0.5
14 29-Aug 1824 1317 24.55 30.73 SW C 3510 ± 5 672 ± 0.5
15 29-Aug 1824 1337 25.00 31.50 E C 963 ± 23 909 ± 2.1
16 31-Aug 1825 932 23.90 31.90 SW C 2953 ± 4 717 ± 0.3
17 31-Aug 1825 1108 21.10 34.80 S M/C 1125 ± 5 889 ± 0.4
18 1-Sep 1826 612 22.10 28.50 SE C 3830 ± 4 645 ± 0.5
19 1-Sep 1826 718 19.20 25.70 E/N C 3237 ± 4 696 ± 0.3
20 1-Sep 1826 802 16.80 24.90 NE C 1896 ± 12 816 ± 1.2
21 2-Sep 1829 852 21.00 26.90 W/NE C 3169 ± 4 701 ± 0.4
22 2-Sep 1829 1019 19.90 23.60 NE C 1581 ± 15 843 ± 1.5
23 3-Sep 1830 733 22.50 28.80 N/NW C 3150 ± 3 700 ± 0.4
24 3-Sep 1830 843 20.60 26.16 NE/N C 963 ± 26 904 ± 2.6
25 3-Sep 1830 1021 20.55 25.90 NE/N C 2523 ± 5 754 ± 0.5
26 3-Sep 1830 1058 20.65 26.67 N C 2389 ± 8 766 ± 0.8
27 3-Sep 1830 1124 21.57 27.89 N C 2362 ± 14 769 ± 0.9
28 5-Sep 1831 910 22.48 28.81 N C 3181 ± 5 700 ± 0.4
29 5-Sep 1831 1005 20.05 26.63 NW/N C 3584 ± 4 668 ± 0.4
30 5-Sep 1831 1040 18.23 25.39 N C 4226 ± 2 617 ± 0.4
31 5-Sep 1831 1245 14.71 24.53 N C 1637 ± 10 836 ± 0.9
32 6-Sep 1832 728 17.10 24.36 NE C 3865 ± 3 645 ± 0.4
33 6-Sep 1832 755 15.92 23.25 NE C 1162 ± 25 885 ± 1.6
34 6-Sep 1832 911 15.38 23.22 NE C 1240 ± 22 878 ± 1.4
35 6-Sep 1832 951 15.25 23.16 NE/E C 1678 ± 172 835 ± 15.6
36 6-Sep 1832 1030 16.67 24.28 NE C 4277 ± 2 612 ± 0.4
37 6-Sep 1833 1234 20.28 26.75 NE C 3813 ± 3 649 ± 0.4
38 6-Sep 1833 1332 23.00 29.10 N C 2372 ± 18 770 ± 1.7
39 7-Sep 1834 826 24.22 30.61 SW M/C 3496 ± 5 672 ± 0.4
40 10-Sep 1835 644 24.31 27.30 NW C 3807 ± 4 648 ± 0.4
41 10-Sep 1835 733 24.27 24.55 NW C 3792 ± 3 650 ± 0.3

ii.  Samples obtained from smoke plumes
42 31-Aug 1825 1136 20.97 34.69 - P 222 ± 12 987 ± 1.2
43 31-Aug 1825 1222 21.14 34.69 - P 355 ± 35 971 ± 3.6
44 1-Sep 1826 920 14.78 24.45 - P 1653 ± 154 837 ± 14.7
45 1-Sep 1826 1004 14.78 24.45 - P 1993 ± 34 807 ± 3.2
46 5-Sep 1831 1212 14.8 24.49 - P 1834 ± 182 818 ± 17.9
47 5-Sep 1831 1224 14.79 24.48 - P 1307 ± 26 868 ± 2.4
48 7-Sep 1834 859 24.36 31.25 - P 653 ± 27 938 ± 2.9
49 7-Sep 1834 947 24.29 31.29 - P 653 ± 25 940 ± 2.6
50 7-Sep 1834 1037 24.15 30.97 - P 540 ± 123 950 ± 1.7

iii.  Samples from regional haze (Namibia)
51 11-Sep 1836 910 22.9 13.1 NW M 3870 ± 4 645 ± 0.3
52 11-Sep 1836 1041 23.2 12.03 NW M 169 ± 64 996 ± 7.3
53 11-Sep 1836 1059 23.5 12.7 NW M 3732 ± 4 655 ± 0.5
54 13-Sep 1837 1140 20.1 13.25 E C 3908 ± 3 640 ± 0.4

a Describes the 72 hour parcel back trajectory.  For example, 'NW' means the parcel originated from the NW, and 
passed over the continent ( C), maritime (M) , a combination (M/C), or was sampled directly from a plume (P).   
Back trajectories are archived at http://www.arl.noaa.gov/ready/hysplit4.html.
b Altitudes are listed as above mean sea level (MSL); the standard deviation is the variation during the five minute 
period required for a humidograph
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ID fsca(80) χ2 fβ(80) r2

1 1.93 3.63 ± 0.97 6.05 ± 1.15 36 0.78 -0.04 ± 0.01 0.11 ± 0.01 0.72
2 1.90 2.55 ± 0.67 1.31 ± 0.36 31 0.71 -0.05 ± 0.01 0.11 ± 0.01 0.93
3 1.93 4.84 ± 0.23 7.38 ± 0.19 8 0.92 -0.01 ± 0.02 0.09 ± 0.01 0.11
4 1.58 2.19 ± 0.28 5.95 ± 0.47 28 0.75 -0.06 ± 0.02 0.14 ± 0.01 0.63
5 1.95 3.68 ± 1.29 1.08 ± 0.25 10 0.68 -0.05 ± 0.01 0.10 ± 0.01 0.93
6 2.06 2.42 ± 0.32 1.85 ± 0.41 14 0.71 -0.04 ± 0.01 0.09 ± 0.01 0.91
7 1.88 1.99 ± 0.08 3.36 ± 0.19 6 0.72 -0.06 ± 0.01 0.12 ± 0.01 0.78
8 1.80 1.64 ± 0.10 2.21 ± 0.29 7 0.74 -0.04 ± 0.01 0.10 ± 0.01 0.92
9 1.71 1.46 ± 0.02 2.67 ± 0.06 3 0.71 -0.05 ± 0.01 0.11 ± 0.01 0.88

10 1.99 2.09 ± 0.02 2.28 ± 0.03 3 0.75 -0.04 ± 0.01 0.10 ± 0.01 0.71
11 2.01 2.59 ± 0.39 4.07 ± 1.20 25 0.66 -0.07 ± 0.02 0.13 ± 0.02 0.77
12 2.05 2.52 ± 0.20 3.67 ± 0.47 13 0.58 -0.09 ± 0.02 0.14 ± 0.01 0.80
13 1.85 2.32 ± 0.19 4.41 ± 0.42 15 0.70 -0.06 ± 0.01 0.12 ± 0.01 0.75
14 1.61 1.27 ± 0.22 2.85 ± 0.72 27 0.74 -0.05 ± 0.01 0.11 ± 0.01 0.70
15 1.91 2.02 ± 0.09 3.20 ± 0.19 14 0.74 -0.05 ± 0.01 0.11 ± 0.01 0.66
16 2.36 3.73 ± 0.14 4.40 ± 0.19 12 0.66 -0.07 ± 0.02 0.13 ± 0.02 0.85
17 1.48 1.42 ± 0.32 4.76 ± 0.97 6 0.75 -0.05 ± 0.02 0.13 ± 0.02 0.87
18 2.05 2.57 ± 0.02 3.79 ± 0.05 3 0.68 -0.06 ± 0.02 0.12 ± 0.01 0.74
19 1.77 1.96 ± 0.03 4.00 ± 0.10 4 0.69 -0.07 ± 0.02 0.13 ± 0.02 0.91
20 1.43 1.44 ± 0.02 5.43 ± 0.08 1 0.74 -0.06 ± 0.02 0.14 ± 0.02 0.90
21 1.81 3.16 ± 0.19 6.07 ± 0.29 5 0.68 -0.07 ± 0.02 0.13 ± 0.02 0.91
22 1.40 1.25 ± 0.23 5.02 ± 0.86 7 0.80 -0.04 ± 0.02 0.12 ± 0.02 0.69
23 1.51 1.23 ± 0.02 3.74 ± 0.12 1 0.73 -0.05 ± 0.02 0.12 ± 0.01 0.82
24 1.37 0.95 ± 0.12 4.13 ± 0.58 2 0.80 -0.04 ± 0.02 0.11 ± 0.02 0.92
25 1.40 1.80 ± 0.17 6.71 ± 0.34 1 0.76 -0.05 ± 0.02 0.11 ± 0.02 0.74
26 1.58 1.23 ± 0.50 2.94 ± 2.57 17 0.76 -0.05 ± 0.02 0.11 ± 0.02 0.82
27 1.27 0.58 ± 0.16 3.19 ± 1.32 6 0.73 -0.05 ± 0.02 0.11 ± 0.02 0.84
28 1.46 1.75 ± 0.09 5.99 ± 0.30 2 0.76 -0.05 ± 0.02 0.11 ± 0.01 0.81
29 1.45 1.01 ± 0.06 3.40 ± 0.39 2 0.77 -0.04 ± 0.02 0.10 ± 0.01 0.82
30 1.51 1.08 ± 0.10 3.06 ± 0.61 4 0.76 -0.04 ± 0.02 0.10 ± 0.01 0.89
31 1.39 1.20 ± 0.48 4.99 ± 1.41 4 0.89 -0.02 ± 0.02 0.10 ± 0.02 0.37
32 1.31 1.83 ± 0.54 7.92 ± 1.69 4 0.78 -0.04 ± 0.02 0.10 ± 0.02 0.87
33 1.18 0.96 ± 0.21 7.49 ± 1.16 2 0.82 -0.04 ± 0.02 0.11 ± 0.02 0.82
34 1.35 0.87 ± 0.11 4.01 ± 0.55 2 0.84 -0.03 ± 0.02 0.10 ± 0.02 0.74
35 1.38 1.17 ± 0.92 5.03 ± 2.85 21 0.85 -0.03 ± 0.01 0.10 ± 0.01 0.75
36 1.43 1.15 ± 0.42 4.25 ± 1.61 3 0.79 -0.03 ± 0.02 0.09 ± 0.02 0.57
37 1.67 1.52 ± 0.60 3.36 ± 1.77 18 0.76 -0.04 ± 0.02 0.10 ± 0.02 0.80
38 1.56 1.13 ± 0.33 2.43 ± 1.71 19 0.76 -0.04 ± 0.02 0.10 ± 0.02 0.77
39 1.81 2.90 ± 0.03 5.69 ± 0.05 7 0.71 -0.05 ± 0.02 0.10 ± 0.01 0.25
40 1.47 1.44 ± 0.05 4.98 ± 0.16 3 0.75 -0.04 ± 0.01 0.10 ± 0.01 0.89
41 1.48 1.35 ± 0.02 4.57 ± 0.07 1 0.77 -0.04 ± 0.02 0.10 ± 0.01 0.89

42 1.66 1.70 ± 0.42 4.12 ± 1.30 3 0.77 -0.07 ± 0.02 0.18 ± 0.02 0.89
43 1.39 1.04 ± 0.29 4.24 ± 1.10 4 1.00 0.00 ± 0.02 0.15 ± 0.01 0.00
44 1.42 1.03 ± 0.15 3.87 ± 0.64 2 0.89 -0.03 ± 0.02 0.14 ± 0.02 0.51
45 1.51 1.31 ± 0.17 4.09 ± 0.45 2 1.09 0.02 ± 0.02 0.11 ± 0.02 0.15
46 1.46 1.81 ± 0.33 6.11 ± 0.69 1 0.98 -0.01 ± 0.02 0.12 ± 0.02 0.04
47 1.24 0.59 ± 0.11 4.05 ± 0.88 2 0.96 -0.01 ± 0.02 0.12 ± 0.02 0.16
48 1.70 2.20 ± 2.13 5.05 ± 4.47 4 0.75 -0.07 ± 0.02 0.16 ± 0.01 0.88
49 1.75 1.94 ± 0.20 4.12 ± 0.51 3 0.82 -0.05 ± 0.02 0.16 ± 0.02 0.72
50 1.38 1.17 ± 0.17 5.04 ± 0.56 1 0.77 -0.06 ± 0.02 0.15 ± 0.02 0.78

51 1.74 2.49 ± 0.05 5.38 ± 0.10 4 0.76 -0.039 ± 0.02 0.09 ± 0.01 0.81
52 2.82 4.49 ± 0.11 3.68 ± 0.14 27 0.75 -0.054 ± 0.01 0.13 ± 0.01 0.82
53 1.30 1.32 ± 0.08 6.59 ± 0.22 3 0.70 -0.052 ± 0.02 0.10 ± 0.02 0.72
54 1.56 1.67 ± 0.02 4.81 ± 0.05 1 0.73 -0.054 ± 0.02 0.12 ± 0.02 0.90

Table 3.2a.  The values of fsca(80) and fβ(80) and the empirical fit 
coefficients for Eqs. 3.1 and 3.2 at λ = 450 nm.  The numerical 
identification (ID) can be cross-referenced with information in Table 3.1.

iii.  Samples from regional haze (Namibia)

i.  Samples from regional haze (South Africa, Mozambique, Botswana, Zambia)

ii.  Samples obtained from smoke plumes

fsca - fit coefficients fβ - fit coefficients

a1 a2 slope (b1) intercept (b2)
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ID fsca(80) χ2 fβ(80) r2

1 1.97 3.82 ± 0.69 6.10 ± 0.78 39 0.75 -0.06 ± 0.01 0.14 ± 0.01 0.78
2 1.96 2.63 ± 0.41 1.39 ± 0.24 34 0.68 -0.07 ± 0.02 0.14 ± 0.01 0.97
3 1.93 5.26 ± 0.17 7.76 ± 0.13 10 0.97 -0.01 ± 0.02 0.12 ± 0.02 0.02
4 1.57 1.95 ± 0.14 5.47 ± 0.26 25 0.84 -0.05 ± 0.02 0.17 ± 0.02 0.45
5 2.00 3.69 ± 0.82 1.14 ± 0.18 11 0.66 -0.07 ± 0.02 0.13 ± 0.01 0.92
6 2.19 2.69 ± 0.25 1.99 ± 0.29 16 0.66 -0.06 ± 0.01 0.11 ± 0.01 0.94
7 1.93 2.17 ± 0.05 3.50 ± 0.10 5 0.69 -0.08 ± 0.01 0.15 ± 0.01 0.82
8 1.86 1.79 ± 0.07 2.21 ± 0.17 6 0.68 -0.07 ± 0.01 0.13 ± 0.01 0.95
9 1.75 1.56 ± 0.02 2.74 ± 0.05 4 0.71 -0.07 ± 0.01 0.14 ± 0.01 0.95

10 2.05 2.23 ± 0.01 2.41 ± 0.02 2 0.67 -0.07 ± 0.01 0.13 ± 0.01 0.89
11 2.02 2.76 ± 0.24 4.33 ± 0.72 23 0.61 -0.11 ± 0.02 0.17 ± 0.02 0.89
12 2.10 2.70 ± 0.15 3.79 ± 0.32 14 0.62 -0.10 ± 0.02 0.16 ± 0.02 0.85
13 1.90 2.38 ± 0.11 4.21 ± 0.23 12 0.66 -0.09 ± 0.02 0.16 ± 0.01 0.81
14 1.66 1.42 ± 0.15 3.09 ± 0.43 24 0.69 -0.07 ± 0.02 0.14 ± 0.01 0.78
15 1.95 2.14 ± 0.09 3.29 ± 0.18 20 0.67 -0.08 ± 0.01 0.14 ± 0.01 0.80
16 2.39 3.89 ± 0.09 4.46 ± 0.12 14 0.64 -0.10 ± 0.02 0.17 ± 0.02 0.86
17 1.51 1.54 ± 0.27 4.85 ± 0.75 8 0.73 -0.08 ± 0.02 0.17 ± 0.02 0.85
18 2.09 2.73 ± 0.01 3.90 ± 0.02 2 0.65 -0.09 ± 0.02 0.15 ± 0.02 0.82
19 1.83 2.05 ± 0.03 3.85 ± 0.09 7 0.65 -0.10 ± 0.02 0.18 ± 0.02 0.92
20 1.46 1.39 ± 0.02 4.93 ± 0.07 1 0.75 -0.07 ± 0.02 0.17 ± 0.02 0.84
21 1.86 3.50 ± 0.17 6.27 ± 0.23 6 0.66 -0.09 ± 0.02 0.17 ± 0.02 0.93
22 1.42 1.29 ± 0.19 4.96 ± 0.67 9 0.76 -0.07 ± 0.02 0.16 ± 0.02 0.86
23 1.53 1.29 ± 0.02 3.79 ± 0.09 2 0.74 -0.07 ± 0.02 0.14 ± 0.02 0.90
24 1.40 1.06 ± 0.08 4.23 ± 0.33 2 0.77 -0.06 ± 0.02 0.14 ± 0.02 0.96
25 1.41 1.82 ± 0.13 6.63 ± 0.25 2 0.76 -0.06 ± 0.02 0.15 ± 0.02 0.75
26 1.62 1.33 ± 0.31 3.00 ± 1.46 16 0.75 -0.06 ± 0.02 0.13 ± 0.02 0.84
27 1.29 0.63 ± 0.10 3.20 ± 0.78 5 0.73 -0.06 ± 0.02 0.14 ± 0.02 0.77
28 1.46 1.96 ± 0.08 6.45 ± 0.24 3 0.74 -0.06 ± 0.02 0.13 ± 0.02 0.88
29 1.48 1.10 ± 0.05 3.52 ± 0.27 3 0.73 -0.06 ± 0.02 0.13 ± 0.02 0.88
30 1.54 1.15 ± 0.07 3.06 ± 0.40 4 0.73 -0.06 ± 0.02 0.12 ± 0.02 0.94
31 1.40 1.17 ± 0.33 4.77 ± 1.02 5 0.85 -0.04 ± 0.03 0.13 ± 0.02 0.62
32 1.33 1.91 ± 0.36 7.86 ± 1.09 3 0.78 -0.05 ± 0.02 0.11 ± 0.02 0.82
33 1.20 0.86 ± 0.10 6.53 ± 0.62 2 0.79 -0.05 ± 0.02 0.14 ± 0.02 0.88
34 1.36 0.88 ± 0.08 3.89 ± 0.40 2 0.79 -0.05 ± 0.02 0.14 ± 0.02 0.90
35 1.40 1.19 ± 0.62 4.90 ± 1.87 23 0.84 -0.04 ± 0.01 0.13 ± 0.01 0.85
36 1.46 1.15 ± 0.23 3.97 ± 0.93 3 0.69 -0.06 ± 0.02 0.12 ± 0.02 0.83
37 1.70 1.59 ± 0.44 3.36 ± 1.25 21 0.73 -0.06 ± 0.02 0.12 ± 0.02 0.78
38 1.61 1.23 ± 0.21 2.47 ± 1.03 17 0.73 -0.06 ± 0.02 0.13 ± 0.02 0.92
39 1.86 2.62 ± 0.02 4.91 ± 0.05 15 0.66 -0.09 ± 0.02 0.15 ± 0.02 0.53
40 1.52 1.59 ± 0.05 4.98 ± 0.14 4 0.73 -0.06 ± 0.01 0.12 ± 0.01 0.90
41 1.51 1.47 ± 0.02 4.69 ± 0.06 1 0.76 -0.05 ± 0.02 0.12 ± 0.02 0.87

42 1.68 1.78 ± 0.28 4.16 ± 0.84 3 0.83 -0.07 ± 0.02 0.22 ± 0.02 0.82
43 1.43 1.07 ± 0.18 3.93 ± 0.71 5 1.01 0.00 ± 0.02 0.19 ± 0.02 0.01
44 1.45 1.08 ± 0.12 3.73 ± 0.54 3 0.93 -0.02 ± 0.02 0.18 ± 0.02 0.40
45 1.58 1.42 ± 0.13 3.82 ± 0.34 3 1.14 0.04 ± 0.02 0.14 ± 0.02 0.40
46 1.49 1.88 ± 0.30 5.96 ± 0.61 2 1.02 0.01 ± 0.02 0.15 ± 0.02 0.05
47 1.26 0.66 ± 0.07 4.06 ± 0.50 1 1.01 0.003 ± 0.02 0.15 ± 0.02 0.01
48 1.70 2.18 ± 1.31 5.04 ± 2.78 4 0.82 -0.06 ± 0.02 0.19 ± 0.02 0.81
49 1.79 2.05 ± 0.12 4.15 ± 0.30 3 0.90 -0.04 ± 0.02 0.19 ± 0.02 0.53
50 1.41 1.24 ± 0.11 4.97 ± 0.34 1 0.78 -0.07 ± 0.02 0.19 ± 0.02 0.80

51 1.80 2.75 ± 0.03 5.51 ± 0.06 4 0.74 -0.05 ± 0.02 0.11 ± 0.02 0.88
52 2.89 4.68 ± 0.12 3.69 ± 0.15 32 0.83 -0.03 ± 0.01 0.11 ± 0.01 0.71
53 1.33 1.54 ± 0.06 6.84 ± 0.14 3 0.79 -0.04 ± 0.02 0.10 ± 0.02 0.53
54 1.61 1.83 ± 0.02 4.85 ± 0.05 1 0.73 -0.06 ± 0.02 0.14 ± 0.02 0.86

Table 3.2b.  As per Table 3.2a, but at λ = 550 nm

iii.  Samples from regional haze (Namibia)

i.  Samples from regional haze (South Africa, Mozambique, Botswana, Zambia)

ii.  Samples obtained from smoke plumes

fsca - fit coefficients fβ - fit coefficients

a1 a2 slope (b1) intercept (b2)

49



ID fsca(80) χ2 fβ(80) r2

1 2.05 4.12 ± 0.45 6.10 ± 0.47 43 0.74 -0.08 ± 0.02 0.18 ± 0.01 0.80
2 2.08 2.79 ± 0.22 1.56 ± 0.15 33 0.68 -0.09 ± 0.02 0.17 ± 0.02 0.98
3 1.99 5.41 ± 0.12 7.62 ± 0.09 13 0.92 -0.02 ± 0.02 0.14 ± 0.02 0.16
4 1.59 2.10 ± 0.07 5.69 ± 0.12 18 0.86 -0.05 ± 0.02 0.19 ± 0.02 0.68
5 2.10 3.68 ± 0.44 1.27 ± 0.12 14 0.65 -0.10 ± 0.02 0.17 ± 0.02 0.96
6 2.33 3.01 ± 0.18 2.13 ± 0.20 20 0.62 -0.09 ± 0.01 0.15 ± 0.01 0.97
7 2.03 2.35 ± 0.03 3.34 ± 0.06 6 0.69 -0.10 ± 0.02 0.19 ± 0.01 0.82
8 1.97 2.05 ± 0.05 2.26 ± 0.11 7 0.64 -0.10 ± 0.02 0.17 ± 0.01 0.98
9 1.84 1.79 ± 0.01 2.88 ± 0.02 4 0.70 -0.09 ± 0.02 0.17 ± 0.01 0.98

10 2.14 2.46 ± 0.01 2.33 ± 0.01 3 0.65 -0.10 ± 0.02 0.18 ± 0.01 0.95
11 2.14 3.10 ± 0.13 4.37 ± 0.32 19 0.58 -0.15 ± 0.03 0.23 ± 0.02 0.92
12 2.19 3.06 ± 0.10 4.06 ± 0.19 15 0.60 -0.13 ± 0.02 0.20 ± 0.02 0.94
13 1.97 2.61 ± 0.07 4.33 ± 0.14 13 0.65 -0.11 ± 0.02 0.19 ± 0.02 0.91
14 1.72 1.58 ± 0.13 3.13 ± 0.33 33 0.70 -0.08 ± 0.02 0.16 ± 0.02 0.87
15 2.01 2.31 ± 0.08 3.34 ± 0.15 27 0.71 -0.08 ± 0.02 0.16 ± 0.01 0.75
16 2.49 4.18 ± 0.05 4.48 ± 0.07 12 0.65 -0.12 ± 0.02 0.20 ± 0.02 0.90
17 1.60 1.88 ± 0.18 5.07 ± 0.42 9 0.75 -0.09 ± 0.02 0.21 ± 0.02 0.82
18 2.09 2.90 ± 0.01 4.22 ± 0.02 3 0.65 -0.11 ± 0.02 0.20 ± 0.02 0.90
19 1.90 2.34 ± 0.02 4.11 ± 0.05 6 0.69 -0.11 ± 0.02 0.21 ± 0.02 0.91
20 1.52 1.60 ± 0.01 4.96 ± 0.04 1 0.76 -0.09 ± 0.02 0.22 ± 0.02 0.88
21 1.98 3.43 ± 0.08 5.59 ± 0.11 7 0.67 -0.12 ± 0.02 0.22 ± 0.02 0.93
22 1.49 1.57 ± 0.12 5.19 ± 0.36 10 0.77 -0.08 ± 0.02 0.20 ± 0.02 0.80
23 1.59 1.43 ± 0.01 3.83 ± 0.06 2 0.73 -0.09 ± 0.02 0.19 ± 0.02 0.91
24 1.47 1.21 ± 0.05 4.06 ± 0.20 2 0.76 -0.08 ± 0.02 0.18 ± 0.02 0.94
25 1.50 1.91 ± 0.06 5.99 ± 0.12 2 0.75 -0.09 ± 0.02 0.20 ± 0.02 0.89
26 1.71 1.52 ± 0.24 3.02 ± 1.00 21 0.73 -0.09 ± 0.03 0.19 ± 0.02 0.88
27 1.37 0.80 ± 0.07 3.22 ± 0.42 6 0.71 -0.09 ± 0.02 0.19 ± 0.02 0.90
28 1.55 2.29 ± 0.05 6.40 ± 0.13 3 0.72 -0.09 ± 0.02 0.18 ± 0.02 0.89
29 1.53 1.25 ± 0.03 3.63 ± 0.16 3 0.73 -0.08 ± 0.02 0.16 ± 0.02 0.91
30 1.60 1.36 ± 0.07 3.41 ± 0.33 6 0.71 -0.08 ± 0.02 0.16 ± 0.02 0.95
31 1.48 1.41 ± 0.17 4.76 ± 0.45 5 0.82 -0.06 ± 0.03 0.17 ± 0.03 0.70
32 1.36 2.35 ± 0.39 8.42 ± 0.97 5 0.76 -0.06 ± 0.02 0.15 ± 0.02 0.80
33 1.23 1.10 ± 0.10 7.07 ± 0.47 2 0.82 -0.06 ± 0.02 0.18 ± 0.02 0.82
34 1.43 1.05 ± 0.05 3.84 ± 0.22 2 0.79 -0.07 ± 0.02 0.18 ± 0.02 0.90
35 1.44 1.31 ± 0.26 4.78 ± 0.71 17 0.84 -0.05 ± 0.01 0.17 ± 0.01 0.88
36 1.52 1.32 ± 0.19 4.01 ± 0.67 4 0.69 -0.08 ± 0.03 0.15 ± 0.02 0.93
37 1.81 1.87 ± 0.28 3.43 ± 0.66 19 - - - - - -
38 1.72 1.50 ± 0.16 2.63 ± 0.61 17 - - - - - -
39 1.81 3.30 ± 0.03 6.29 ± 0.05 14 - - - - - -
40 1.60 1.81 ± 0.06 4.90 ± 0.15 6 0.71 -0.08 ± 0.01 0.16 ± 0.01 0.92
41 1.60 1.79 ± 0.01 4.86 ± 0.03 1 0.69 -0.09 ± 0.02 0.17 ± 0.02 0.94

42 1.75 1.98 ± 0.23 4.19 ± 0.63 5 0.92 -0.04 ± 0.02 0.25 ± 0.02 0.51
43 1.54 1.32 ± 0.19 3.88 ± 0.61 8 1.07 0.04 ± 0.02 0.24 ± 0.02 0.40
44 1.53 1.32 ± 0.10 3.89 ± 0.37 4 1.04 0.01 ± 0.03 0.20 ± 0.02 0.16
45 1.72 1.75 ± 0.11 3.77 ± 0.22 5 1.28 0.10 ± 0.03 0.16 ± 0.02 0.83
46 1.59 2.07 ± 0.14 5.56 ± 0.27 2 1.06 0.02 ± 0.03 0.18 ± 0.02 0.47
47 1.34 0.89 ± 0.06 4.23 ± 0.30 2 1.05 0.02 ± 0.02 0.18 ± 0.02 0.46
48 1.71 2.25 ± 0.76 5.12 ± 1.57 4 1.52 0.01 ± 0.01 0.01 ± 0.00 0.76
49 1.88 2.31 ± 0.09 4.21 ± 0.18 3 2.44 0.08 ± 0.01 0.004 ± 0.01 0.96
50 1.47 1.47 ± 0.09 5.01 ± 0.23 2 0.69 -0.01 ± 0.01 0.03 ± 0.01 0.94

51 1.83 2.95 ± 0.03 5.64 ± 0.05 4 0.71 -0.07 ± 0.02 0.14 ± 0.02 0.88
52 3.11 5.23 ± 0.14 3.66 ± 0.15 35 0.78 -0.04 ± 0.01 0.11 ± 0.01 0.89
53 1.36 1.29 ± 0.01 5.77 ± 0.03 1 0.71 -0.07 ± 0.02 0.14 ± 0.02 0.90
54 1.67 1.89 ± 0.02 4.60 ± 0.04 1 0.73 -0.08 ± 0.02 0.17 ± 0.02 0.93

Table 3.2c.  As per Table 3.2a, but at λ = 700 nm

iii.  Samples from regional haze (Namibia)

i.  Samples from regional haze (South Africa, Mozambique, Botswana, Zambia)

ii.  Samples obtained from smoke plumes

fβ - fit coefficientsfsca - fit coefficients

slope (b1) intercept (b2)a1 a2
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can be calculated for any RH between 30-80%.  When the ambient RH is less than 

30%, we assume that fsca,λ and fβ,λ are 1. 

We separately analyzed the humidographs collected in South Africa, 

Botswana, Mozambique, and Zambia when the anticyclonic circulation was in 

place and during the River of Smoke (Section 3.1).  In general, the dates of the 

humidographs listed in Table 3.1 were used to segregate the humidographs, but 

the exceptions to this general categorization are as follows.  Humidographs 

obtained at 11:08 UTC on August 31, 8:02 UTC on September 1 and 10:19 UTC 

on September 2 were considered with of River of Smoke samples since the most 

recent airflow was from the north (Table 3.1) or the humidographs were obtained 

in tropical Zambia (where most of the River of Smoke aerosol originated).  The 

humidograph on September 7 was considered with samples collected during the 

anticyclonic circulation since the airflow was from the southwest (Table 3.1). 

Humidographs for a typical sample collected during the anticyclonic 

circulation and during the River of Smoke, together with the corresponding best 

fit curves to Eq. 3.1, are shown in Figure 3.3.  These two humidographs are quite 

different, although they were obtained at nearly identical locations in northeastern 

South Africa and just two days apart.  As listed in Table 3.1, the sample on 

September 1 shown in Figure 3.3 was in southeasterly airflow, and the sample on 

September 3 shown in Figure 3.3 was in airflow from the north-northwest, which 

transported heavy smoke from tropical Africa.  Values of σsca for the sample of 

regional haze on September 1 increase much more quickly with increasing RH 
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Fig. 3.3.  Humidographs (at λ = 550 nm) of regional haze collected in northern South 
Africa at 6:12 UTC on 1 September 2000 (blue crosses), and regional haze with heavy 
smoke collected at 7:33 UTC on 3 September 2000 (red circles).  The humidograph for 1 
September 2000 is characteristic of those obtained prior to the River of Smoke, and the 
humidograph for 3 September 2000 is characteristic of those obtained during the River of 
Smoke.  The crosses and circles indicate actual data collected by the 3λ-nephelometer 
during the humidograph.  The solid curves are the non-linear fits to the data based on Eq. 
3.1 and the coefficients in Table 3.2. 
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than σsca for the sample of regional haze on September 3 during the River of 

Smoke. 

We also categorize the smoke sampled directly from the fire emissions 

based on the estimated time since emission from the fire.  We estimate the “age” 

of the smoke by the average windspeed measured from the aircraft and categorize 

the smoke as either having aged less than 10 minutes or somewhere between 10-

50 minutes, keeping in mind that the sample size is small for direct smoke 

samples (Table 3.1). 

In Figure 3.4, we show two characteristic humidographs of smoke 

collected downwind of a large biomass fire on 7 Sep 2000 in the Timbavati game 

park [Hobbs et al., 2003; Trentmann et al., 2005].  The age of the smoke is 

estimated from average wind speed measurements obtained from the UW research 

aircraft.  The comparison suggests that the hygroscopicity decreases as the smoke 

ages.   

Listed in Table 3.3 are the mean values for the fit coefficients and the 

mean values of fsca,λ(80) and fβ,λ(80) for the different sampling conditions 

discussed above, where we have also separately listed the samples collected in 

Namibia.  The specific samples that comprise each category in Table 3.3 are listed 

below the Table and can be cross-referenced with information in Tables 3.1-3.2. 

 The most noticeable result in Table 3.3 is the ~24% and ~9% respective 

differences between the mean values of fsca,λ(80) and fβ,λ(80) for the regional haze 

with during the River of Smoke and the mean values of fsca,λ(80) and fβ,λ(80) 

53



Ta
bl

e 
3.

3.
  M

ea
n 

va
lu

es
 (±

 1
 st

an
da

rd
 d

ev
ia

tio
n)

 o
f f

sc
a(8

0)
, f

β(
80

), 
an

d 
th

e 
em

pi
ric

al
 fi

t c
oe

ff
ic

ie
nt

s f
or

 E
qs

. 3
.1

 a
nd

 3
.2

, f
or

 th
e 

di
ff

er
en

t 
ae

ro
so

l t
yp

es
 e

nc
ou

nt
er

ed
 d

ur
in

g 
SA

FA
R

I-
20

00
.

A
er

os
ol

 ty
pe

N
um

be
r o

f 
sa

m
pl

es
λ  (n
m

)
f sc

a(
80

)
a 1

a 2
f β(

80
)

sl
op

e 
(b

1)
in

te
rc

ep
t (

b 2
)

R
eg

io
na

l h
az

e 
a

20
45

0
1.

90
±

0.
18

2.
56

±
0.

90
3.

71
±

1.
72

0.
72

±
0.

07
-0

.0
6

±
0.

02
0.

11
±

0.
02

55
0

1.
95

±
0.

19
2.

70
±

0.
96

3.
79

±
1.

72
0.

69
±

0.
08

-0
.0

8
±

0.
02

0.
15

±
0.

02
70

0
2.

03
±

0.
20

2.
91

±
0.

94
3.

83
±

1.
64

0.
69

±
0.

08
-0

.1
0

±
0.

03
0.

18
±

0.
02

R
eg

io
na

l h
az

e 
w

ith
 

he
av

y 
sm

ok
e 

b
21

45
0

1.
45

±
0.

13
1.

33
±

0.
47

4.
69

±
1.

45
0.

78
±

0.
04

-0
.0

4
±

0.
01

0.
11

±
0.

01
55

0
1.

48
±

0.
14

1.
37

±
0.

43
4.

59
±

1.
35

0.
75

±
0.

04
-0

.0
6

±
0.

01
0.

14
±

0.
02

70
0

1.
54

±
0.

14
1.

62
±

0.
54

4.
72

±
1.

43
0.

75
±

0.
04

-0
.0

8
±

0.
01

0.
18

±
0.

02

S
m

ok
e 

co
lle

ct
ed

 
w

ith
in

 1
0 

m
in

ut
es

 o
f 

em
is

si
on

 c
4

45
0

1.
63

±
0.

15
1.

72
±

0.
50

4.
29

±
0.

52
0.

81
±

0.
06

-0
.0

6
±

0.
02

0
0.

16
±

0.
02

55
0

1.
66

±
0.

14
1.

77
±

0.
49

4.
27

±
0.

55
0.

87
±

0.
05

-0
.0

5
±

0.
02

1
0.

19
±

0.
02

70
0

1.
72

±
0.

14
1.

96
±

0.
45

4.
35

±
0.

53
1.

48
±

0.
69

0.
02

±
0.

04
6

0.
11

±
0.

13

S
m

ok
e 

co
lle

ct
ed

 
w

ith
in

 1
0-

50
 m

in
ut

es
 

of
 e

m
is

si
on

 d
5

45
0

1.
40

±
0.

10
1.

18
±

0.
44

4.
71

±
0.

88
0.

96
±

0.
12

-0
.0

1
±

0.
03

0
0.

13
±

0.
02

55
0

1.
44

±
0.

12
1.

26
±

0.
45

4.
55

±
0.

91
0.

99
±

0.
13

-0
.0

04
±

0.
04

2
0.

16
±

0.
03

70
0

1.
53

±
0.

14
1.

50
±

0.
45

4.
49

±
0.

77
1.

03
±

0.
21

0.
03

±
0.

04
4

0.
16

±
0.

08

R
eg

io
na

l h
az

e 
in

 
N

am
ib

ia
 e

4
45

0
1.

86
±

0.
67

2.
49

±
1.

42
5.

11
±

1.
21

0.
73

±
0.

03
-0

.0
5

±
0.

00
7

0.
11

±
0.

01
55

0
1.

91
±

0.
68

2.
70

±
1.

42
5.

22
±

1.
31

0.
77

±
0.

05
-0

.0
5

±
0.

01
4

0.
11

±
0.

02
70

0
1.

99
±

0.
77

2.
84

±
1.

73
4.

92
±

0.
99

0.
73

±
0.

03
-0

.0
7

±
0.

01
6

0.
14

±
0.

02
a  S

am
pl

es
 w

ith
 ID

 =
 1

-1
6,

 1
8,

 1
9,

 2
1 

or
 fr

om
 a

bo
ut

 1
4 

A
ug

-2
 S

ep
, p

er
 T

ab
le

s 
3.

1 
an

d 
3.

2.
b  S

am
pl

es
 w

ith
 ID

 =
 1

7,
 2

2-
41

 o
r f

ro
m

 a
bo

ut
 2

 S
ep

-7
 S

ep
, p

er
 T

ab
le

s 
3.

1 
an

d 
3.

2.
c  S

am
pl

es
 w

ith
 ID

 =
 4

2,
 4

4,
 4

8,
 4

9,
 p

er
 T

ab
le

s 
3.

1 
an

d 
3.

2.
d  S

am
pl

es
 w

ith
 ID

 =
 4

3,
 4

5-
47

, 5
0,

 p
er

 T
ab

le
s 

3.
1 

an
d 

3.
2.

e  S
am

pl
es

 w
ith

 ID
 =

 5
1-

54
, p

er
 T

ab
le

s 
3.

1 
an

d 
3.

2.

54



 
 

20 30 40 50 60 70 80 90
0.8

1

1.2

1.4

1.6

1.8

2

2.2

RH (%)

f sc
a,

55
0(R

H
)

 
 

Fig. 3.4.  Humidographs (at λ = 550 nm) of smoke collected within ~10 minutes of 
emission from a biomass fire at 8:59 UTC on 7 September 2000 (purple dots) and within 
~50 minutes of emission from the same fire at 10:37 UTC (green triangles).  The y-axis 
shows the ratio increase in scattering as a function of relative humidity (RH) and the 
points are actual data collected by the 3λ-nephelometer during the humidograph.  The 
solid curves are the non-linear fits to the data based on Eq. 3.1 and the coefficients in 
Table 3.2. 
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when the anticyclonic circulation was in place.  Based on back-trajectories (Table 

3.1), the transported smoke during the River of Smoke had, on average, aged ~2-3 

days in the atmosphere while traveling from tropical Africa.  Besides biomass 

burning, however, there are a very limited number of aerosol sources from this 

region [Eck et al., 2003], implying that the smoke chemical composition changed 

very little during transport.  During the anticyclonic circulation, however, smoke 

back-trajectories frequently passed over urban development near Johannesburg in 

northeastern South Africa (Fig. 1.4).  The mixing of the smoke aerosols with 

ambient aerosols from industrial sources [Piketh et al., 1999] was limited during 

the River of Smoke.   

Further evidence of this lack of mixing is from the data collected directly 

from the fires.  Figure 3.4 and the data in Table 3.3 implies a rapid aging of the 

smoke once it is emitted.  The mean values for samples collected within ~10 

minutes of emission from the fire indicate a more hygroscopic aerosol than smoke 

samples collected within ~10-50 minutes of emission, noting the sample size is 

small in both cases.  This is contrary to the findings of Kotchenruther and Hobbs 

[1998] for Brazilian biomass burning and what is generally assumed about fresh 

smoke emissions [Reid et al., 2004a-b], but there are very few measurements 

available, so knowledge of the phenomenon is limited.   

There is an indication that the aging of smoke away from the plume does 

result in higher concentrations of less hygroscopic materials [Posfai et al., 2003; 

Li et al., 2003], and Chan et al. [2005] showed that southern African biomass 
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burning aerosol chemical composition discussed in Gao et al. [2003] is consistent 

with the measurements discussed here and in Magi and Hobbs [2003].  

Vegetation differences may have also contributed to a different chemical 

composition for smoke in Brazil versus smoke in southern Africa.  However, as 

pointed out by Reid et al. [2004a], there are simply not enough measurements of 

the effects of RH on biomass burning aerosols to draw any further conclusions 

regarding the differences.   

The analysis of the effects of RH on southern African aerosol shows that 

smoke ages rapidly (within hours) after emission from the fire.  The results also 

show that smoke transported from tropical Africa over the period of days has 

remarkably similar mean characteristics (Table 3.3) as smoke sampled within 10-

50 minutes of emission from the fire.  We suggest that this indicates the chemical 

stability of smoke aerosol in the dry, vertically-stratified wintertime atmosphere 

of southern African.  During periods dominated by anticyclonic circulation, the 

smoke aerosol was more hygroscopic, possibly due to enhanced mixing with low 

level background sources of industrial and dust aerosols [Piketh et al., 1999].  The 

differences in the hygroscopic growth of southern African biomass burning 

aerosols will be a factor when considering both the radiative effects [Charlson, 

1999] and the efficiency of biomass burning aerosols to act as cloud condensation 

nuclei [Ross et al., 2003; Reid et al., 2004a; Jiang and Feingold, 2006]. 
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3.3.  Aerosol Optical Depth Comparison 

The UW research aircraft flew twenty vertical profiles during SAFARI-

2000 to characterize the aerosol optical properties.  The profiles were flown from 

near the surface to ~4-5 km altitude (above mean sea level) or ~500 hPa.  In order 

to minimize the spatial and temporal variability common to aerosols [Anderson et 

al., 2003b], most of the profiles were confined to small spatial areas and took ~15 

minutes to complete.  Details about the vertical profiles are listed in Table 3.4 and 

the locations are shown in Figure 3.5. 

 

3.3.1.  Methods 

We compare the aerosol optical depth (τ) derived by two independent 

aircraft-based methods.  The value of τ for a finite layer (τlayer) defined by the 

minimum altitude (zmin) and maximum altitude (zmax) of the aircraft vertical 

profile (Table 3.4) can be calculated as 

       (3.5) ∫= max

min

)(,,

z

z extlayer dzzλλ στ

where σext(z) is the extinction coefficient (Eq. 1.11) at the ambient RH and 

pressure  as a function of altitude, z.  Eq. 3.5 is similar to Eqs. 1.13 and 2.1, only 

with more tightly bounded limits of integration. 

By combining the corrected measurements of σsca(z) and σabs(z) obtained 

from the 3λ-nephelometer (Section 2.1.1) and PSAP (Section 2.1.2) during a 

vertical profile, τlayer for in situ data (τis,layer) can be calculated as  
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Table 3.4.  The date, time, and location of the vertical profiles collected by the UW 
research aircraft during SAFARI-2000.  The UW research aircraft flight numbers are also 
listed for additional cross-referencing.  The numbers in the first column are used for 
numerical identification (ID) in Tables 3.5-3.8 as well as in Fig. 3.5.

ID
Date Flight 

Number
Latitude a Longitude a UTC Time Altitude b

(2000) (ºS) (ºE) (hhmm) (km)
1 14-Aug 1811 25.90 ± 0.09 27.89 ± 0.04 1114 - 1126 1.44 - 3.56
2 14-Aug 1812 25.48 ± 0.30 27.68 ± 0.19 1228 - 1247 1.45 - 3.71
3 17-Aug 1815 24.06 ± 0.16 29.75 ± 0.21 0708 - 0725 1.28 - 3.21
4 20-Aug 1819 23.95 ± 0.08 29.01 ± 0.27 1132 - 1146 1.59 - 3.72
5 22-Aug 1820 24.98 ± 0.04 31.61 ± 0.06 0816 - 1006 0.37 - 3.82
6 24-Aug 1822 25.98 ± 0.03 32.91 ± 0.02 0810 - 0824 0.21 - 4.12
7 29-Aug 1823 23.10 ± 0.15 28.82 ± 0.08 1030 - 1047 1.65 - 3.77
8 31-Aug 1825 21.62 ± 0.17 34.27 ± 0.13 1229 - 1244 0.64 - 3.89
9 1-Sep 1826 17.48 ± 0.13 25.09 ± 0.02 1051 - 1059 2.15 - 3.77

10 2-Sep 1829 19.89 ± 0.02 23.55 ± 0.02 0952 - 1009 1.12 - 4.42
11 3-Sep 1830 20.59 ± 0.03 26.17 ± 0.02 0831 - 0850 1.08 - 4.58
12 3-Sep 1830 20.56 ± 0.07 25.90 ± 0.02 1012 - 1035 0.99 - 4.57
13 6-Sep 1832 16.24 ± 0.11 23.42 ± 0.12 0746 - 0755 1.23 - 3.79
14 6-Sep 1832 15.19 ± 0.05 23.16 ± 0.03 0917 - 0929 1.37 - 4.77
15 6-Sep 1832 15.31 ± 0.08 23.11 ± 0.05 0934 - 0950 1.65 - 4.77
16 6-Sep 1832 15.47 ± 0.22 23.46 ± 0.16 0957 - 1014 1.64 - 5.27
17 7-Sep 1834 23.61 ± 0.03 31.12 ± 0.19 1135 - 1147 1.25 - 4.10
18 11-Sep 1836 21.99 ± 0.11 12.39 ± 0.07 0925 - 0933 0.75 - 3.76
19 13-Sep 1837 20.24 ± 0.05 13.22 ± 0.02 1116 - 1135 1.02 - 5.10
20 16-Sep 1839 19.19 ± 0.04 15.84 ± 0.04 1052 - 1107 1.35 - 4.76

a These are the mean ± standard deviation of the latitude and longitude during the 
period of the vertical profile.
b Altitude is above mean sea level; the surface elevation in southern Africa varies.
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Fig. 3.5.  Locations of the twenty vertical profiles collected during SAFARI-2000 by the UW 
research aircraft (denoted with open circles).  The numbers correspond to the IDs listed in Tables 
3.4-3.8 and more specific information about each profile can also be found in the same tables.  The 
map was produced using http://www.aquarius.geomar.de/omc/ . 
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    (3.6) [ ]∫ += max

min

)()()()( ,,,,,,,,

z

z dabsabsdscascalayeris dzzRHfzRHf λλλλλ σστ

where, σsca,d(z) is the dry (low RH) aerosol scattering coefficient, σabs,d(z) the dry 

aerosol absorption coefficient, and fsca(RH) and fabs(RH) are the empirical 

hygroscopic growth factors by which σsca,d(z) and σabs,d(z), respectively, must be 

multiplied to adjust their values to the ambient RH.  As described in Sections 3.2 

and in Magi and Hobbs [2003], fsca(RH) was determined from humidographs (Eq. 

3.3, Table 3.2).  The value of fabs(RH), however, was not measured.  Hegg et al. 

[1997] and Redemann et al. [2001] suggest that fabs(RH) should lie between 1 and 

fsca(RH), but since the ambient RH in this study was generally <50%, and σabs,d 

<< σsca,d, we assume that fabs(RH) = 1. 

 As mentioned in Section 2.1.2, extrapolation of σabs,550 measured by the 

PSAP to other wavelengths is possible by assuming a value for αabs (Eq. 1.14).  

Often, for extrapolation to other wavelengths in the visible (in the PSAP 

correction from 567 nm to 550 nm described in Bond et al. [1999], for example), 

αabs is assumed to be 1.  The value of αabs, however, varies from ~1-4 depending 

on the source of the aerosols [Bond, 2001; Kirchstetter et al., 2004; Ganguly et 

al., 2005; Roden et al., 2005].  Bergstrom et al. [2003] showed that in SAFARI-

2000, αabs,450-700 ~ 1 for the period when the anticyclonic circulation dominated 

the meteorology and αabs,450-700 ~ 2 during the River of Smoke (Section 3.1).  

Based on this, we extrapolate σabs,550 to σabs,450 and σabs,700 using αabs,450-700 = 2 for 

measurements made between 1-6 Sep (during the River of Smoke) and using 
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αabs,450-700 = 1 for other vertical profiles.  The vertical profile on 7 Sep (Table 3.4) 

was obtained in a location not affected by the River of Smoke (see the back-

trajectories listed in Table 3.1).  Using this extrapolation, we derive ωo at λ = 450, 

550, and 700 nm (Eq. 1.7) by combining measurements from the 3λ-nephelometer 

and the PSAP.  The values of αabs,450-700 are listed in Table 3.7 and we discuss the 

uncertainty associated with the extrapolation in Section 3.4.1. 

Occasionally, the continuous data from the 3λ-nephelometer was 

interrupted during the collection of a humidograph (Section 3.2) during a vertical 

profile.  During these times, we estimate the missing 3λ-nephelometer 

measurements by calculating the average difference between σsca,d,537 measured 

by the 1λ-nephelometer (Section 2.1.1) and σsca,d measured by the 3λ-

nephelometer during periods when both instruments were operating normally and 

use this average difference to fill in the missing 3λ-nephelometer data.  For brief 

periods (~30 s) when the filter was being changed in the PSAP [Bond et al., 

1999], we interpolate to fill in the missing σabs,d data. 

As described in Section 2.1.4, the Sunphotometer measured τcolumn,λ at 

twelve wavelengths [Schmid et al., 2003].  No adjustment to ambient RH is 

necessary since the Sunphotometer does not directly sample or dry the aerosol.  

Values of the layer aerosol optical depth from the Sunphotometer, τsp,layer, can be 

calculated by subtracting τsp,column,λ at the top of the aircraft profile from the entire 

τsp,column profile.  To directly compare τis,layer and τsp,layer, we interpolate τsp,layer 
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from the measured wavelengths (Section 2.1.4) to the three wavelengths of the 

3λ-nephelometer (λ = 450, 550, 700 nm) using a quadratic function of ln(λ) 

versus ln(τsp,column) suggested in Schmid et al. [2003].  The coefficients of the 

quadratic polynomial are determined by a standard polynomial fit to the 

Sunphotometer data and are not listed here. 

The most straightforward comparison of τis,layer and τsp,layer is at λ = 550 

nm since this involves the fewest adjustments or assumptions (Section 2.1.1, 

2.1.2, 2.1.4).  This comparison of τis,layer and τsp,layer at λ = 550 nm for fifteen 

vertical profiles has been described in Magi et al. [2003], but we describe five 

more vertical profiles in this analysis to bring the total to twenty.  We also 

compare τis,layer and τsp,layer at λ = 450 and 700 nm using the assumed value for 

αabs discussed above and listed in Table 3.7.  The values of τis,layer and τsp,layer for λ 

= 450, 550, and 700 nm are listed in Table 3.5.   

To compare the two methods, we use several different calculations based 

on protocol suggested in Schmid et al. [2006].  The root mean squared difference 

(δrms)  between τis,layer and τsp,layer is calculated as  

( )∑
=

−=
vpN

j

j
layersp

j
layerisrms

1

2
,, ττδ       (3.8) 

where the superscript j indicates one of the Nvp = 20 vertical profiles analyzed 

here.  Values of δrms indicates the magnitude of the random errors between τis,layer 

and τsp,layer.  The root mean squared percentage, ρrms, is  

63



Ta
bl

e 
3.

5.
  C

om
pa

ris
on

 o
f l

ay
er

 a
er

os
ol

 o
pt

ic
al

 d
ep

th
 (τ

la
ye

r) 
m

ea
su

re
d 

by
 th

e 
Su

np
ho

to
m

et
er

 (τ
sp

,la
ye

r) 
an

d 
by

 in
 si

tu
 in

st
ru

m
en

ts
 (τ

is
,la

ye
r) 

at
 

th
re

e 
vi

si
bl

e 
w

av
el

en
gt

hs
 (λ

) d
ur

in
g 

ai
rc

ra
ft 

ve
rti

ca
l p

ro
fil

es
.  

A
ls

o 
lis

te
d 

is
 τ

sp
,a

bo
ve

 w
hi

ch
 is

 τ
 m

ea
su

re
d 

by
 th

e 
Su

np
ho

to
m

et
er

 a
t t

he
 

m
ax

im
um

 a
lti

tu
de

 o
f t

he
 v

er
tic

al
 p

ro
fil

e 
lis

te
d 

in
 T

ab
le

 3
.4

.

ID
D

at
e 

(2
00

0)

λ 
= 

45
0 

nm
λ 

= 
55

0 
nm

λ 
= 

70
0 

nm
τ s

p,
la

ye
r

τ
τ s

p,
ab

ov
e

is
,la

ye
r

τ s
p,

la
ye

r
τ

τ s
p,

ab
ov

e
is

,la
ye

r
τ s

p,
la

ye
r

τ
τ s

p,
ab

ov
e

is
,la

ye
r

1
14

-A
ug

0.
21

±
0.

03
0.

14
±

0.
02

0.
01

0.
15

±
0.

03
0.

11
±

0.
02

0.
01

0.
10

±
0.

01
0

0.
07

±
0.

01
0.

01
2

14
-A

ug
0.

23
±

0.
04

0.
15

±
0.

02
0.

01
0.

17
±

0.
03

0.
10

±
0.

01
0.

01
0.

12
±

0.
01

3
0.

07
±

0.
01

0.
00

4
3

17
-A

ug
0.

14
±

0.
01

0.
11

±
0.

02
0.

01
0.

09
±

0.
01

0.
08

±
0.

01
0.

01
0.

06
±

0.
00

3
0.

05
±

0.
01

0.
00

5
4

20
-A

ug
0.

13
±

0.
01

0.
12

±
0.

02
0.

04
0.

09
±

0.
02

0.
08

±
0.

01
0.

03
0.

06
±

0.
00

3
0.

05
±

0.
01

0.
02

5
22

-A
ug

0.
43

±
0.

02
0.

38
±

0.
03

0.
04

0.
30

±
0.

04
0.

25
±

0.
02

0.
03

0.
19

±
0.

00
5

0.
14

±
0.

01
0.

02
6

24
-A

ug
0.

31
±

0.
01

0.
22

±
0.

03
0.

06
0.

23
±

0.
02

0.
20

±
0.

02
0.

04
0.

17
±

0.
00

3
0.

11
±

0.
01

0.
03

7
29

-A
ug

0.
14

±
0.

01
0.

14
±

0.
02

0.
06

0.
10

±
0.

02
0.

10
±

0.
01

0.
05

0.
07

±
0.

00
3

0.
06

±
0.

01
0.

03
8

31
-A

ug
0.

33
±

0.
01

0.
36

±
0.

03
0.

04
0.

23
±

0.
02

0.
24

±
0.

03
0.

03
0.

15
±

0.
00

3
0.

14
±

0.
02

0.
02

9
1-

S
ep

0.
13

±
0.

01
0.

21
±

0.
03

0.
11

0.
09

±
0.

02
0.

14
±

0.
02

0.
08

0.
06

±
0.

00
4

0.
08

±
0.

01
0.

06
10

2-
S

ep
0.

41
±

0.
02

0.
39

±
0.

05
0.

02
0.

27
±

0.
03

0.
25

±
0.

04
0.

01
0.

17
±

0.
00

6
0.

14
±

0.
02

0.
01

11
3-

S
ep

0.
91

±
0.

02
0.

90
±

0.
09

0.
11

0.
63

±
0.

02
0.

59
±

0.
06

0.
08

0.
40

±
0.

00
7

0.
34

±
0.

04
0.

06
12

3-
S

ep
0.

76
±

0.
02

0.
79

±
0.

07
0.

05
0.

52
±

0.
03

0.
52

±
0.

05
0.

03
0.

33
±

0.
00

5
0.

29
±

0.
03

0.
02

13
6-

S
ep

0.
77

±
0.

02
0.

96
±

0.
11

0.
68

0.
54

±
0.

02
0.

64
±

0.
07

0.
50

0.
34

±
0.

00
6

0.
37

±
0.

05
0.

33
14

6-
S

ep
1.

09
±

0.
02

1.
18

±
0.

10
0.

24
0.

78
±

0.
03

0.
78

±
0.

08
0.

18
0.

50
±

0.
00

8
0.

46
±

0.
05

0.
13

15
6-

S
ep

0.
95

±
0.

02
1.

10
±

0.
10

0.
25

0.
68

±
0.

03
0.

73
±

0.
07

0.
19

0.
44

±
0.

00
7

0.
43

±
0.

05
0.

13
16

6-
S

ep
1.

03
±

0.
02

1.
18

±
0.

11
0.

16
0.

73
±

0.
03

0.
79

±
0.

08
0.

13
0.

47
±

0.
00

9
0.

47
±

0.
05

0.
09

17
7-

S
ep

0.
13

±
0.

01
0.

11
±

0.
02

0.
04

0.
10

±
0.

03
0.

08
±

0.
01

0.
03

0.
07

±
0.

00
5

0.
05

±
0.

01
0.

03
18

11
-S

ep
0.

23
±

0.
02

0.
22

±
0.

02
0.

28
0.

18
±

0.
04

0.
16

±
0.

02
0.

21
0.

12
±

0.
00

4
0.

10
±

0.
01

0.
15

19
13

-S
ep

0.
52

±
0.

02
0.

46
±

0.
04

0.
12

0.
39

±
0.

03
0.

32
±

0.
03

0.
09

0.
26

±
0.

00
5

0.
20

±
0.

02
0.

06
20

16
-S

ep
0.

26
±

0.
02

0.
29

±
0.

03
0.

11
0.

20
±

0.
04

0.
20

±
0.

02
0.

09
0.

13
±

0.
00

4
0.

13
±

0.
01

0.
07

64



 
layersplayeris

rms
rms

,, 5.05.0
100

ττ
δ

ρ
+
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where layeris ,τ  and layersp ,τ are the mean values of τis,layer and τsp,layer, respectively 

(and are listed in Table 3.6).  We also calculate the bias of τis,layer with respect to 

τsp,layer as  

δbias = τis,layer - τsp,layer         (3.10) 

where the δbias is an indicator of systematic difference between τis,layer and τsp,layer.   

The bias percentage, ρbias, is  

 
layersp

bias
bias

,

100
τ

δ
ρ =          (3.11) 

and layersp ,τ  is the mean value of τsp,layer.   

Since we expect τis,layer and τsp,layer to be linearly related, a least squares 

bisector linear regression is used.  The slope of the best fit line in the least squares 

bisector method is the slope of the line that bisects the minor angle between the 

regression of τis,layer on τsp,layer and the regression of τsp,layer on τis,layer [Schmid et 

al., 2006]. 

 

3.3.2.  Analysis 

Figure 3.6 shows the comparison of τis,layer and τsp,layer for λ = 450, 550, 

and 700 nm and includes the corresponding statistics for each of the three 

wavelengths individually as well as all wavelengths considered together (“all λ“ 
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Fig. 3.6.  Comparison of layer aerosol optical depth (τlayer) measured by the 
Sunphotometer (τsp,layer) and derived from in situ measurements (τis,layer) using an 
absorption angstrom exponent of 1 and 2 depending on the particular flight (Table 3.7) to 
extrapolate the in situ absorption coefficient from a wavelength, λ, of 550 nm to 450 and 
700 nm.  The statistics on the top left are described in Table 3.6.  
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in Fig. 3.6).  Table 3.5 lists the statistics and values used to calculate them.  The 

errors listed in Table 3.5 are determined by propagating the errors associated with 

the instrumentation, the corrections, and vertical variability by the standard 

quadratures method [Bevington and Robinson, 1992].  We discuss the error 

propagation for all aerosol properties in more detail in Section 3.4.1. 

The values of δbias are very low, but show an increasingly negative trend 

with increasing λ.  Schmid et al. [2006] found the same increasingly negative δbias 

with increasing λ in the central USA.  Previous studies have found δbias is 

typically negative, by as much as 20-30% in some cases [Hegg et al., 1997; 

Hartley et al., 2000; Schmid et al., 2000; Magi et al., 2005], but the inverse 

relationship of δbias with λ is a relatively new observation.  As discussed in 

Section 3.3.1, we have assumed a value of αabs (listed in Table 3.7).  Changing the 

assumed αabs such that every vertical profile uses αabs = 1 or αabs = 2 changes the 

values of δrms and δbias (listed in Fig. 3.7), and the best overall fit is produced if we 

simply use αabs = 1 for every vertical profile (Fig. 3.7a).  However, the statistical 

significance of the difference in using one value of αabs or some combination is 

questionable.   

Regardless of the assumed value of αabs, the inverse relationship of δbias 

with λ still remains a feature of the three wavelength analysis and warrants further 

investigation.  The simplest explanation for the discrepancy between τis,layer and 

τsp,layer is that there is an undiagnosed sampling problem with the nephelometer 
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Fig. 3.7.  Comparison of layer aerosol optical depth (τlayer) measured by the Sunphotometer 
(τsp,layer) and derived from in situ measurements (τis,layer) using (a) an absorption angstrom exponent 
of 1 or (b) and absorption angstrom exponent of 2 to extrapolate the in situ absorption coefficient 
from a wavelength, λ, of 550 nm to 450 and 700 nm.  The statistics on the top left are described in 
Table 3.6. 
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and PSAP.  Results in Schmid et al. [2006] suggest that this discrepancy is 

certainly not unique to SAFARI-2000, but applies to a wide range of aerosol 

types.  In a study off of the United States east coast, Hartley et al. [2000] 

suggested that the discrepancy is primarily due to the loss of volatile or semi-

volatile organic compounds (SVOCs) to the instrument plumbing.  Organic 

particles were a dominant part of the mass fraction of regional haze aerosols in 

SAFARI-2000 [Kirchstetter et al., 2003; Gao et al., 2003], and direct 

measurements of SVOCs by Eatough et al. [2003] suggest that, on average, 

nearly 40% of the particulate mass was composed of SVOCs, which are 

inherently difficult to sample with in situ methods.  If there is a sampling 

problem, then the data presented in Table 3.6 and Figs. 3.6-3.7 suggests that 

larger particles (those that would affect the values of τ700 more significantly) are 

systematically under-sampled.  Quantifying the potential effect of volatile particle 

loss is beyond the scope of this study, so we simply point out the possibility. 

Regardless of the discrepancy, values of δrms are 13% and δbias are -2% at 

λ = 550 nm, while δrms = 17% and δbias = -1% when the three visible wavelengths 

are considered together.  These values are similar to or better than values 

summarized in the multiple-campaign analysis of Schmid et al. [2006].   The 

agreement between the two methods of measuring aerosol optical depth serves as 

a basis for instrument validation and we proceed in the next section to analyze the 

detailed information offered by the in situ instruments. 
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3.4.  Aerosol Vertical Profiles 

In this section, we present the vertical profiles of aerosol optical properties 

measured by instruments described in Chapter 2.  The details of the twenty 

vertical profiles are listed in Table 3.4.  The goal of the profiles was to collect in 

situ measurements of the majority of the polluted boundary layers, which 

typically were confined to the lowest 5 km of the atmosphere by a persistent 

stable layer that inhibited vertical mixing at ~500 hPa [Cosijn and Tyson, 1996; 

Swap and Tyson, 1999].  The aircraft often climbed through the polluted layers 

into a region that was nearly free of aerosol.  This transition was accompanied 

by, among other things, a sudden decrease in aerosol number concentrations and 

relative humidity.  Most of the profiles successfully characterized the part of the 

atmosphere most affected by biomass burning aerosol. 

 

3.4.1.  Methods     

The aerosol properties are averaged into evenly spaced 0.15 km bins.  The 

bin width is limited to 0.15 km by the 30 second sampling time of the PSAP and 

the research aircraft ascent or descent speed ~50 m/s.  The bin width reduces the 

ability of the measurements to resolve features in the vertical profiles such as 

narrow clean slots [Hobbs, 2003].  However, the averaging also significantly 

reduces the random errors in the measurements by  

∑
=

=
M

j
jX

M
X

1

21 δδ        (3.14) 
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where X is the vertically averaged aerosol optical property (σabs, for example), 

Xδ  is the error in the vertically averaged aerosol optical property (δσabs, for 

example), M is the number of measurements made within a vertical bin, and δXj 

is the error associated with each of the values in the vertical bin.  This is 

important for values of σabs and subsequent estimates of ωo, although systematic 

errors are unaffected by the averaging. 

We present the vertical profiles such that the data are plotted at the center 

of the bin.  For example, if ωo,550 = 0.85 at z = 1.5 km, this means that the average 

value from 1.35 – 1.65 km is ωo,550 = 0.85.  We also show the surface height (dark 

horizontal black line) in the figures to provide a sense for the aircraft altitude with 

respect to the ground level (as opposed to above mean sea level, as we report in 

the tables).   

After applying correction procedures discussed in Chapter 2, the values of 

σsca,λ, σabs,λ, ωo,λ, and βλ are determined by adjusting the values from low RH of 

the measurement to the ambient RH using Eq. 3.3-3.4.  We use the empirical fit 

coefficients in Table 3.2 from a specific flight when available, and the mean value 

of the empirical fit coefficients specific to the time period in Table 3.3 when 

humidographs for a specific flight are not available.  Thus the corrected values of 

σsca,λ,d measured by the 3λ-nephelometer at 30% RH are adjusted to ambient RH 

by  

σsca,λ = σsca,λ,d*fsca,λ(RH)      (3.12) 
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where we propagate the errors associated with σsca,λ,d and fsca,λ(RH) using the 

standard quadratures method [e.g. Bevington and Robinson, 1992] to calculate the 

uncertainty in σsca,λ (δσsca,λ).  We use an analogous method to calculate βλ and 

δβλ at ambient RH.  All measurements by the 3λ-nephelometer are systematically 

uncertain by 7% [Anderson et al., 1996; Anderson et al., 2000]. 

As discussed in Section 3.3, there are no measurements of fabs,λ(RH), so 

we assume that fabs,λ(RH) = 1 for all cases.  Considering the very low ambient RH 

throughout the vertical profiles listed in Table 3.7, the uncertainty associated with 

the assumption that σabs,λ ≈ σabs,λ,d is minimal.  We propagate all errors discussed 

in Bond et al. [1999] to the (effectively) ambient RH values of σabs,λ, as discussed 

in Section 2.1.2.  Uncertainty in the PSAP measurements is systematically 

uncertain by ~20%, but since we were not able to correct the PSAP for potential 

flow rate differences, the systematic uncertainty associated with the instrument is 

set at 25%.  This systematic uncertainty applies strictly to σabs,550.  We propagate 

an additional 10% and 12% uncertainty for measurements of σabs,450 and σabs,700 

due to the uncertainty associated with the assumption of a value of αabs from 

Bergstrom et al. [2003].  The values of 10% and 12% arise by assuming that half 

of the full range of the difference between extrapolating σabs,550 to σabs,450 and 

σabs,700 using αabs = 1 and αabs = 2 is the uncertainty.   
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 The values of ωo,λ reported at ambient RH use values of σsca,λ and σabs,λ, 

and therefore uncertainty in ωo,λ, or δωo,λ, is calculated by propagating δσsca,λ and 

δσabs,λ  as 
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Hence, δωo,λ is strongly weighted by σsca,λ, which even for biomass burning 

particles, accounts for over 80% of ωo,λ. 

 

3.4.2.  Analysis 

The column-averaged, extinction-weighted mean aerosol properties from 

the twenty vertical profiles are summarized in Table 3.7.  The mean values of Na 

measured by the CNCs and PCASP (Section 2.1.3) in Table 3.7 show that 

although Na measured by the PCASP increased by a factor of ~2 from the 

anticyclonic circulation period to the River of Smoke period, the particles with Dp 

< 0.1 µm exhibited no clear trend.  The coarse mode to fine mode volume ratio in 

Table 3.7 is calculated from the PCASP measurements and described in Section 

2.1.3.  Roughly, this ratio is calculated for fine mode particles with Dp = 0.1-1 µm 

and for coarse mode particles with Dp = 1-3 µm.  The slight decrease in the coarse 

to fine mode volume ratio suggests that changes in the aerosol size distribution 

from the anticyclonic circulation period to the River of Smoke are primarily 

influenced by an enhancement in the number concentration of particles with Dp ~ 
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0.1-1 µm.  The lack of significant change in the extinction Angstrom exponent is 

also evidence that the mean size of the particles did not change as dramatically as 

the number concentration. 

The column-averaged and extinction-weighted mean values of the optical 

properties for the vertical profiles are listed in Table 3.8 and offer further 

evidence of the influx of particles discussed above.  Similar to τlayer,λ listed in 

Table 3.5, the mean values of σext,λ from both the Sunphotometer and in situ 

instruments increased by a factor of ~2 during the River of Smoke, while the 

values of ωo,λ decreased by ~6-10%.  An increase in σext,λ could be caused by an 

increase in the size of small particles or simply an increase in Na.  Again, since 

the evidence presented in Table 3.7 showed that the mean size of the particles did 

not change dramatically, we suggest that the primary cause of the increase in σext,λ 

was due to an increase in Na, specifically for particles with Dp ~ 0.1-1 µm.  The 

change in ωo,λ was primarily due to the enhanced presence of absorbing aerosol 

species, as discussed in Kirchstetter et al. [2003] and Magi et al. [2003].   

At this point, we focus the discussion on six vertical profiles chosen as the 

basis for a more detailed analysis in Chapters 4 and 5.  Some vertical profiles not 

explicitly discussed in this study have been presented in detail in Magi et al. 

[2003] and in Leahy [2006].  Data from the six vertical profiles are shown in Figs. 

3.8-3.13 and these correspond to information in Table 3.4 for ID numbers of 5, 6, 

8, 11, 14, and 16.  The three profiles in August were selected because they 
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characterized the atmosphere of southern Africa during the anticyclonic 

circulation, while the three profiles in September were selected since they were 

obtained during the River of Smoke.     

In Figs. 3.8-3.13 are vertical profiles of σsca,λ, σabs,λ, ωo,λ, βλ, and Na, 

(Sections 1.2 – 1.3) as well as temperature (T) and RH.  The wavelength 

dependent properties are shown in the figures at λ = 450, 550, and 700 nm with 

the line and bar colors approximately matching the wavelength (λ = 450 nm is 

blue, λ = 550 nm is green, and λ = 700 nm is red).  The width of the horizontal 

bars corresponds to the 0.15 km vertical resolution discussed previously and the 

data is presented such that each value represents the average value for the region 

75 m above and below the particular value.  The surface elevation is drawn as a 

solid black line near the bottom of the individual figures. 

The vertical profiles shown in Figure 3.8 were obtained on 22 August 

2000.  Values of σsca,λ are fairly uniform until ~3.5 km, when Na drops to nearly 

aerosol-free conditions.  This upper boundary to the polluted layer is common in 

southern Africa and often the transition is very sharp.  Other studies have 

discussed how the large-scale continental subsidence over southern Africa creates 

this layering effect [Cosijn and Tyson, 1996; Swap and Tyson, 1999].   

The vertical profile in Figure 3.9 (24 August 2000) shows a polluted layer 

that is more vertically structured.  Seemingly separated layers exist between the 

surface and ~1.5 km, 1.6-3 km, and 3.5-4 km, with the possibility of high 

elevation aerosol layer about 4 km.  The haze layers are separated by clean slots 
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discussed in Hobbs [2003], evident in low values of σsca,λ.  Values of σsca,λ are 

highest near the surface indicating the influence of local biomass burning on the 

lower part of the atmosphere, with a high level layer probably resulting from 

transported smoke aerosol.  Values of ωo,λ are noisy due to the low signal and 

rapid fluctuations in the aerosol vertical profile.   

The profiles shown in Fig. 3.10 were obtained on 31 August 2000, on the 

coast of Mozambique, where the lower boundary layer (from ~0.6-1.25 km) was 

dominated by smoke from extensive localized biomass burning.  We started the 

vertical profile above this lower layer to better characterize the haze (as opposed 

to the fresh smoke emissions).  Even then, the atmosphere above the lowest 

surface layer has high σsca,λ and Na values, but they are similar in magnitude to the 

haze layers in Fig. 3.8-3.9.  The averaged values in Table 3.8 also show this 

similarity.  The sharp fall off in σsca,λ, Na, and RH above ~3.6 km marks the top of 

the polluted layer.   

The vertical profiles in Figs. 3.11-3.13 were obtained during the River of 

Smoke and, comparing these vertical profiles with those shown in Figs. 3.8-3.10, 

there is a strong indication that the aerosol was markedly different than during the 

anticyclonic circulation.  We discussed some of the differences above and 

suggested that an increase in Na and a stronger influence of absorbing particles 

were the primary reason for the differences.  Other differences are evident by the 

more detailed presentation of the data in Figs. 3.11-3.13.   
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In Fig. 3.11, the values of σsca,λ, σabs,λ, and Na decrease slowly to well 

above 4.5 km.  The polluted layer is much deeper than those shown in Figs. 3.8-

3.10.  This is true for the vertical profiles shown in Figs. 3.12-3.13 as well.  There 

is some evidence of structuring, but the aerosol appears to be more uniformly 

distributed throughout the lowest 5 km of the atmosphere.  In fact, values of σsca,λ 

and σabs,λ even at ~4-5 km in the atmosphere of the vertical profiles in Figs. 3.11-

3.13 are greater than any of the values of σsca,λ and σabs,λ at any point in the 

profiles shown in Figs. 3.8-3.10.  The vertical mixing was probably enhanced by 

the increase in absorption of solar radiation.  This may have served to destabilize 

the atmosphere to some degree and break through the typical stable layers [Cosijn 

and Tyson, 1996].   

The vertical profiles during the River of Smoke may be an indication of 

biomass burning aerosol properties for regions of tropical Africa.  Very few 

measurements from this region even exist [Delmas et al., 1999; Ruellan et al., 

1999].  The rapid transport of the tropical smoke over regions with very few other 

sources of particles [Piketh et al., 1999; Li et al., 2003] implies that the River of 

Smoke provided a glimpse of the potential impact of tropical southern African 

biomass burning.   

 

3.5.  SAFARI-2000 Data Analysis Summary 

In a comprehensive analysis of the aerosol optical properties measured 

from the UW research aircraft, we showed in Section 3.2 that smoke from 
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biomass burning ages rapidly in the atmosphere and remains in a relatively stable 

chemical state provided the interaction with other aerosol sources are limited.  

The River of Smoke provided an opportunity to study an aerosol that primarily 

originated from a single source.  The more prevalent anticyclonic circulation in 

southern African wintertime meteorology [Swap and Tyson, 1999; Stein et al., 

2003] resulted in a biomass burning aerosol that is more hygroscopic, possibly 

due to the regional low level industrial sources [Piketh et al., 1999; Li et al., 

2003].   

Airborne measurements of τ by two independent methods agreed to within 

~13-17%, but the analysis revealed that the in situ instruments were biased low (-

1 to -12%, depending on λ) compared to the remote sensing measurements by the 

Sunphotometer.  The bias was inversely related to λ, suggesting that in situ 

instruments did not efficiently sample larger particles.  The statistics from the 

comparison of the two methods was as good as or better than similar comparisons 

described in Schmid et al. [2006] for other parts of the world. 

We described the general column characteristics of the twenty vertical 

profiles in Tables 3.5, 3.7 and 3.8.  Based on the trajectory analysis in Section 3.2 

and the aerosol analysis in Sections 3.3-3.4, we suggest that the River of Smoke 

aerosol is distinctly different than the aerosol more typical of the SAFARI-2000 

study region and measured when the anticyclonic circulation dominated the 

meteorology.  We also suggest that the River of Smoke aerosol may in fact be 
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more representative of tropical biomass burning aerosol that has not been as 

rigorously characterized as the aerosol in southern Africa. 

In Chapter 4, we use the data presented in Figs. 3.8-3.13 to determine 

other aerosol properties using a Mie scattering look-up table methodology.  In 

Chapter 5, we use the results of Chapters 3 and 4 to explore the radiative impact 

of southern African aerosol from the six vertical profiles and also explore the 

sensitivity of the radiative calculations to uncertainty in the measurements. 
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Chapter 4.  Look-Up Table Methodology 
 
 This chapter describes a new methodology to retrieve aerosol optical 

properties from large, multi-dimensional look-up tables of pre-calculated aerosol 

optical properties constructed using Mie theory.  Mie theory is described in 

textbooks such as Van de Hulst [1981], Bohren and Huffman [1983], and Seinfeld 

and Pandis [1998], and in the literature by Dave [1970], Ackerman and Toon 

[1981], and Wiscombe [1980].  The basic input and output of Mie theory 

calculations is also discussed in Section 1.3. 

We apply this methodology to six vertical profiles from the twenty vertical 

profiles described in Chapter 3.  Referring to Table 3.4, we examine the vertical 

profiles collected on 22 August from 8:16-10:06 UTC, 24 August from 8:10-8:24 

UTC, 31 August from 12:29-12:44, 3 September from 8:31-8:50, 6 September 

from 9:17-9:29, and 6 September from 9:57-10:14.  The vertical profiles of the 

aerosol properties are in Figure 3.8-3.13 and also summarized in and Tables 3.5, 

3.7, and 3.8.   

Of these six vertical profiles, the first three from 22, 24, and 31 August 

were obtained during the period when the region was dominated by the 

anticyclonic circulation common during the winter months [Garstang et al., 

1996].  The last three vertical profiles from 3 and 6 September were collected 

during the River of Smoke [Annegarn et al., 2002].  The general synoptic 

meteorological conditions during SAFARI-2000 were described in Section 3.1.     
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We also limit the data used in this study to these six cases to prove that the 

methodology presented in this chapter is sound and that the sensitivity studies in 

the next chapter can be better understood.  There are basic computational logistics 

involved as well.  Other vertical profiles are the subject of future work. 

In Chapter 3, we characterized the aerosol optical properties measured 

during SAFARI-2000.  These measurements as well as similar in situ 

measurements from other groups [Haywood et al., 2003a; Haywood et al., 2003b] 

provide important information about the optical properties of southern African 

biomass burning aerosol, but the properties are limited to a small wavelength 

range.  Since direct measurements are the most rigorous method of characterizing 

aerosol optical properties, the interaction of models and measurements is an 

important issue [Ackerman et al., 2004; Kahn et al., 2004].  To some degree, this 

interaction is being addressed [e.g. Reddy et al., 2005a; Chung et al., 2005], but 

discrepancies between models and measurements on a regional level, particularly 

in southern Africa, continue to be a problem [Kinne et al., 2003; Kinne et al., 

2005].   

Most of the measurements made from the UW research aircraft during 

SAFARI-2000 and described in Chapter 3 have not been incorporated into any 

model.  We hope to organize and generalize the information collected by the UW 

during SAFARI-2000 into a database that is both available for general use within 

larger scale models and traceable back to in situ measurements.  This chapter 

describes a new look-up table retrieval methodology that uses SAFARI-2000 
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measurements to derive a complete, self-consistent characterization of southern 

African biomass burning aerosol shortwave optical properties. 

 

4.1.  Motivation 

A Mie look-up table can be used to quickly determine both extensive 

(σext,λ, Eq. 1.11) and intensive (ωo,λ, βλ, and gλ, described by Eqs. 1.7, 1.12, and 

1.9, respectively) aerosol optical properties given an aerosol size distribution 

(such as the lognormal size distribution in Eq. 1.1) and mλ (Eq. 1.4).  This is a 

“forward” calculation in the sense that the dependent variables, or the aerosol 

optical properties, are determined from the physical and chemical properties (or 

the independent variables) of an aerosol.  Alternatively, as shown in Hartley 

[2000], a Mie look-up table can also be used to find a size distribution and values 

of mλ using measurements of σext,λ, ωo,λ, and βλ.  This is the “inverse” problem, 

where we find the independent variables using the dependent variables.  Usually 

the solution to the inverse problem is not unique. 

In this analysis, similar to Hartley et al. [2001] and in Redemann et al. 

[2000a], we present a method to solve the inverse problem.  In contrast to those 

studies, however, we solve the inverse problem at multiple wavelengths.  The 

methodology is designed to search for a set of so-called optically-equivalent 

aerosol physical and chemical properties that together reproduce the available 

optical measurements (the dependent variables).  Although this method does not 

require any assumption about the mixing state of the aerosol [Ackerman and 

91



Toon, 1981; Chylek et al., 1988], it should be emphasized that an optically-

equivalent refractive index may correspond to no known material.  This is 

different than studies that assume an aerosol chemical composition, usually based 

on limited measurements, to derive the optical properties [Ross et al., 1998; 

Jacobson, 2000; Jacobson, 2001; Chung and Seinfeld, 2005].    

 

4.2.  Description 

To construct the look-up table, we define a six dimensional matrix that 

will be used as input to a well-documented, publicly-available Mie scattering code 

[Dave, 1970; Wiscombe, 1980; ftp://climate1.gsfc.nasa.gov/wiscombe/].  The 

input matrix (Minput) is defined as 

Minput = [λ, mr,λ, mi,λ, Dg, σg, Na]       (4.1) 

where λ is the wavelength of incident radiation, mr,λ and mi,λ are the wavelength 

dependent real and imaginary parts, respectively, of the complex refractive index, 

mλ (Eq. 1.4), Dg is the geometric mean diameter (Eq. 1.2), σg is the geometric 

standard deviation (Eq. 1.3), and Na is the total combined nucleation and 

accumulation mode aerosol number concentration (Section 1.2).   

The Mie scattering code then calculates Qext,λ and Qsca,λ for a single 

particle of diameter Dp and with mλ [Bohren and Huffman, 1983].  Using Eq. 

1.11, we integrate Qext,λ and Qsca,λ over the range of Dp in a size distribution given 
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by Dg, σg, and Na in Minput to produce a four dimensional output matrix (Moutput) 

defined as  

Moutput = [σext,λ, ωo,λ, βλ, gλ]      (4.2) 

where σext,λ, ωo,λ, βλ, and gλ are described in Eq. 1.11, 1.7, 1.12, and 1.9.  Thus, a 

Mie calculation describes the interaction of radiation with wavelength λ with the 

input described by Minput. 

The range of the elements of Minput  is limited and discrete to reduce both 

the potentially infinite size of the look-up table and the subsequent computation 

time associated with the retrieval, which will be described in Section 4.3.  A 

detailed listing of the dimensions of Minput is provided in Table 4.1.  Although Na 

for real aerosols varies tremendously (e.g. Figs. 3.8-3.13), we calculate values for 

Moutput at Na = 1000 cm-3.  The value of Na only affects calculations of σext,λ in 

Moutput since this is the only extensive parameter (ωo,λ, βλ, and gλ are intensive 

parameters).  Assuming the aerosol can be represented by a unimodal lognormal 

size distribution, we can combine Equations 1.1 and 1.11 to calculate σext,λ from 

Mie theory as 
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where Na is not dependent on Dp and can be taken outside the integrand.  In 

effect, Na becomes a scaling parameter for σext,λ.  In other words, if for a real 
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Table 4.1.  The dimensions of the input (Minput in Eq. 4.1) used to build the 
aerosol optical properties look-up table.  This includes the individual 
wavelengths (λ), the real and imaginary parts of the refractive index (mr and mi, 
respectively), the geometric mean diameter (Dg), geometric standard deviation 
(σg), and the aerosol number concentration (Na), with units (if applicable) listed 
in the table.  Bold values of λ indicate in situ measurement wavelengths, while 
the remaining values of λ correspond to the Sunphotometer. 

Parameter Range Step 
size 

Number of 
values 

λ (nm) 

354, 380, 449, 450, 
499, 525, 550, 606, 
675, 700, 778, 865, 
1019, 1241, 1557 

variable 15 

mr 1.4 - 1.95 0.05 12 

0 - 0.1 0.005 
mi

0.1 - 0.6 0.1 
26 

Dg (µm) 0.06 - 0.985 0.025 38 

σg 1.1 - 3.1 0.05 41 

Na (cm-3) 1000 N/A 1 
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aerosol, Na,example = 1500 cm-3, then we re-scale our calculation of σext,λ at  Na = 

1000 cm-3 by  

a

examplea
aextexampleaext N

N
NN ,

,,, )()( λλ σσ =     (4.4) 

This assumption implies that the entire aerosol size distribution increases or 

decreases uniformly, provided Dg and σg do not change.  Variations in Na can be 

accounted for with no loss in accuracy after we have compiled Moutput.  This saves 

computation time and significantly reduces the size of Moutput. 

The ranges of the five remaining dimensions of Minput are larger.  The 

wavelength dimension is set to fifteen wavelengths between λ = 354 – 1557 nm 

that correspond to the twelve wavelengths of the Sunphotometer (Section 2.1.4) 

and the three wavelengths (λ = 450, 550, and 700 nm) of the 3λ-nephelometer 

(Section 2.1.1).  Each wavelength dimension is treated as a separate look-up table 

in the sense that we specifically calculate optical properties at each of the fifteen 

wavelengths for the same range of sizes.  

There are 12 values of mr between 1.4-1.95, and 26 values of mi between 

0-0.6 in Minput.  The range is based on information published in d’Almeida et al. 

[1991] and covers values of m ranging from water with inclusions to a pure soot 

aerosol.  The lower limit of mr is set at 1.4 because the low ambient RH during 

SAFARI-2000 (Section 3.2) suggests that m should be greater than that of pure 

water (mr,water = 1.33).  The upper limits of mr and mi are the values listed in 

d’Almeida et al. [1991] for a pure soot particle, but except in areas close to 
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combustion sources (urban highway, near a cookstove), an aerosol is unlikely to 

be composed of pure soot [Kirchstetter et al., 2004; Roden et al., 2005]. 

We use 38 evenly spaced values of Dg from 0.06 – 0.985 µm and 41 

evenly spaced values of σg from 1.1 – 3.1 in Minput.  Limiting Dg to values less 

than 1 µm implies that we are assuming the aerosol optical properties can be 

represented by primarily submicron particles.  Since σg determines the width of 

the size distribution, the range of σg in Minput allows for size distributions that 

extend beyond 1 µm diameter (for example, if Dg = 0.985 µm and σg = 3.1).  As 

pointed in Reid et al. [2004a-b], however, we expect that the (lognormal) size 

distributions of biomass burning particles generally have Dg < 0.3 µm.  This is 

consistent with the very small average aerosol submicron volume fraction of 

(3±2)% listed in Table 3.7 for the vertical profiles collected during SAFARI-

2000.  

Constructing the look-up table is a forward calculation since at this point 

we are developing the search space to solve the inverse problem.  Each set of 

independent variables corresponds to a position in the look-up table space and this 

position defines the corresponding values of the dependent variables.  

Computationally, we reduce the access time of the look-up table by separating the 

λ dimension into fifteen λ-dependent look-up tables according to the values listed 

in Table 4.1. 
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The range of the dimensions of Moutput for five of the fifteen wavelengths 

are shown in Fig. 4.1 and these are completely determined by the range of each of 

the dimensions of Minput listed in Table 4.1.  For the dimensions of Minput 

described in Table 4.1, each element of Moutput will have 12*26*38*41 = 486096 

possible values for each of the fifteen wavelengths.  The distribution of ωo,λ 

shown in Fig. 4.1 has a noticeable dip between about 0.45 and 0.6 that arises from 

the discontinuity in the resolution of the mi dimension of Minput.  For mi > 0.1, we 

change the step size from 0.005 to 0.1 to limit the size of the look-up tables.   

We can also examine the distance between adjacent values, or step size, or 

Moutput.  The median step sizes of the dimensions of Moutput are ~10-3 Mm-1 for 

σext,λ and ~10-7 for ωo,λ, βλ, and gλ, and 99% of the step sizes are less than 0.23 

Mm-1 for σext,λ (for Na = 1000 cm-3) and ~10-5 for ωo,λ, βλ, and gλ indicating a high 

sensitivity to aerosol optical parameters.  We explicitly examine the resolution of 

the look-up table with respect to measurement uncertainty in Section 4.4.2. 

 

4.3.  Methodology 

 The goal of the retrieval is to search the space defined by Minput for 

corresponding values of Moutput that most closely match measured aerosol optical 

properties.  The final output is then a completely self-consistent set of physical, 

chemical, and optical aerosol properties, keeping in mind that the physical and 

chemical properties are optically-equivalent and not necessarily equal to the real 

physical and chemical properties.  In this section, we describe the technique used 
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Fig. 4.1.  The distribution of the wavelength-dependent extinction coefficient (σext,λ) 
using Na = 1000 cm-3, single scattering albedo (ωo,λ), backscatter ratio (βλ), and 
asymmetry parameter (gλ) calculated from input listed in Table 4.1 and stored in the look-
up tables, listed as a frequency of occurrence (%) in the look-up tables.  Five of the 
fifteen wavelengths in the Mie look-up table are shown in each of the figures.  The total 
number of possible values for each optical property at each wavelength (λ) is 486096, 
which is determined by the dimensions in Table 4.1.  The “stepsize” is the difference 
between adjacent values of the individual optical properties in the look-up table, 
suggesting a nearly continuous spectrum of possible values. 
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to find the best match between calculations of aerosol optical properties from Mie 

theory in the look-up table and measurements of aerosol optical properties 

described in Sections 3.3-3.4. 

 

4.3.1.  Optically-Equivalent Size Distribution 

The first part of the retrieval finds a unimodal lognormal submicron size 

distribution and values of mλ that together most closely reproduce the measured 

values of σext,λ, ωo,λ, and βλ at λ = 450, 550, and 700 nm.  We will refer to this 

size distribution and the values of mλ as the optically-equivalent size distribution 

(described by Dg,oe, σg,oe, and Na,oe) and optically-equivalent refractive index 

(moe,λ) since they are completely determined by solving the inverse problem 

rather than based on physical measurements.   

The measurements are defined as a vector of values 

ψmeas,λ = [σext,meas,λ, ωo,meas,λ, βmeas,λ]       (4.5) 

and, similarly, the uncertainty in the measurements are  

δmeas,λ = [δσext,meas,λ, δωo,meas,λ, δβmeas,λ]      (4.6) 

where each element of δmeas,λ is a vector of the measurement uncertainties 

associated with the values in Eq. 4.5.  The calculated values from the look-up 

table are defined as  

ψcalc,λ = [σext,calc,λ, ωo,calc,λ, βcalc,λ]       (4.7) 
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and are determined from the optically-equivalent physical and chemical 

properties, which are defined as a  

φoe,λ = [mr,oe,λ, mi,oe,λ, Dg,oe, σg,oe, Na,oe]        (4.8)

To solve the inverse problem, or find φoe,λ, we begin by search the look-up tables 

for values of ψcalc,λ that meet the criterion  

|ψmeas,λ − ψcalc,λ| < δmeas,λ        (4.9) 

for each element of ψmeas,λ, where the “|” indicates the absolute value of the 

difference.  Since all values of Moutput are calculated at a single value of Na, we 

actually re-scale Moutput to the mean value of Na measured by the CNC (Section 

2.1.3, Figs. 3.8-3.13, Table 3.7) and expand the search to include values of Na ± 

5δNa, where δNa is the counting error of the CNC.  Thus, we assume that Na,oe lies 

somewhere in the range of Na ± 5δNa.  

If a look-up table location matches the criterion in Eq. 4.9, we calculate 

the sum of the χ2 differences at each wavelength ( ) and for each element of 
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where ψmeas,λ,1 = σext,meas,λ, ψmeas,λ,2 = ωo,meas,λ, and ψmeas,λ,3 = βmeas,λ, with 

analogous definitions for ψcalc,λ,j and δmeas,λ,j.  In this  difference calculation, we 

use the uncertainties in the elements of ψ

2
λχ

meas,λ to both constrain the size of the 

100



search space as well as weighting the search to measurements with smaller 

relative uncertainties.   

The  values are stored in wavelength dependent vectors as χ2
λχ λ

2.  We 

require the number of possible solutions for each wavelength (based on Eq. 4.9) 

to fall between 20-100.  To implement these limits, we allow the constraints to be 

flexible.  If [[χλ
2]] > 100 (where “[[ ]]” indicates the number of elements), the 

constraints (δmeas,λ) are reduced by 5% and we search the look-up table for 

solutions within these reduced constraints.  If [[χλ
2]] < 20, we increase δmeas,λ by 

10-50%.  Additionally, we reduce or increase the range of possible values of Na to 

decrease or increase the size of the search space, again emphasizing the point that 

we are looking for an optically-equivalent size distribution rather than one that is 

confined to a specific value (i.e. the exact value of Na reported by CNC, which is 

inherently uncertain).   

We iteratively search the look-up tables until 20 < [[χλ
2]] < 100, during 

which we may have to either reduce or increase the constraints multiple times.  

The goal in this is to build an adequate search space for a global minimum.  We 

can define this reduced search space as a structure (ε) of χλ
2 vectors  

ε = {χ450
2,χ550

2,χ700
2}        (4.11) 

where each element of ε may be a different length such that 20 < [[χλ
2]] < 100.  

Thus ε is the final piece required to retrieve φoe,λ. 
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Each element of χλ
2 (i.e. χλ

2) qualifies as a possible solution to φoe,λ by Eq. 

4.9-4.10, so once we have ε, we search every combination of the three 

(wavelength-dependent) elements of the ε-space for the minimum difference in 

the size distribution parameters across the three elements (or wavelengths).  This 

is the optically-equivalent size distribution that, together with mr,oe,λ and mi,oe,λ, 

best reproduces the available optical properties at λ = 450, 550, and 700 nm.  In 

other words, we now have the best solution to φoe,λ.  Values of gλ are determined 

from φoe,λ.   

The methodology follows a very basic search algorithm and can be readily 

visualized with a concrete example.  At a specific level in a vertical profile, say 

we have 

ψmeas,550 = [100, 0.85, 0.10]        (4.12)   

and  

 δmeas,550 =  [10, 0.01, 0.02]        (4.13) 

for Na = 2500 ± 50 cm-3 measured by the CNC.  The possible solutions for φoe,550 

then emerge from a set of pre-calculated values in the look-up table that fall into 

the range 

ψcalc,550 = [90-110, 0.84-0.86, 0.08-0.12]      (4.14) 

for Na values ranging from 2250-2750 cm-3 (Na ± 5δNa) such that the criterion 

described by Eq. 4.9 is satisfied.  Hence we can now calculate χ550
2 per Eq. 4.10.  
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The same process is repeated for measurements at λ = 450 and 700 nm, from 

which we derive χ450
2 and χ700

2, and hence ε (Eq. 4.11).   

Suppose in this example that we now have 20, 50, and 100 matches in the 

look-up table for χ450
2, χ550

2, and χ700
2 (respectively) that satisfy the criterion in 

Eq 4.9.  The final part of the search for φoe,λ combines all variations of ε into a 

search space of size 20*50*100 = 100000 possible solutions (which is why we 

limit the number of solutions to 20-100).  Finally, we search this ε-space to find 

the single optically-equivalent size distribution that best fits all three wavelengths.  

It is important to emphasize that this search does not necessarily find the 

minimum in χλ
2 at each wavelength, but instead finds the minimum across all 

three wavelengths simultaneously.  With the location of single optically-

equivalent size distribution that best fits all three wavelengths, we can look up the 

values of the corresponding wavelength-dependent optically-equivalent refractive 

indices (and now have φoe,λ) and the asymmetry parameter.    

The degrees of freedom in this calculation warrant some discussion as 

well.  To retrieve φoe,λ, we constrain the search with the nine parameters described 

by ψmeas,λ (and δmeas,λ).  The number of parameters being retrieved in φoe is nine as 

well (accounting for the wavelength dependence of moe,λ).  However, as discussed 

in Section 3.4.1, determining ωo,λ involves an assumption of the wavelength 

dependence of σabs (αabs) for extrapolation from λ = 550 nm to λ = 450 and 700 

nm.  The degrees of freedom are reduced to eight by this assumption.  Then again, 
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Na is actually not purely a free parameter, as discussed above.  It is based on 

measurements, but is simply allowed a wider range in the retrieval.  In the 

retrieval then, we have eight independently determined parameters being used to 

retrieve eight more parameters.  We examine the results of the retrieval of φoe,λ for 

the six vertical profiles in Section 4.5. 

 

4.3.2.  Retrieving the Single Scattering Albedo 

The second part of the retrieval accesses the look-up tables differently 

because we have different inputs to use as constraints.  The goal of the second 

part of the retrieval is to retrieve ωo,λ within constraints set by the σsp,ext,λ and 

using the information gained by the retrieval of φoe,λ.  

Values of ωo,λ, however, cannot be retrieved if there is no constraint on 

absorption.  We approach this problem by defining boundary conditions on the 

search for ωo,λ.  Fig. 4.1 showed that for the range of input values specified by 

Minput, ωo,λ is most likely 0.4-1.0, but limiting our search to this wide range still 

results in diverging solutions for the retrieval.  We know from multiple SAFARI-

2000 studies that the biomass burning aerosol is composed of a high percentage of 

carbonaceous particles [Eatough et al., 2003; Formenti et al., 2003; Gao et al., 

2003; Kirchstetter et al., 2003] and that these carbonaceous particles absorb 

radiation [Eck et al., 2003; Magi et al., 2003; Kirchstetter et al., 2004].  Thus we 

do not expect ωo,λ to ever approach a value of unity (purely scattering), especially 
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since scattering aerosols like sulfate become more absorbing with increasing 

wavelength [d’Almeida et al., 1991].  Even if the boundary conditions of ωo,λ are 

confined to 0.4-0.9, however, we still are exploring a huge range of potential 

values. 

To further reduce the range of possible ωo,λ values, we examine the 

literature.  We emphasize initially that there are no direct (e.g. PSAP) 

measurements of ωo,λ beyond 550 nm from SAFARI-2000.  The values of ωo,450 

and ωo,700 are based on an assumed (and uncertain) value of αabs per the 

discussion in Section 3.4.1.  There are, however, some studies that derive ωo,λ 

using remote sensing methods.  Bergstrom et al. [2003] derived column-averaged 

ωo,λ values for λ = 350-1650 nm from two SAFARI-2000 case studies using an 

indirect method, but interestingly found higher values of ωo,λ during the smoke-

impacted River of Smoke than during the anticyclonic circulation period.  This is 

contrary to other studies from SAFARI-2000 [Eck et al., 2003; Haywood et al., 

2003b; Magi et al., 2003] and to data presented in Section 3.4, Figs. 3.8-3.13, and 

Table 3.8.  Eck et al. [2003] describe ground-based AERONET (Section 2.2) 

retrievals of column-averaged ωo,λ for λ = 440, 670, 870, and 1020 nm. 

Generally, however, ωo,λ is derived by assuming a chemical composition 

and mixing state of the aerosol [Kinne et al., 2005].  Using the optical properties 

of individual aerosol chemical components published in d’Almeida et al. [1991] 

or Hess et al. [1998], together with a core-shell or mixing rule assumption 
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[Ackerman and Toon, 1981; Chylek et al., 1988], the aerosol in question can be 

easily modeled.  For example, Ross et al. [1998] model submicron Brazilian 

biomass burning aerosols as a black carbon core surrounded by an organic liquid 

shell [Ackerman and Toon, 1981].  Haywood et al. [2003a] combine a volume-

weighted mixing rule assumption [Chylek et al., 1988] with published 

characteristics of biomass burning aerosol from Brazil [Ross et al., 1998] to 

estimate properties of southern African biomass burning aerosols transported over 

Namibia.   

The problems with this method are determining the aerosol chemical 

components, the relative fractions of the chemical components, and whether the 

information in d’Almeida et al. [1991] or Hess et al. [1998] should be applied.  

There is, for example, no generic “biomass burning” aerosol described in 

d’Almeida et al. [1991] or Hess et al. [1998].  To make the problem more 

complex, Jacobson [2001] and Chung and Seinfeld [2005] describe results of 

modeling studies that imply that even the mixing state assumption for an aerosol 

with absorbing particles (i.e. black carbon) affects the overall radiative effect on 

climate.  The mixing state, however, usually changes with time as well [Posfai et 

al., 2004; van Poppel et al., 2005]. 

Fig. 4.2 summarizes the challenge in attempting to understand ωo,λ.  The 

in situ values of ωo,λ in Fig. 4.2 are based on PSAP and nephelometer 

measurements at λ = 550 nm and extrapolated to λ = 450 and 700 nm using the 

suggested value of αabs by Bergstrom et al. [2003] and listed in Table 3.7.  The 
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Fig. 4.2.  Constraints on the wavelength (λ) dependent single scattering albedo, ωo,λ.  The 
values of ωo,λ for soot, sulfate, continental, urban, and soluble aerosols are from 
d’Almeida et al. [1991].   The values of ωo,λ labeled “Brazil” are from the empirical 
function for South American biomass burning in Ross et al. [1998].  The values of ωo,λ 
labeled “Africa” are derived from remote sensing measurements made from the UW 
research aircraft on 24 Aug and 6 Sep 2000 during SAFARI-2000 and published in 
Bergstrom et al. [2003].  The in situ values of ωo,λ are based on PSAP and nephelometer 
data at λ = 550 nm and extrapolated to λ = 450 and 700 nm using the the absorption 
angstrom exponent (αabs) suggested by Bergstrom et al. [2003].  The in situ data is from 
the vertical profile on 22 Aug 2000.  The absolute values of ωo,λ from the different data 
sources are shown in the main figure and the inset magnifies the region around the in situ 
measurements.  The dashed green lines bracketing the in situ values of ωo,λ are the 
uncertainty propagated from measurements. 
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values of ωo,λ in Fig. 4.2 for soot, sulfate, continental, urban, and soluble aerosols 

are from the generic aerosol types in d’Almeida et al. [1991].   The values of ωo,λ 

labeled “Brazil” are from the empirical function for South American biomass 

burning in Ross et al. [1998].  The values of ωo,λ labeled “Africa” are derived 

from remote sensing measurements made from the UW research aircraft on 24 

Aug and 6 Sep 2000 during SAFARI-2000 and published in Bergstrom et al. 

[2003].   

In Fig. 4.2, we see that the range of ωo,λ encompasses nearly all possible 

values.  Realistically, an atmospheric aerosol dominated by pure soot particles is 

rare, but even disregarding soot and limiting the examination to the derived values 

of ωo,λ from Ross et al. [1998] and Bergstrom et al. [2003], considerable 

discrepancy from the in situ values of ωo,λ (Fig. 4.2) remains and choosing a 

constraint is unclear.   

In Fig. 4.3, the values of ωo,λ from Fig. 4.2 have been set to match the in 

situ values of ωo,λ at 450 and 700 nm by  

ωo,λ = κ ωo,λ,soot + (1- κ) ωo,λ,x       (4.15)  

where κ and (1- κ) are the percentages listed in the legend of Fig. 4.3 and ωo,λ,x is 

the value of ωo,λ for the d’Almeida et al. [1991] component that is linearly 

combined with soot.  The percentages that we had to scale the Brazil [Ross et al., 

1998] and SAFARI-2000 data [Bergstrom et al., 2003] to match the in situ values 

are also listed in the figure legend (109% means the curve was increased by 9%).  
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Fig. 4.3. As per Fig. 4.2, but now the values of ωo,λ have been adjusted to match the in 
situ values of ωo,λ at 450 and 700 nm by either linearly adding soot aerosol to the another 
aerosol type from d’Almeida et al. [1991] or by increasing or decreasing the curves in 
Ross et al. [1998] or Bergstrom et al. [2003].  The percentage of soot required to match 
the in situ values of ωo,λ for each aerosol type are listed in the legend, as are the values 
the Brazil and African data were adjusted (109% means the curve was increased by 9% to 
match in situ data).  The dashed green lines bracketing the in situ values of ωo,λ are the 
uncertainty propagated from measurements. 
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The dashed green lines bracketing the in situ values of ωo,λ in the figure are the 

uncertainty determined from the measurements and the extrapolation (Section 

3.4). 

Returning to the main issue, we are searching for some level of constraint 

on absorption for the retrieval of a best fit value.  Since the d’Almeida et al. 

[1991] climatology can be adjusted to match any available value of ωo,λ by 

plausibly adding more absorbing soot aerosol, we use a linear combination of soot 

and urban aerosol that matches the measurements of visible wavelength ωo,λ for 

each vertical profile obtained by the UW research aircraft.  The soot and 

continental aerosol combination is an intuitive choice as well, but the values (after 

being scaled to in situ data) are negligibly different.  The linear combination 

implies an externally mixed aerosol as opposed to an internally mixed aerosol 

[Ackerman and Toon, 1981; Chylek et al., 1988; Jacobson, 2001; Chung and 

Seinfeld, 2005], but the goal in this step is to find a relationship that provides a 

constraint rather than a specific value.  In that light, we apply about ±10% bounds 

to constrain the retrieval of ωo,λ for λ < 450 nm and λ > 700 nm.  For comparison, 

the uncertainty in ωo,λ measured at visible wavelengths is generally less than 

~3%.   

The soot and urban aerosol model also is qualitatively in the middle of the 

range of other combinations of d’Almeida et al. [1991] aerosol types and the 

relationships suggested by Ross et al. [1998] and Bergstrom et al. [2003].  It is 

interesting to note that no linear combination of aerosols from the d’Almeida et al. 
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[1991] climatology can reproduce the falloff in ωo,λ in the near infrared 

wavelengths suggested by Ross et al. [1998] and Bergstrom et al. [2003] for 

biomass burning aerosol.  We explore the radiative implications of assuming a 

non-visible ωo,λ constraint in Section 5.4.2.    

 With a constraint on ωo,λ, we can now find the value of ωo,λ that is the best 

fit to the Sunphotometer measurements of σext,λ and φoe,λ (Eq. 4.8).  In this case, 

the measurement vector is defined as  

Ψmeas,λ = [σext,sp,λ, ωo,λ, Dg,oe, σg,oe, Na,oe]      (4.16) 

where σext,sp,λ, ωo,λ are at the twelve wavelengths of the Sunphotometer (Section 

2.1.4) and Dg,oe, σg,oe, Na,oe are from Eq. 4.8.  The uncertainties in the 

measurements determined from the analysis presented in Chapter 3 (or artificial 

constrained in the case of non-visible wavelength values of ωo,λ, as discussed 

above) are defined as 

∆meas,λ = [δσext,sp,λ, δωo,λ, δDg,oe, δσg,oe, δNa,oe]     (4.17) 

where each element of ∆meas,λ is a vector of the measurement uncertainties 

associated with the values in Eq 4.16.  The calculated values from the look-up 

table are defined as  

Ψcalc,λ = [σext,calc,λ, ωo,calc,λ, Dg,calc, σg,calc, Na,calc]     (4.18) 

We find the best fit values of moe,λ or  

Φoe,λ = [mr,oe,λ, mi,oe,λ]        (4.19)

by searching the look-up tables for all values that meet the criterion  
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|Ψmeas,λ − Ψcalc,λ| < ∆meas,λ        (4.20) 

where the “|” indicates the absolute value of the difference.  We have to re-scale 

any parameter that is dependent on Na, per Eq. 4.4, and we search for values using 

Na,oe ± δNa,oe (rather than the less constrained range of Na ± 5δNa from Section 

4.3.1).  If a look-up table location matches the criterion in Eq. 4.20, we calculate 

the Χ2 difference as  

( )
∑

= ∆

Ψ−Ψ
=Χ

5

1
2

,,

2
,,,,2

j jmeas

jcalcjmeas

λ

λλ
λ        (4.21) 

where we sum the values of Χλ
2 for all the elements of Ψmeas,λ, Ψcalc,λ, and ∆meas,λ.  

The possible solutions that meet the criterion described in Eq. 4.20 are compiled 

in a vector of Χλ
2 values (Χλ

2). The best fit value for Φoe,λ is the minimum value 

of Χλ
2.  

 The second part of the retrieval is much more limited by the simple fact 

that we base the retrieval on measurements by the Sunphotometer and apply an 

artificial constraint on ωo,λ for non-visible wavelengths.  Strictly speaking, we 

have twelve independent measurements of σext,λ, one actual measurement of ωo,λ, 

and two relationships describing the wavelength dependence (either the artificial 

constraint or the value of αabs from Bergstrom et al. [2003]).  We also have the 

nine parameters retrieved in φoe,λ (Eq. 4.8).   

The goal of the retrieval is to find the twenty-four elements of Φoe,λ such 

that we can use Φoe,λ together with φoe,λ to calculate any aerosol optical property 
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from Mie theory.  The elements of Φoe,λ at visible wavelengths are much better 

constrained since we have φoe,λ, so we are actually finding about fourteen non-

visible elements (five wavelengths of the Sunphotometer are in the visible, as 

shown in Table 4.1).  In principle, we have twelve to twenty-four constraints on a 

problem with fourteen to twenty-four free parameters.  Although the retrieval 

does indeed produce a self-consistent set of aerosol physical, chemical, and 

optical properties, measurements of ωo,λ beyond the visible wavelengths would 

provide a more solid physical basis for the retrieval. 

 

4.4.  Application 

4.4.1.  Retrieval of Aerosol Vertical Profiles 

In this section, we describe the general method used to apply the retrieval 

to real aerosol vertical profiles.  The altitude-dependent matrix of measurement 

vectors, ψmeas,λ (Eq. 4.5), is defined as  

 ψmeas,λ,z = [σext,meas,λ,z, ωo,meas,λ,z, βmeas,λ,z]     (4.22) 

where σext,λ, ωo,λ, and βλ are from the measurements described in Section 3.4 and 

the “z” subscript indicates the altitude dependence.  The discrepancy between 

τis,layer and τsp,layer (Section 3.3), which also results in a discrepancy of ~15-30% 

between σext,is and σext,sp [e.g. Schmid et al., 2006], is resolved by adjusting all 

values of σis,ext,λ to equal σsp,ext,λ.  This adjustment is not applied to ωo,λ and βλ 

since these are intensive quantities.  Therefore, we assume that the difference 
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between σsp,ext,λ and σis,ext,λ is due particles lost during sampling (Section 3.3.2) 

and that the particles lost do not significantly alter the intensive parameters.  This 

assumption also implies that the particles lost have an approximately equal effect 

on the scattering and absorbing components of the optical properties. 

 Using uncertainty in the measurements determined in Section 3.4.1, we 

define an altitude-dependent matrix of uncertainties as 

 δmeas,λ,z = [δσext,meas,λ,z, δωo,meas,λ,z, δβmeas,λ,z]      (4.23) 

and this combined with Eq. 4.22 is used retrieve the altitude-dependent optically-

equivalent physical and chemical properties defined as   

φoe,λ,z = [mr,oe,λ,z, mi,oe,λ,z, Dg,oe,z, σg,oe,z, Na,oe,z]     (4.24)

where again the “z” subscript indicates the altitude dependence.   

Using φoe,λ,z, the data from the Sunphotometer, and the artificial urban and 

soot aerosol constraint on values of ωo,λ beyond the visible wavelengths (Section 

4.3.2), the measurement vector, Ψmeas,λ (Eq. 4.16), is defined at each altitude in 

the vertical profile as  

Ψmeas,λ,z = [σext,sp,λ,z, ωo,λ,z, Dg,oe,z, σg,oe,z, Na,oe,z]    (4.25) 

analogous to measurement matrix in Eq. 4.22.  Similarly, the altitude-dependent 

uncertainty matrix, ∆meas,λ (Eq. 4.16), is 

∆meas,λ,z = [δσext,sp,λ,z, δωo,λ,z, δDg,oe,z, δσg,oe,z, δNa,oe,z]   (4.26) 

Values of δσext,sp,λ,z are ~15-20% [Schmid et al. 2003; Schmid et al., 2006], while 

δωo,λ,z are based on the measurement and extrapolation uncertainties for λ = 450-
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700 nm and an ascribed uncertainty of ~10% outside of this λ range (Section 

4.3.2).  The values of δDg,oe,z, δσg,oe,z, and δNa,oe,z are based on variability that 

arises from the final determination of φoe,λ,z (Eq. 4.22) and are generally less than 

10%, but depend on the particular vertical profile. 

 

4.4.2.  Resolution 

To test the retrieval methodology, we use idealized test cases to confirm 

that the methodology works when we already know the solution.  If we choose a 

random location in Minput and use the corresponding values in Moutput as an 

artificial “measurement” vector, ψmeas,λ, with δmeas,λ = 0.05*ψmeas,λ (referring to 

Eqs. 4.5-4.6), the retrieved values in φoe,λ match Minput 100% of the time.  This is 

true even as we increase δmeas,λ from 0.05*ψmeas,λ to 0.30*ψmeas,λ (i.e. 5% 

uncertainty to 30% uncertainty), suggesting that the retrieval successfully settles 

on the global minimum. 

In Section 4.2, we showed that even the seemingly coarse resolution of 

Minput listed in Table 4.1 produces values in Moutput.that are separated by step sizes 

(the difference between adjacent values in Moutput).  Now we directly use the 

retrieval methodology presented in Sections 4.2-4.3 to assess the resolution of the 

look-up table with respect to typical uncertainties associated with ψmeas,λ, or 

δmeas,λ.  In other words, are the values in δmeas,λ greater than the step sizes in 

Moutput? 
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To test the resolution, we use data from six vertical profiles, artificially 

adjust ψmeas,λ by a fraction of δmeas,λ away from the original value, and use each 

ψmeas,λ as input to the retrieval.  The resolution of the look-up table is adequate if 

φoe,λ retrieved for the original value of ψmeas,λ is different than φoe,λ retrieved for 

ψmeas,λ adjusted by 1*δmeas,λ.  We adjusted ψmeas,λ for fractional values of δmeas,λ 

ranging from 0-1.5, where 0 implies no adjustment.  Adjusting ψmeas,λ by 1*δmeas,λ 

produced values in φoe,λ that were unique compared to the retrieved ψmeas,λ using 

the original ψmeas,λ.  In fact, even adjusting ψmeas,λ by 0.5*δmeas,λ nearly always 

produced unique values of φoe,λ.  This implies that the pre-determined resolution 

specified by Minput is more than adequate to resolve the values in ψmeas,λ within 

measurement uncertainties specified by δmeas,λ. 

 

4.4.3.  Structural Uncertainty 

Having confirmed that the resolution of the look-up table is adequate to 

resolve typical measurement uncertainties, we now examine the uncertainty in the 

retrieved values of the aerosol optical properties that are calculated from the 

values in φoe,λ.  This is an important step since uncertainty gained through the 

retrieval must be propagated together with any uncertainty associated with a 

particular optical property.  We call the uncertainty that arises from the retrieval 

itself the structural uncertainty. 
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To calculate the structural uncertainty, we calculate a set of aerosol optical 

properties from a pre-determined size distribution and refractive index, but 

instead of using one of the discrete values specific to the look-up table used in the 

retrieval, we calculate the optical properties from a value between the discrete 

steps used to build the look-up table.  For example, referring to Table 4.1, we 

could calculate the optical properties at λ = 550 nm using Dg = 0.1475 µm, σg = 

1.7, and m550 = 1.60 – 0.02i, noting that the value of Dg falls between the values in 

Table 4.1 (i.e. Dg = 0.135 and 0.160 µm) used to build the look-up table in this 

analysis.  Thus, although we have an exact solution using Mie theory, this 

particular exact solution is not explicitly in the look-up table.   

We retrieve φoe,λ and compare the calculated optical properties with the 

exact solution.  The average percent difference between the exact solution and the 

calculated optical properties for each dimension of Minput (i.e. Dg, σg, mr, and mi) 

is the structural error.   

The structural errors associated with each dimension of Minput are 

propagated together by quadratures for each of the calculated aerosol optical 

properties.  Using this method, we calculate ±4.1% uncertainty in σext,λ, ±1.2% in 

ωo,λ, and ±3.8% in gλ.  Partitioning the structural uncertainty, we find that the 

smallest contribution to the structural uncertainty in all calculated optical 

properties arises from the values of Dg used to build the look-up table.  The 

greatest contribution to the structural uncertainty arises from the values of mr for 
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σext,λ and gλ, but from mi for ωo,λ.  This partitioning offers some insight into how 

to most efficiently reduce the structural uncertainty associated with the look-up 

table used in the retrieval.  Specifically, increasing the resolution of the values of 

mr and mi used to build the look-up table will have the most immediate impact on 

the uncertainty associated with the retrieval. 

  

4.5.  Analysis 

Using the data in the vertical profiles shown Figs. 3.8-3.13 and described 

in Section 3.4.2, we retrieve φoe,λ,z per the discussion in Section 4.4.1.  Using the 

values in φoe,λ,z, combined with σext,λ,z from the Sunphotometer, and the artificial 

urban and soot aerosol combination constraint on ωo,λ,z, we find a self-consistent 

set of aerosol physical, chemical, and optical properties for every point in the 

vertical profiles.   

The column-averaged, extinction-weighted mean values for the optically-

equivalent physical properties (i.e. the size distributions) are listed in Table 4.2.  

The lognormal distributions that best reproduce the measured optical properties 

range from Dg = 0.15 – 0.23 µm, with the width of the distribution, σg, ranging 

from 1.6 – 2.0.  The values of submicron aerosol number concentration (Na) for 

the optically-equivalent size distributions range from 1600 – 5200 cm-3.  The 

optically-equivalent size distributions reported here are in general agreement with 

the measured distributions discussed for Brazilian biomass burning aerosol [Reid 

et al., 1998; Ross et al., 1998] and for transported smoke in southern Africa 
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[Haywood et al., 2003a].  The submicron part of the AERONET retrieved size 

distributions from SAFARI-2000 are also similar to those retrieved using the 

methodology based on instrument measurements [Eck et al., 2003].  Magi and 

Hobbs [2004] showed that the shape and peaks of measured size distributions 

matched AERONET retrieved size distributions reasonably well for SAFARI-

2000.  The values of Na reported here are larger than those reported in Haywood 

et al., [2003a], but we report Na for a range of particle diameters that includes 

very small (Dp < 0.1 µm) particles.  As seen in Table 3.7, it is common that small 

particles typical of biomass burning [Reid et al., 2004a-b] often comprise a large 

fraction of the total submicron aerosol number concentration. 

The column-averaged, extinction-weighted mean values of the 

wavelength-dependent optically-equivalent refractive indices for each vertical 

profile are listed in Table 4.3.  AERONET retrieves the complex refractive index 

for a limited wavelength range [Dubovik et al., 2002] and Haywood et al. [2003a-

b] find an optically-equivalent refractive index for λ = 550 nm of 1.54-0.18i.  

Examining AERONET data discussed in Leahy [2006], the real part of the 

refractive indices reported by AERONET during SAFARI-2000 are ~10-20% less 

than those shown in Table 4.3.  The imaginary part of the refractive indices from 

AERONET are ~30-90% less than the optically-equivalent values that we 

suggest.  The AERONET retrieval, however, is intended to characterize the full 

size distribution rather than the submicron part, whereas our retrieval is strictly 

for submicron size distributions (Table 4.2).  Although some difference between 
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Date λ 
ID (2000) (nm)

354 1.55 ± 0.01 0.013 ± 0.002 199.7 ± 15.7 0.927 ± 0.008 0.653 ± 0.007 0.076 ± 0.002
380 1.54 ± 0.01 0.013 ± 0.002 182.4 ± 14.4 0.926 ± 0.008 0.653 ± 0.006 0.076 ± 0.001
449 1.57 ± 0.02 0.012 ± 0.002 140.0 ± 11.9 0.928 ± 0.009 0.630 ± 0.010 0.084 ± 0.003
450 1.54 ± 0.02 0.012 ± 0.003 133.5 ± 11.3 0.930 ± 0.009 0.632 ± 0.008 0.082 ± 0.002
499 1.57 ± 0.03 0.015 ± 0.003 111.6 ± 10.1 0.918 ± 0.010 0.601 ± 0.007 0.093 ± 0.003
525 1.62 ± 0.03 0.017 ± 0.003 104.4 ± 8.6 0.912 ± 0.010 0.579 ± 0.009 0.102 ± 0.003
550 1.62 ± 0.04 0.017 ± 0.003 89.7 ± 6.9 0.908 ± 0.011 0.569 ± 0.009 0.105 ± 0.003
606 1.69 ± 0.04 0.021 ± 0.004 83.9 ± 8.5 0.897 ± 0.012 0.543 ± 0.011 0.116 ± 0.004
675 1.76 ± 0.05 0.025 ± 0.004 61.4 ± 4.9 0.883 ± 0.013 0.495 ± 0.012 0.136 ± 0.004
700 1.77 ± 0.06 0.026 ± 0.005 59.4 ± 5.3 0.878 ± 0.014 0.487 ± 0.012 0.139 ± 0.004
778 1.80 ± 0.06 0.030 ± 0.005 46.4 ± 3.4 0.855 ± 0.015 0.451 ± 0.013 0.154 ± 0.005
865 1.80 ± 0.07 0.031 ± 0.005 38.8 ± 3.2 0.848 ± 0.014 0.443 ± 0.014 0.158 ± 0.005

1019 1.79 ± 0.07 0.031 ± 0.005 28.8 ± 2.3 0.830 ± 0.017 0.424 ± 0.017 0.166 ± 0.007
1241 1.82 ± 0.06 0.038 ± 0.005 23.0 ± 1.7 0.786 ± 0.015 0.401 ± 0.018 0.177 ± 0.008
1557 1.84 ± 0.06 0.059 ± 0.009 17.2 ± 1.8 0.673 ± 0.017 0.366 ± 0.018 0.193 ± 0.008

354 1.54 ± 0.02 0.020 ± 0.003 165.5 ± 27.6 0.896 ± 0.012 0.655 ± 0.017 0.074 ± 0.005
380 1.53 ± 0.03 0.020 ± 0.003 150.5 ± 25.2 0.894 ± 0.012 0.655 ± 0.019 0.074 ± 0.006
449 1.53 ± 0.03 0.021 ± 0.003 126.3 ± 22.4 0.888 ± 0.013 0.635 ± 0.023 0.081 ± 0.007
450 1.52 ± 0.03 0.021 ± 0.003 119.1 ± 20.2 0.886 ± 0.013 0.636 ± 0.022 0.080 ± 0.007
499 1.55 ± 0.03 0.024 ± 0.003 108.6 ± 19.0 0.876 ± 0.014 0.616 ± 0.022 0.088 ± 0.007
525 1.57 ± 0.03 0.025 ± 0.004 99.7 ± 17.6 0.871 ± 0.015 0.601 ± 0.022 0.093 ± 0.008
550 1.56 ± 0.03 0.025 ± 0.004 91.2 ± 16.0 0.868 ± 0.015 0.597 ± 0.024 0.095 ± 0.008
606 1.58 ± 0.02 0.028 ± 0.004 82.4 ± 14.2 0.855 ± 0.014 0.575 ± 0.025 0.103 ± 0.009
675 1.60 ± 0.04 0.032 ± 0.004 70.4 ± 12.4 0.835 ± 0.016 0.551 ± 0.032 0.113 ± 0.012
700 1.62 ± 0.04 0.033 ± 0.004 68.6 ± 12.5 0.833 ± 0.017 0.542 ± 0.032 0.117 ± 0.012
778 1.66 ± 0.05 0.038 ± 0.005 60.7 ± 11.0 0.809 ± 0.017 0.518 ± 0.037 0.127 ± 0.015
865 1.65 ± 0.04 0.038 ± 0.004 55.3 ± 10.1 0.802 ± 0.016 0.510 ± 0.036 0.131 ± 0.015

1019 1.65 ± 0.05 0.041 ± 0.005 50.0 ± 9.6 0.779 ± 0.016 0.502 ± 0.038 0.135 ± 0.016
1241 1.71 ± 0.06 0.056 ± 0.007 47.4 ± 9.1 0.725 ± 0.014 0.481 ± 0.034 0.144 ± 0.015
1557 1.74 ± 0.05 0.080 ± 0.009 45.6 ± 8.6 0.643 ± 0.016 0.471 ± 0.038 0.149 ± 0.016

354 1.59 ± 0.03 0.022 ± 0.003 170.6 ± 22.8 0.891 ± 0.011 0.588 ± 0.004 0.097 ± 0.002
380 1.59 ± 0.03 0.022 ± 0.002 153.4 ± 21.0 0.888 ± 0.011 0.583 ± 0.005 0.099 ± 0.003
449 1.59 ± 0.04 0.022 ± 0.003 115.7 ± 16.9 0.883 ± 0.013 0.551 ± 0.006 0.111 ± 0.002
450 1.59 ± 0.04 0.021 ± 0.003 112.2 ± 15.6 0.886 ± 0.011 0.553 ± 0.004 0.110 ± 0.002
499 1.65 ± 0.04 0.026 ± 0.003 95.7 ± 14.3 0.866 ± 0.012 0.513 ± 0.011 0.126 ± 0.004
525 1.66 ± 0.04 0.027 ± 0.004 86.3 ± 11.7 0.858 ± 0.013 0.498 ± 0.010 0.133 ± 0.004
550 1.70 ± 0.04 0.030 ± 0.004 77.4 ± 10.7 0.850 ± 0.014 0.481 ± 0.009 0.140 ± 0.004
606 1.72 ± 0.05 0.032 ± 0.005 66.5 ± 9.7 0.835 ± 0.018 0.457 ± 0.010 0.150 ± 0.004
675 1.78 ± 0.07 0.036 ± 0.005 52.8 ± 7.7 0.812 ± 0.017 0.418 ± 0.010 0.168 ± 0.004
700 1.84 ± 0.05 0.039 ± 0.005 49.2 ± 6.9 0.811 ± 0.018 0.409 ± 0.009 0.172 ± 0.004
778 1.84 ± 0.07 0.040 ± 0.006 38.2 ± 5.0 0.774 ± 0.019 0.361 ± 0.012 0.193 ± 0.005
865 1.85 ± 0.06 0.039 ± 0.005 31.8 ± 4.2 0.770 ± 0.018 0.354 ± 0.012 0.197 ± 0.006

1019 1.87 ± 0.06 0.039 ± 0.006 24.1 ± 3.2 0.751 ± 0.016 0.330 ± 0.015 0.208 ± 0.007
1241 1.85 ± 0.05 0.040 ± 0.005 19.1 ± 2.7 0.693 ± 0.018 0.298 ± 0.010 0.224 ± 0.005
1557 1.87 ± 0.05 0.048 ± 0.007 15.7 ± 2.3 0.595 ± 0.018 0.262 ± 0.011 0.241 ± 0.005

mr

1

2

3

(cont.)

22-Aug

31-Aug

24-Aug

Table 4.3.  The column-averaged and extinction-weighted mean values of the real (mr) 
and imaginary (mi) parts optically-equivalent refractive index (moe) as a function of 
wavelength (λ) for the six vertical profiles that can be cross-referenced using the 
numerical identification (ID) in Table 4.2.  Also listed are the column-averaged and 
extinction-weighted extinction coefficient (σext), single scattering albedo (ωo), asymmetry 
parameter (g) and backscatter ratio (β) calculated using moe and the optically-equivalent 
size distributions reported in Table 4.2.

g
moe calculated optical properties

βσext (Mm-1) ωomi
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Date λ 
ID (2000) (nm)

354 1.60 ± 0.01 0.040 ± 0.002 410.3 ± 56.6 0.837 ± 0.005 0.623 ± 0.003 0.083 ± 0.001
380 1.59 ± 0.01 0.039 ± 0.002 378.4 ± 53.5 0.834 ± 0.005 0.616 ± 0.003 0.085 ± 0.001
449 1.58 ± 0.02 0.039 ± 0.002 295.8 ± 41.5 0.824 ± 0.005 0.591 ± 0.004 0.094 ± 0.001
450 1.58 ± 0.02 0.039 ± 0.002 291.7 ± 42.0 0.822 ± 0.007 0.591 ± 0.002 0.094 ± 0.001
499 1.61 ± 0.02 0.040 ± 0.002 249.0 ± 34.4 0.819 ± 0.005 0.558 ± 0.004 0.106 ± 0.001
525 1.64 ± 0.03 0.041 ± 0.002 222.9 ± 30.2 0.817 ± 0.006 0.537 ± 0.004 0.115 ± 0.002
550 1.65 ± 0.03 0.040 ± 0.003 200.8 ± 27.3 0.820 ± 0.005 0.522 ± 0.002 0.121 ± 0.001
606 1.67 ± 0.04 0.040 ± 0.003 169.9 ± 23.6 0.812 ± 0.005 0.491 ± 0.003 0.134 ± 0.001
675 1.71 ± 0.04 0.040 ± 0.003 136.5 ± 19.0 0.804 ± 0.006 0.451 ± 0.006 0.152 ± 0.002
700 1.81 ± 0.06 0.047 ± 0.004 123.8 ± 16.8 0.801 ± 0.008 0.436 ± 0.003 0.159 ± 0.001
778 1.78 ± 0.05 0.046 ± 0.004 99.9 ± 14.3 0.775 ± 0.007 0.394 ± 0.003 0.177 ± 0.001
865 1.78 ± 0.04 0.044 ± 0.004 82.0 ± 12.2 0.770 ± 0.006 0.376 ± 0.008 0.186 ± 0.004

1019 1.74 ± 0.06 0.041 ± 0.006 59.3 ± 9.9 0.742 ± 0.009 0.354 ± 0.004 0.197 ± 0.002
1241 1.72 ± 0.08 0.043 ± 0.008 45.4 ± 8.4 0.700 ± 0.009 0.337 ± 0.006 0.205 ± 0.003
1557 1.80 ± 0.07 0.060 ± 0.009 38.1 ± 7.5 0.593 ± 0.012 0.289 ± 0.008 0.228 ± 0.004

354 1.58 ± 0.01 0.033 ± 0.002 479.7 ± 37.3 0.847 ± 0.007 0.643 ± 0.008 0.078 ± 0.002
380 1.57 ± 0.02 0.033 ± 0.002 449.5 ± 35.7 0.845 ± 0.007 0.642 ± 0.008 0.079 ± 0.002
449 1.58 ± 0.02 0.036 ± 0.002 358.3 ± 26.9 0.835 ± 0.007 0.619 ± 0.009 0.086 ± 0.003
450 1.58 ± 0.02 0.036 ± 0.002 352.0 ± 27.8 0.833 ± 0.007 0.620 ± 0.009 0.086 ± 0.003
499 1.60 ± 0.02 0.036 ± 0.002 313.6 ± 26.6 0.834 ± 0.006 0.595 ± 0.011 0.095 ± 0.004
525 1.62 ± 0.03 0.036 ± 0.003 278.6 ± 20.7 0.833 ± 0.006 0.581 ± 0.013 0.100 ± 0.005
550 1.60 ± 0.03 0.035 ± 0.003 247.7 ± 18.7 0.833 ± 0.006 0.572 ± 0.013 0.103 ± 0.005
606 1.64 ± 0.03 0.036 ± 0.003 223.1 ± 18.6 0.831 ± 0.008 0.545 ± 0.015 0.114 ± 0.006
675 1.69 ± 0.04 0.036 ± 0.004 174.8 ± 13.6 0.831 ± 0.008 0.507 ± 0.016 0.129 ± 0.007
700 1.74 ± 0.05 0.040 ± 0.004 160.1 ± 12.5 0.826 ± 0.008 0.494 ± 0.016 0.135 ± 0.007
778 1.77 ± 0.06 0.044 ± 0.005 127.5 ± 9.7 0.803 ± 0.010 0.457 ± 0.019 0.150 ± 0.008
865 1.74 ± 0.05 0.041 ± 0.005 104.8 ± 8.9 0.797 ± 0.009 0.446 ± 0.018 0.155 ± 0.008

1019 1.69 ± 0.06 0.037 ± 0.005 68.7 ± 4.9 0.777 ± 0.010 0.426 ± 0.022 0.165 ± 0.010
1241 1.68 ± 0.08 0.039 ± 0.007 45.1 ± 3.0 0.729 ± 0.011 0.397 ± 0.023 0.178 ± 0.010
1557 1.69 ± 0.08 0.050 ± 0.010 34.0 ± 4.6 0.633 ± 0.013 0.361 ± 0.018 0.195 ± 0.008

354 1.58 ± 0.01 0.031 ± 0.002 436.5 ± 24.5 0.849 ± 0.007 0.651 ± 0.006 0.077 ± 0.002
380 1.57 ± 0.02 0.032 ± 0.002 406.9 ± 24.1 0.847 ± 0.007 0.649 ± 0.006 0.077 ± 0.002
449 1.58 ± 0.02 0.034 ± 0.002 328.4 ± 19.7 0.836 ± 0.007 0.627 ± 0.007 0.084 ± 0.002
450 1.57 ± 0.02 0.034 ± 0.002 315.3 ± 19.1 0.838 ± 0.007 0.629 ± 0.007 0.083 ± 0.002
499 1.59 ± 0.03 0.034 ± 0.002 279.6 ± 17.7 0.836 ± 0.007 0.608 ± 0.010 0.091 ± 0.004
525 1.60 ± 0.03 0.034 ± 0.003 253.0 ± 15.3 0.836 ± 0.007 0.594 ± 0.011 0.096 ± 0.004
550 1.61 ± 0.03 0.034 ± 0.002 229.7 ± 15.2 0.838 ± 0.007 0.585 ± 0.011 0.099 ± 0.004
606 1.63 ± 0.03 0.035 ± 0.003 198.9 ± 12.7 0.834 ± 0.008 0.562 ± 0.012 0.108 ± 0.005
675 1.67 ± 0.04 0.036 ± 0.004 157.6 ± 10.9 0.832 ± 0.009 0.524 ± 0.013 0.123 ± 0.006
700 1.71 ± 0.05 0.038 ± 0.004 146.7 ± 9.7 0.828 ± 0.010 0.515 ± 0.013 0.127 ± 0.005
778 1.72 ± 0.06 0.041 ± 0.005 117.8 ± 8.1 0.810 ± 0.010 0.485 ± 0.017 0.139 ± 0.007
865 1.69 ± 0.05 0.039 ± 0.005 93.7 ± 6.4 0.801 ± 0.009 0.472 ± 0.017 0.144 ± 0.007

1019 1.63 ± 0.06 0.035 ± 0.005 63.7 ± 4.3 0.780 ± 0.008 0.460 ± 0.017 0.150 ± 0.007
1241 1.61 ± 0.07 0.036 ± 0.007 41.4 ± 2.5 0.731 ± 0.011 0.430 ± 0.018 0.164 ± 0.008
1557 1.60 ± 0.07 0.043 ± 0.008 27.6 ± 2.1 0.631 ± 0.010 0.385 ± 0.019 0.184 ± 0.008

g β

Table 4.3.  (cont.)

moe calculated optical properties
mr mi σext (Mm-1) ωo

4

5

6 6-Sep

3-Sep

6-Sep
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the retrievals should be expected, Haywood et al. [2003a] showed that the 

submicron part of the size distribution played a very significant role and we 

corroborate this assertion with the coarse mode to fine mode ratio presented in 

Table 3.7.  More evidence is required to further assess the reasons for the 

discrepancy. 

The wavelength-dependent optical properties calculated from the 

optically-equivalent size distributions (Table 4.2) and refractive indices are also 

listed in Table 4.3.  The calculated optical properties are determined from the 

optically-equivalent physical and chemical properties.  We compare the calculated 

optical properties with the available measured optical properties and find that for 

the six vertical profiles examined, the calculated optical properties are on average 

within ~3% of σext,meas,λ,z, ~1% of ωo,meas,λ,z, and ~2% of βmeas,λ,z.  Values of gλ,z 

are not measured and are strictly a product of the retrieval, but agree to within 5-

10% with the values reported by AERONET.   

 

4.6.  Summary of Look-Up Table Methodology 

 To summarize, we have designed an original and straight-forward retrieval 

algorithm that searches look-up tables constructed using Mie theory to find a size 

distribution and refractive index that most closely reproduce in situ and remote 

sensing measurements of aerosol optical properties.  This optically-equivalent size 

distribution and refractive index are not physically based, but offer some insight 

into what size distribution is need to reproduce measurement.  The resolution of 
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the look-up tables used in the retrieval is more than adequate to resolve the optical 

properties to within typical uncertainties.  However, structural errors in calculated 

optical properties that arise from the discrete input used to build the look-up table 

are ±4.1% in the extinction coefficient, ±1.2% in the single scattering albedo, and 

±3.8% in the asymmetry parameter.  These errors are propagated together with 

instrumental and measurement uncertainties.  Otherwise, the accuracy of the 

retrieval is excellent, returning retrieved (or calculated) aerosol optical properties 

that are within ~3% of the measured aerosol optical properties.   

The most significant problem with the retrieval is the fact that there is very 

little information published about the wavelength dependence of the single 

scattering albedo.  We explored the various options and chose a simple linear 

combination of the soot and urban aerosol models in d’Almeida et al. [1991] as a 

constraint on single scattering albedo.  Using this assumption provides the 

necessary constraint on the retrieval to find aerosol physical, chemical, and 

optical properties that are self-consistent for λ = 354-1557 nm.   

 Although the optically-equivalent size distribution and bulk refractive 

index from the retrieval are not grounded in a physically-based approach to 

diagnosing aerosol chemistry [Jacobson, 2000; ], the values still provide some 

guidelines for other studies.  The most surprising result from the retrieval 

discussed here are the very high values of both the real and imaginary parts of the 

refractive index that are required to reproduce the available measurements (Table 

4.3).  Compared to AERONET data, there is a significant discrepancy.  The 
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optically-equivalent size distributions listed in Table 4.2 are much closer to size 

distributions published in other biomass burning studies [Reid et al., 1998; Ross et 

al., 1998; Eck et al., 2003; Haywood et al., 2003a].  This important method of 

closure with very well-documented optical measurements might be a useful tool 

for other field studies with similar instrumentation [e.g. Clarke et al., 2002; 

Doherty et al., 2005; Quinn et al., 2005; Redemann et al., 2005b; Schmid et al., 

2006]. 

The retrieval presented here is particularly well-suited for SAFARI-2000 

data since the aerosol was dominated by submicron particles.  More information 

would be required to constrain a retrieval of a bi-modal (optically-equivalent) size 

distribution, but studies such as Doherty et al. [2005] show that coarse and 

submicron particles can be individually characterized.  Closure between physical, 

chemical, and optical properties also provides insight into any potential problems 

with sampling [e.g. Guyon et al., 2003; Osborne et al., 2004; Haywood et al., 

2004].  In every way, however, aerosol measurements should be self-consistent.  

The retrieval we present provides a method of finding closure and highlighting 

potential discrepancies. 
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Chapter 5.  Biomass Burning Aerosol Radiative Forcing 

 We estimate the overall radiative effect of southern African biomass 

burning aerosol using a measurement-based approach that has become more 

common as data from polluted airsheds around the world continues to be analyzed 

[Yu et al., 2006].  The calculation of radiative forcing was described in Section 

1.3, but can also be found in numerous sources [e.g. Ramaswamy et al., 2001; 

Anderson et al., 2005].  Estimates of radiative forcing are, however, often 

accompanied by only a qualitative estimate of the uncertainty [Schwartz, 2004].  

Some studies have attempted to address this issue [e.g.  Redemann et al., 2000b], 

while many others point out the dire need to both address and reduce the 

uncertainty in aerosol radiative forcing [Anderson et al., 2003a; Ackerman et al., 

2004; Schwartz, 2004] since the overall climate sensitivity is directly affected by 

the lack of knowledge about aerosols [Andreae et al., 2005; Delworth et al., 

2005], both past and present [Kinne et al., 2005].  We offer a method to estimate 

the radiative forcing due to biomass burning aerosol, but also provide a 

quantitative assessment of the uncertainty in radiative forcing due to uncertainty 

in the input. 

 

5.1.  Fu-Liou Radiative Transfer Model Overview 

The Fu-Liou radiative transfer model (RTM) has been extensively 

documented [Liou et al., 1988; Fu and Liou, 1992] and also been applied in 
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aerosol studies [e.g. Liao and Seinfeld, 1998; Christoper et al., 2000; Redemann 

et al., 2000b; Zhou et al., 2005], and cloud and radiative balance studies [e.g. Fu 

et al., 1995; Hartmann et al., 2001; Gettelman et al., 2004].  The model uses a 

delta-four-stream approximation to calculate shortwave and longwave radiative 

fluxes in a vertically non-homogenous atmosphere.  The shortwave spectrum is 

divided into ten discrete wavelength bands from 175-690 nm and five bands from 

700-4000 nm.  The longwave spectrum is divided into twelve discrete bands, but 

are not used in this study since biomass burning aerosols generally have a more 

significant effect on shortwave radiation [Jacobson, 2001; Reddy et al., 2005b].   

Uncertainties in the flux calculations associated with the approximations 

used in this computationally-efficient RTM were assessed in Liou et al. [1988] 

and are less than ±1 W m-2 for the range of aerosol optical depths in Table 3.5 in 

atmospheres with some absorption (i.e. ωo < 1.0).  The RTM, however, uses the 

simplified Henyey-Greenstein phase function approximation (Eq. 1.10) and 

Boucher [1998] showed that errors introduced into calculations of radiative 

forcing for a purely scattering aerosol can be significant at small and large values 

of solar zenith angles and for submicron particles.  The effect of the 

approximation for a range of real and imaginary refractive indices has not been 

published, but we attempt to account for this potential error by doubling the 

uncertainty in the flux calculated by the RTM [Liou et al., 1988] to ±2 W m-2. 
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5.2.  Model Input 

We use the Fu-Liou RTM to calculate fluxes at 100 levels from the 

surface to 500 hPa and 50 levels from 500 hPa to 25 hPa in vertically non-

homogeneous atmospheres modeled using observations made during SAFARI-

2000 (Chapter 3) and input based on the retrieval described in Chapter 4. 

Vertical profiles of temperature (T) and water vapor mixing ratio (in units 

of kg/kg) are compiled using UW research aircraft measurements of T and 

relative humidity (RH) from the surface to ~500 hPa and archived model re-

analysis data from the Fleet Naval Laboratory (FNL) global model from ~500 hPa 

to 25 hPa.  FNL archived data is publicly available at 

http://www.arl.noaa.gov/ready/amet.html for locations around the world. 

Carbon dioxide (CO2) and methane (CH4) concentrations are set at 377 

ppmv and 1770 ppbv, respectively [Sinha et al., 2003b].  Nitrous oxide (N2O) 

concentrations are based on Thompson et al. [2004] and set at 310 ppbv.  Results 

presented in Sinha et al. [2003b] suggest that there are deviations from the 

globally-averaged concentrations of CO2 and CH4 in the lowest ~5 km of the 

atmosphere of southern Africa during SAFARI-2000 due to the prevalence of 

biomass burning, but we do not attempt to model the effects of the vertical 

structure of these gases. 

Vertical profiles of ozone (O3) are constructed using UW research aircraft 

measurements of ozone [Sinha et al., 2003b] and data from the Southern 

Hemisphere Additional Ozonesondes (SHADOZ) network that operated during 
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SAFARI-2000 [Thompson et al., 2002].  The SHADOZ data is publicly available 

at http://croc.gsfc.nasa.gov/shadoz/Shadoz_hmpg2.html and the data processing is 

discussed in Thompson et al. [2003].  Generally, we use the UW research aircraft 

vertical profiles of O3 from near the surface to ~500 hPa and use data from the 

SHADOZ network for the remainder of the profile from ~500 hPa to 25 hPa.  

Since SHADOZ data is not available every day and not necessarily spatially co-

located with the aircraft vertical profile, we use data from the closest day and 

location for each individual vertical profile.  The largest daily fluctuations in O3 

are generally between the surface and 500 hPa and are due to the daily variability 

in biomass burning [Sinha et al., 2003b], but these fluctuations are captured by 

the aircraft vertical profiles. 

Fluxes from the Fu-Liou RTM are averaged for the entire day using a 

range of latitude-dependent solar zenith angles (θo).  The output is the diurnally-

averaged flux.  Values of θo were calculated every 30 minutes using Equations 

2.2.1, 2.2.10, and Table 2.2 in Liou [2002] and the latitude and day of the year of 

the vertical profiles listed in Table 4.2.  We also use the empirical relation 

provided by Eq. 2.2.9 and Table 2.2 in Liou [2002] to calculate the Sun-Earth 

distance, or eccentricity, which is dependent on the day of the year.   

 

5.2.1.  Aerosol Optical Properties 

The aircraft in situ profiles described in Chapters 3-4 showed that the 

majority of the aerosols in southern Africa are between the surface and ~500 hPa, 

129



which agrees with past studies of southern African climatology [Cosijn and 

Tyson, 1996; Swap and Tyson, 1999].  We use the retrieval methodology 

described in Sections 4.3-4.4 to derive aerosol optical properties for λ = 354 – 

1557 nm.  The required input to the Fu-Liou RTM, however, are the extinction 

coefficient (σext) and aerosol optical depth (τ), the single scattering albedo (ωo), 

and the asymmetry parameter (g) for wavelengths in the entire shortwave 

spectrum, or λ = 200– 4000 nm.  We use the Angstrom exponent for extinction 

(αext), aerosol optical depth (ατ), and scattering (αsca) described by Eq. 1.14 to 

extrapolate to wavelengths where we have no measurements.  To extrapolate σext 

to λ = 200 – 354 nm, we use αext,354-380; to extrapolate to λ = 1557 – 4000 nm, we 

use αext,1241-1557.  We use an analogous approach to extrapolate σsca.  With these 

extrapolated values of σext and σsca, we can calculate ωo (σsca/σext) for the 

shortwave spectrum as well.  Extrapolation of g to λ < 354 nm is done by using a 

linear regression to values of g at 354, 380, and 449 nm.  Similarly, we 

extrapolate g to λ > 1557 nm using a linear regression to values of g at 1019, 

1241, and 1557 nm. 

We also need to ascribe characteristics to the upper atmospheric aerosol 

optical properties.  The upper atmosphere in this study refers to the part of the 

atmosphere from 25 hPa to ~500 hPa, which is approximately the maximum 

altitude of the UW research aircraft vertical profiles (see Table 3.4).  We use 

recent satellite-derived upper atmospheric values of σext,500 from a year 2003 
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climatology provided by Vanhellemont et al. [2005]; we do not expect any 

significant variations since there were no large volcanic eruptions between 2000 

and 2003.  Based on the Vanhellemont et al. [2005] study, we extrapolate σext,500 

across the shortwave spectrum using αext = 1.   

For upper atmospheric values of ωo,λ and gλ, we use the climatology 

provided in Fenn et al. [1985], which are given for λ = 200– 4000 nm.  We use an 

exponential function to smoothly transition from the measured lower atmospheric 

aerosol optical properties (from ~500 hPa to the surface) to the upper atmospheric 

properties to prevent a discontinuity between the different data sets.   

Finally, since the aerosol vertical profiles measured by the aircraft never 

quite reach the surface (See Figs. 3.8-3.13, for example), we fill the part of the 

profile from the minimum altitude of the aircraft vertical profile to the surface by 

simply assuming the aerosol optical properties continue from the bottom of the 

profile to the surface with no variability.  There is the possibility of using 

coincident ground-based measurements from AERONET (Section 2.2) combined 

with Sunphotometer measurements to estimate the unmeasured aerosol optical 

depth, but this requires coordination both in time and space of the aircraft vertical 

profile and the AERONET retrieval [Anderson et al., 2003b; Reddy et al., 2005b; 

Leahy, 2006]. 

After we have the shortwave aerosol optical properties for the entire 

atmosphere from the surface to 25 hPa, we integrate the values at discrete 

wavelengths over the fifteen shortwave wavelength bands of the Fu-Liou RTM 
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(see Table 5.1 for a detailed listing of the Fu-Liou wavelength bands).  This band-

averaging is necessary to account for potential non-linear variations in the specific 

aerosol property for a specific wavelength band.  For example, the band-averaged 

value of ωo for the λ = 700-1300 nm wavelength band of the Fu-Liou radiative 

transfer (ωo,700-1300) is calculated using 

∫
∫=− 1300

700

1300

700
1300700,

λ

λω
ω

d

do
o       (5.1) 

where we calculate the band-averaged values of σext or g analogously.  This 

calculation is done for every Fu-Liou RTM band. 

The band- and column-averaged values of σext,λ, ωo,λ, and gλ are listed in 

Table 5.1 along with the corresponding wavelength bands used in the Fu-Liou 

RTM.  The mean values are weighted by σext,λ to emphasize the properties of the 

atmosphere with the highest number concentrations (or the most significant effect 

on shortwave radiation) as opposed to the upper atmospheric aerosol optical 

properties.  The 95%, or two standard deviation, confidence intervals in the 

weighted mean values are also listed in Table 5.1..   

An important note about the input is that we do not include diurnal 

variations of the model input (except for θo).  Biomass burning has a diurnal cycle 

that is stronger in countries more directly affected by heavy burning such as 

Zambia and weaker in the region around northern South Africa (see Fig. 1.4 for a 

map) and this results in variations in the extensive aerosol optical properties [Eck 
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Table 5.1.  The surface albedo (As), aerosol optical depth (τ), and the band- and 
column- averaged extinction coefficient (σext), single scattering albedo (ωo), and 
asymmetry parameter (g) used as input to the different wavelength (λ) bands of 
the Fu-Liou radiative transfer model for each of the six vertical profiles 
examined.  The actual input varies in the vertical with most of the aerosols 
residing between the surface and 5 km (~500 hPa).  The average are weighted by 
extinction and are listed with the two standard deviation variability about the 
weighted average.  The numerical identifications (IDs) can be cross-referenced 
with Table 4.2.

Date 
(2000)

band-averaged optical properties

ID λ (nm) As τ σext (Mm-1) ωo g

1 22-Aug

175 - 225 0.055 1.34 390.9 34.2 0.932 0.006 0.7107 0.0054
225 - 244 0.055 1.12 318.3 27.9 0.930 0.006 0.6990 0.0052
244 - 286 0.055 0.98 273.9 24.0 0.929 0.006 0.6886 0.0052
286 - 299 0.055 0.87 241.4 21.2 0.928 0.006 0.6791 0.0053
299 - 323 0.055 0.81 223.3 19.6 0.928 0.006 0.6725 0.0054
323 - 358 0.055 0.73 199.3 17.5 0.927 0.006 0.6612 0.0056
358 - 438 0.055 0.62 164.5 14.6 0.926 0.007 0.6451 0.0063
438 - 498 0.055 0.44 119.4 10.9 0.923 0.008 0.6180 0.0074
498 - 595 0.075 0.34 90.6 8.0 0.906 0.009 0.5721 0.0086
595 - 690 0.114 0.26 66.8 6.6 0.887 0.011 0.5206 0.0113
700 - 1300 0.302 0.12 31.7 2.8 0.826 0.013 0.4296 0.0134

1300 - 1900 0.351 0.06 15.5 1.5 0.672 0.017 0.3751 0.0124
1900 - 2500 0.351 0.04 9.6 0.9 0.536 0.015 0.3477 0.0117
2500 - 3500 0.351 0.02 6.1 0.6 0.418 0.015 0.3088 0.0127
3500 - 4000 0.351 0.02 4.3 0.4 0.353 0.017 0.2742 0.0125

2 24-Aug

175 - 225 0.035 1.15 332.3 50.9 0.915 0.011 0.7064 0.0107
225 - 244 0.035 0.90 268.0 41.1 0.911 0.011 0.6973 0.0112
244 - 286 0.035 0.76 228.9 35.1 0.908 0.011 0.6891 0.0118
286 - 299 0.035 0.65 200.6 30.8 0.905 0.011 0.6816 0.0125
299 - 323 0.035 0.59 184.9 28.4 0.904 0.011 0.6763 0.0130
323 - 358 0.035 0.52 164.1 25.2 0.902 0.011 0.6674 0.0136
358 - 438 0.035 0.43 138.0 21.5 0.896 0.010 0.6546 0.0158
438 - 498 0.035 0.34 109.6 17.3 0.887 0.012 0.6348 0.0170
498 - 595 0.066 0.27 88.6 14.0 0.872 0.013 0.6034 0.0186
595 - 690 0.063 0.22 72.0 11.1 0.850 0.013 0.5722 0.0230
700 - 1300 0.221 0.13 51.3 8.1 0.783 0.015 0.5114 0.0282

1300 - 1900 0.154 0.08 42.2 6.6 0.649 0.016 0.4727 0.0268
1900 - 2500 0.090 0.05 32.3 5.1 0.546 0.013 0.4381 0.0266
2500 - 3500 0.090 0.04 26.1 4.1 0.455 0.012 0.3929 0.0255
3500 - 4000 0.090 0.03 22.2 3.5 0.402 0.013 0.3518 0.0237

3 31-Aug

175 - 225 0.030 1.66 470.0 47.0 0.921 0.007 0.6659 0.0079
225 - 244 0.030 1.28 366.6 36.7 0.914 0.007 0.6504 0.0069
244 - 286 0.030 1.07 305.9 30.7 0.908 0.007 0.6368 0.0063
286 - 299 0.030 0.91 262.6 26.4 0.904 0.007 0.6244 0.0058
299 - 323 0.030 0.83 239.1 24.0 0.901 0.007 0.6158 0.0056
323 - 358 0.030 0.72 208.5 21.0 0.897 0.007 0.6017 0.0052
358 - 438 0.030 0.58 168.9 17.4 0.889 0.007 0.5761 0.0060
438 - 498 0.030 0.43 125.4 13.3 0.880 0.007 0.5466 0.0071
498 - 595 0.060 0.32 93.4 9.7 0.854 0.009 0.4887 0.0093
595 - 690 0.061 0.24 69.0 7.4 0.826 0.011 0.4466 0.0107
700 - 1300 0.286 0.11 31.7 3.3 0.751 0.013 0.3538 0.0127

1300 - 1900 0.248 0.06 17.3 1.9 0.600 0.018 0.2933 0.0083
1900 - 2500 0.126 0.05 13.1 1.4 0.484 0.015 0.2750 0.0057
2500 - 3500 0.126 0.04 9.8 1.1 0.382 0.012 0.2432 0.0061
3500 - 4000 0.126 0.03 7.9 0.9 0.325 0.013 0.2148 0.0060

(cont.)
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Table 5.1.  (cont.)

Date 
(2000)

band-averaged optical properties

ID λ (nm) As τ σext (Mm-1) ωo g

4 3-Sep

175 - 225 0.075 3.07 838.9 98.2 0.863 0.006 0.6917 0.0036
225 - 244 0.075 2.45 684.6 80.2 0.857 0.006 0.6778 0.0031
244 - 286 0.075 2.08 589.9 69.1 0.852 0.006 0.6655 0.0030
286 - 299 0.075 1.81 520.7 61.0 0.848 0.006 0.6543 0.0031
299 - 323 0.075 1.66 482.0 56.5 0.845 0.006 0.6465 0.0032
323 - 358 0.075 1.46 430.8 50.5 0.842 0.006 0.6335 0.0035
358 - 438 0.075 1.22 361.2 42.9 0.835 0.007 0.6123 0.0044
438 - 498 0.075 0.92 277.7 33.4 0.826 0.007 0.5823 0.0051
498 - 595 0.093 0.70 207.0 24.1 0.823 0.007 0.5298 0.0069
595 - 690 0.124 0.51 151.3 17.9 0.812 0.008 0.4741 0.0084
700 - 1300 0.270 0.22 66.4 9.0 0.752 0.011 0.3687 0.0094

1300 - 1900 0.307 0.09 32.6 5.3 0.600 0.017 0.3130 0.0062
1900 - 2500 0.307 0.06 19.7 3.1 0.475 0.015 0.2911 0.0039
2500 - 3500 0.307 0.04 12.7 2.0 0.370 0.009 0.2577 0.0055
3500 - 4000 0.307 0.03 9.1 1.5 0.311 0.011 0.2277 0.0060

5 6-Sep

175 - 225 0.052 3.05 838.9 62.0 0.858 0.007 0.6975 0.0056
225 - 244 0.052 2.64 716.4 52.9 0.856 0.007 0.6871 0.0051
244 - 286 0.052 2.38 637.9 47.1 0.854 0.007 0.6778 0.0051
286 - 299 0.052 2.18 578.9 42.8 0.852 0.007 0.6693 0.0053
299 - 323 0.052 2.06 545.0 40.3 0.851 0.007 0.6634 0.0055
323 - 358 0.052 1.90 499.4 36.9 0.849 0.007 0.6533 0.0059
358 - 438 0.052 1.65 431.2 31.4 0.845 0.007 0.6397 0.0068
438 - 498 0.052 1.29 338.0 25.2 0.836 0.007 0.6148 0.0087
498 - 595 0.083 0.99 257.3 18.1 0.835 0.008 0.5774 0.0120
595 - 690 0.100 0.75 196.8 14.5 0.834 0.008 0.5317 0.0150
700 - 1300 0.311 0.31 80.8 5.6 0.778 0.011 0.4351 0.0176

1300 - 1900 0.322 0.12 30.1 2.4 0.638 0.017 0.3750 0.0152
1900 - 2500 0.212 0.06 16.5 1.2 0.519 0.015 0.3488 0.0140
2500 - 3500 0.212 0.04 9.6 0.7 0.412 0.012 0.3094 0.0138
3500 - 4000 0.212 0.02 6.3 0.5 0.353 0.015 0.2744 0.0131

175 - 225 0.050 3.20 777.6 40.7 0.868 0.006 0.6987 0.0044

6 6-Sep

225 - 244 0.050 2.75 657.9 34.4 0.863 0.006 0.6888 0.0039
244 - 286 0.050 2.46 581.8 30.4 0.859 0.006 0.6800 0.0037
286 - 299 0.050 2.24 524.9 27.5 0.856 0.006 0.6720 0.0037
299 - 323 0.050 2.11 492.5 25.8 0.854 0.006 0.6664 0.0038
323 - 358 0.050 1.94 448.9 23.5 0.851 0.006 0.6572 0.0041
358 - 438 0.050 1.69 386.0 20.8 0.845 0.007 0.6420 0.0051
438 - 498 0.050 1.28 294.7 16.5 0.837 0.007 0.6219 0.0065
498 - 595 0.081 1.01 231.3 13.0 0.836 0.007 0.5858 0.0094
595 - 690 0.097 0.75 170.3 10.1 0.832 0.008 0.5422 0.0111
700 - 1300 0.306 0.32 72.2 4.3 0.778 0.010 0.4578 0.0136

1300 - 1900 0.316 0.11 25.9 1.5 0.632 0.015 0.3982 0.0132
1900 - 2500 0.204 0.06 14.5 0.9 0.512 0.014 0.3730 0.0121
2500 - 3500 0.204 0.03 8.4 0.5 0.411 0.011 0.3319 0.0124
3500 - 4000 0.204 0.02 5.5 0.4 0.352 0.013 0.2945 0.0121
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et al., 2003].  Eck et al. [2003] point out the diurnal range in aerosol optical depth 

can be as much as 25% in the tropical regions, but falls off to 5-10% in countries 

further to the south, and that in most cases fire activity peaks in the afternoon 

(local time is UTC+2, referring to the times of the vertical profiles listed in Table 

5.1).   

As described in Chapter 3, a regional perturbation like the River of Smoke 

is driven by meteorology and affects both extensive and intensive aerosol 

properties (Table 3.7).  There are, however, no measurements of the diurnal 

variability in intensive aerosol optical properties, so we assume that the shorter 

timescale diurnal variations in smoke concentration primarily affects the 

extensive properties.  Implicit in this assumption is that a single vertical profile of 

aerosol optical properties is an adequate model of the diurnally averaged vertical 

profile.  Investigation of the radiative effects of the diurnal variation in southern 

African intensive and extensive aerosol optical properties is left for a future study.   

      

5.2.2.  Surface Albedo 

The NASA Cloud-Absorption Radiometer (CAR) on the UW research 

aircraft measured the wavelength dependent surface albedo (As,λ) and 

bidirectional reflectance distribution function of different land surfaces 

encountered during SAFARI-2000 [Gatebe et al., 2003].  The CAR makes 

measurements of As,λ at λ = 472, 682, 870, 1036, 1219, and 1273 nm.  In this 

study, we used As,λ from the CAR when it was available for a particular flight.  
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The CAR data processing for SAFARI-2000 was discussed in Gatebe et al. 

[2003].   

For cases when CAR data is not available, we use the filled surface albedo 

product from the MODIS satellite [Moody et al., 2005] which provides As,λ at λ = 

300, 470, 555, 659, 699, 701, 858, 1240, 1640, and 2130 nm.  Values of As,λ for 

each wavelength band of the Fu-Liou RTM are listed in Table 5.1, where we have 

interpolated the CAR or MODIS values of As,λ to the central wavelength of the 

Fu-Liou RTM wavelength bands where possible and assumed a constant value of 

As,λ beyond the wavelengths provided by the CAR or MODIS data (λ >1273 nm 

for CAR, for example). 

  

5.3.  Vertical Profiles of Aerosol Radiative Effects 

 The measurement-based vertical profiles of the diurnally-averaged 

radiative effects of biomass burning aerosol in southern Africa are shown in Fig. 

5.1.  Each column of the figure corresponds to a particular vertical profile 

(denoted by the date and time, which can be cross-referenced with information in 

Table 4.2), and each row corresponds to a different radiative calculation.  The first 

row shows the aerosol radiative forcing (RF) as described in Section 1.3.   The 

second row is the ratio of the diffuse downwelling radiation to direct downwelling 

radiation, or the diffuse-direct ratio, due to the presence of the aerosol layer.  The 

third row shows the radiative heating rate in the atmosphere due to the presence of 
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the aerosol layer.  In all cases, the vertical profiles are limited to the lowest ~5 km 

of the atmosphere (where the surface is the lower limit on the y-axis of Fig. 5.1).   

For the six cases examined, we see that the RF is nearly the same above 

the aerosol layer for each vertical profile, but markedly different at the surface.  

The surface, or bottom of the atmosphere radiative forcing (RFboa) is driven by the 

presence of the absorbing aerosol.  During the three cases in September (during 

the River of Smoke, Section 3.1), RFboa is enhanced by a factor of 2-3 due to a 

decrease in ωo and increase in τ, as listed in Table 5.1.  This enhancement is due 

to radiation being lost both by a more absorbing aerosol and larger concentrations 

of aerosol scattering more radiation away from the surface.  Simply examining 

top of the atmosphere RF (RFtoa) would give no indication that the aerosol optical 

properties changed.  Less radiation is scattered back to space during the August 

vertical profiles, but less radiation is absorbed as well. 

The diffuse-direct ratio is enhanced by about 50% during the River of 

Smoke vertical profiles to the point that more diffuse radiation reaches the surface 

during the day than direct radiation (in the 3 and 6 September vertical profiles).  

The radiative heating rates are enhanced by ~20-200% compared to an 

atmosphere with no aerosol layer (the blue curves).  Again, the aerosol optical 

properties of smoke transported from tropical Africa during the River of Smoke 

suggest a very absorbing aerosol.  The radiative heating rates are a factor of 2-3 

greater than an atmosphere with no aerosol.  This could have significant impacts 

on cloud formation [Ackerman et al., 2000; Jiang and Feingold, 2006] in the 
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region if the optical properties are indeed representative of tropical biomass 

burning aerosol.  At the very least, the large heating rates shown in Fig. 5.1 would 

de-stabilize the typically stratified atmosphere [Cosijn and Tyson, 1996] and 

create a more uniformly mixed polluted layer.  Observations during the River of 

Smoke and shown in Figs. 3.8-3.13 confirm that the large heating rates during the 

River of Smoke were indeed coincident with a more well-mixed aerosol in the 

lowest 5 km of the atmosphere.  This effect is most noticeable if Figs. 3.8-3.10 are 

visually compared with Figs. 3.11-3.13. 

 

5.4.  Uncertainty Analysis 

 A crucial step in understanding aerosol optical properties in the context of 

climate change is the assessment of the uncertainties in aerosol radiative forcing 

calculations, which ideally should be propagated directly from measurement 

errors.  Kinne et al. [2003], Abel et al. [2005], and Kinne et al. [2005] show that 

there are discrepancies between the large-scale models and measurements that are 

difficult to account for.  The aerosol chemical composition assumed in the models 

is certainly part of the problem [Kinne et al., 2003], but there are very few 

measurements available to refute or confirm all the different aspects of a global 

distribution of aerosols.  We suggest a method of estimating both the radiative 

forcing and the uncertainty in the radiative forcing that could provide a better 

foundation for understanding the weakest areas of knowledge about the study of 

aerosols. 
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 The propagation of errors from measurements to the estimate of radiative 

forcing (RF) is not based on straight-forward analytical expressions.  Using a 

model to simulate RF requires that errors be assessed with sensitivity tests of the 

simulation to the various input.  We quantify the results of the sensitivity of RF to 

a number of different input parameters to the RTM.  If the results are treated 

separately, then the total uncertainty in RF (δRF) can be calculated by a simple 

quadratures method [Bevington and Robinson, 1992] as 

2222222
flrtsauaasyssaext RFRFRFRFRFRFRF δδδδδδδ +++++=   (5.2) 

where RF is the diurnally-averaged radiative forcing for a particular vertical 

profile, δRFext, δRFssa, and δRFasy are the uncertainty in RF due to uncertainties in 

the optical properties σext, ωo, and g, respectively.  Then δRFua, δRFsa, and δRFflrt 

are the uncertainty in RF due to uncertainties in upper atmospheric aerosol 

properties [Vanhellemont et al., 2005], surface albedo [Gatebe et al., 2003; 

Moody et al., 2005], and in the flux calculations in the Fu-Liou RTM discussed in 

Section 5.1 and in Liou et al. [1988]. 

 

5.4.1.  Uncertainty Related to Measured Aerosol Optical Properties 

To assess how the uncertainty in the retrieved aerosol optical properties 

described in Chapters 3-4 (from λ = 354-1557 nm) affects RF, we systematically 

vary the input to the RTM by discrete percentages away from the base case.  For 

every percent variation, we calculate RF having varied only one input parameter.  
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The change in RF (∆RF) due to the percentage change of an optical property is 

the sensitivity of RF to that optical property for that particular vertical profile.  

For σext (or τ), we vary the input values (summarized in Table 5.1) by ±20%, 

while for ωo and g we vary the input values by ±10% (making sure that ωo<1 and 

g<1).   

We partition the sensitivity test into the visible wavelengths (λ = 400-700 

nm) and what we refer to as the non-visible wavelengths of the Sunphotometer 

(λ = 354-400 nm and λ = 700-1557 nm) to independently explore the dependence 

of ∆RF to variability for optical properties in a wavelength range that has a good 

history of measurements (visible) and a range that does not (non-visible).  The 

magnitude of ∆RF should increase away from the base case.  We perform this 

sensitivity study for the six vertical profiles to compile individual statistics on the 

relationship of ∆RF to changes in the optical properties.   

Figures 5.2 and 5.3 show the functional dependence of ∆RFtoa and ∆RFboa 

on variations in the aerosol optical properties at visible and non-visible 

wavelengths.  The values in the figures are expressed as percentages, and because 

the values are nearly symmetric about zero, we show the absolute values of the 

percent changes in the parameters.  The values on the x-axes correspond to a 

percentage change away from the input value, such that 0% is the base case input.  

The values on the y-axes are the corresponding percentage change in RFtoa or 

RFboa due to the percentage change in the particular optical property.  For 
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Fig. 5.2.  The effects of changes in aerosol optical properties (∆σext, ∆ωo, ∆g) on the estimates of 
radiative forcing (RF) at the top of the atmosphere (RFtoa).  The x-axis shows the variation from 
the base case for the particular aerosol optical property, while the y-axis shows the percent change 
in RFtoa (∆RFtoa) as a function of the percent change in the aerosol optical properties.  The left 
column shows ∆RFtoa as a function of changes in visible wavelength (subscript “vis”) aerosol 
optical properties, while the right column shows ∆RFtoa as a function of changes in non-visible 
(subscript “nonvis”) wavelength aerosol optical properties.  The thin dashed black line is the one-
to-one line.  The solid blue line is the regression to the mean values denoted by the blue squares 
(error bars are the 95% confidence intervals about the mean values).  The black points are the 
values of ∆RFtoa for the changes in the aerosol optical properties of the individual vertical profiles. 
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Fig. 5.3.  As per Fig. 5.2, but now we plot the effects of changes in aerosol optical 
properties (∆σext, ∆ωo, ∆g) on the estimates of radiative forcing (RF) at the surface, or 
bottom of the atmosphere (RFboa).  The solid red line is the regression to the mean values 
denoted by the red squares (error bars are the 95% confidence intervals about the mean 
values). 

143



example, referring to Fig. 5.2, we can read the top left sub-plot as “A ±10% 

change in visible wavelength extinction results in about a ±5% change in radiative 

forcing at the top of the atmosphere.” 

The specific linear regression coefficients of ∆RFtoa or ∆RFboa versus the 

changes in the optical properties are listed in Table 5.2.  The mean values of the 

linear regression coefficients listed in the last row are the coefficients used to 

produce the solid blue and red curves in Figs. 5.2-5.3.  The smaller correlation 

coefficients for the mean case imply that the linear relationship breaks down if we 

vary from different base cases, but the flight specific correlation coefficients are 

usually very close to unity.  The linear regression to the mean values is mainly for 

illustration purposes.   

From Table 5.2 and Figs. 5.2-5.3, it is clear that RF is most sensitive to 

changes in both visible and non-visible values of ωo (ωo,vis and ωo,nonvis).  This has 

been pointed out in numerous studies [e.g. Redemann et al., 2000b; Russell et al., 

2002; Abel et al., 2005], but in addition to quantifying the effects, the slopes of 

the regressions listed in Figs. 5.2-5.3 show that there is a strong and nearly equal 

sensitivity of total shortwave RF to ωo,vis and ωo,nonvis.  The sensitivity to ωo,vis 

applies to a more limited wavelength range, but also corresponds to the peak in 

incoming solar radiation.  Roughly, the slopes imply that a 1% change in ωo,vis or 

ωo,nonvis results in ~4-5% change in RFtoa and ~1% change in RFboa.  For 

comparison, a 1% change in gvis or gnonvis results in ~0.9-1.6% change in RFtoa and 

~0.2-0.3% change in RFboa, a factor of 3-6 times less than the sensitivity of RF to 
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Table 5.2.  The linear regression statistics (slope and correlation coefficient, r2) obtained from 
the relationship of a change in radiative forcing (∆RF) at the top of the atmosphere (∆RFtoa) and 
surface, or bottom of the atmosphere (∆RFboa), to a change in the extinction coefficient (∆σext), 
single scattering albedo (∆ωo), or asymmetry parameter (∆g) for either visible (vis) wavelengths 
(λ = 400-700 nm) or non-visible (nonvis) wavelengths (λ = 354-400 nm and λ = 700-1557 nm).  
The regression to the mean values of ∆RFtoa and ∆RFboa as functions of changes in the optical 
properties are listed in the last rows and correspond to the thick blue and red lines plotted in 
Figs. 5.2 and 5.3, respectively.  The intercepts of the regressions are not listed since they are 
always close to zero.  On average, the intercepts for the ∆RF as a function of ∆σext, ∆ωo, and ∆g 
are 0.5%, 0.09%, and 0.04% of the slopes, respectively.

∆σext ∆ωo ∆g

ID
Date 
(2000) λ range slope r2 slope r2 slope r2

1 22-Aug
TOA vis 0.606 ± 0.012 0.997 2.580 ± 0.032 0.999 1.013 ± 0.010 0.999

nonvis 0.393 ± 0.014 0.989 2.503 ± 0.038 0.998 0.563 ± 0.006 0.999

BOA vis 0.515 ± 0.005 0.999 1.655 ± 0.018 0.999 0.386 ± 0.005 0.999
nonvis 0.227 ± 0.013 0.973 1.203 ± 0.038 0.991 0.214 ± 0.003 0.999

2 24-Aug
TOA vis 0.531 ± 0.025 0.980 5.175 ± 0.191 0.988 1.531 ± 0.008 1.000

nonvis 0.541 ± 0.089 0.771 4.622 ± 0.210 0.981 0.835 ± 0.008 0.999

BOA vis 0.471 ± 0.009 0.996 1.012 ± 0.028 0.993 0.214 ± 0.002 0.999
nonvis 0.221 ± 0.022 0.911 0.758 ± 0.040 0.975 0.119 ± 0.001 0.999

3 31-Aug
TOA vis 0.571 ± 0.009 0.998 2.015 ± 0.027 0.998 1.057 ± 0.010 0.999

nonvis 0.418 ± 0.010 0.995 2.129 ± 0.020 0.999 0.652 ± 0.006 0.999

BOA vis 0.481 ± 0.004 0.999 1.289 ± 0.012 0.999 0.338 ± 0.004 0.999
nonvis 0.284 ± 0.008 0.992 1.039 ± 0.014 0.998 0.211 ± 0.002 0.999

4 3-Sep
TOA vis 0.632 ± 0.014 0.996 2.323 ± 0.036 0.998 0.845 ± 0.003 1.000

nonvis 0.354 ± 0.019 0.974 2.280 ± 0.025 0.999 0.457 ± 0.002 1.000

BOA vis 0.514 ± 0.005 0.999 1.192 ± 0.009 0.999 0.252 ± 0.001 1.000
nonvis 0.226 ± 0.013 0.970 0.924 ± 0.014 0.998 0.140 ± 0.001 1.000

5 6-Sep
TOA vis 0.531 ± 0.029 0.973 6.148 ± 0.320 0.976 1.969 ± 0.014 1.000

nonvis 0.595 ± 0.118 0.673 5.532 ± 0.310 0.972 1.040 ± 0.006 1.000

BOA vis 0.461 ± 0.011 0.995 1.133 ± 0.046 0.985 0.257 ± 0.003 0.999
nonvis 0.191 ± 0.024 0.863 0.815 ± 0.054 0.961 0.138 ± 0.002 0.999

6 6-Sep
TOA vis 0.545 ± 0.029 0.975 6.516 ± 0.330 0.977 2.182 ± 0.014 1.000

nonvis 0.568 ± 0.116 0.656 5.908 ± 0.312 0.975 1.163 ± 0.004 1.000

BOA vis 0.458 ± 0.010 0.996 1.148 ± 0.042 0.988 0.270 ± 0.003 0.999
nonvis 0.200 ± 0.021 0.901 0.816 ± 0.047 0.970 0.145 ± 0.001 0.999

all mean
TOA VIS 0.572 ± 0.010 0.977 4.793 ± 0.323 0.711 1.591 ± 0.086 0.807

nonVIS 0.482 ± 0.027 0.799 4.350 ± 0.272 0.748 0.861 ± 0.043 0.832

BOA VIS 0.485 ± 0.005 0.992 1.272 ± 0.037 0.943 0.297 ± 0.010 0.926
nonVIS 0.228 ± 0.008 0.909 0.956 ± 0.032 0.925 0.169 ± 0.006 0.906
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an equivalent percentage change in ωo.  The small effect of g at non-visible 

wavelengths on RF has been suggested by other studies as well [Pilewskie et al., 

2003; Zhou et al., 2005]. Percent changes in σext result in the smallest percent 

changes in RFtoa and RFboa, but then uncertainty in σext is generally on the order of 

8-10% compared to 3-4% for ωo.   

To determine the case-by-case effects of the uncertainty in aerosol optical 

properties on RF, we calculate the ratio of the uncertainty in the aerosol optical 

properties to the value of the aerosol optical properties.  The ratios are calculated 

by propagating the total absolute uncertainty in each aerosol optical property 

(described in Chapter 3 and used as constraints in Chapter 4) together with the 

structural errors of the retrieval we used to compile the optical properties (Section 

4.4.2).  As an example, the uncertainty in σext due to measurement error or 

instrument noise (δσext,meas) is propagated together with the structural uncertainty 

in retrieved values of σext (δσext,lut = ±0.041*σext, per Section 4.4.2) as     

2
,

2
,

2
lutextmeasextext δσδσδσ +=       (5.3) 

and this is done in a similar manner for ωo and g.  We find the average uncertainty 

for each profile, cross-reference this with the case specific linear regressions in 

Table 5.2, and arrive at an estimate of the effect of uncertainty in an optical 

property on RF.  A rough estimate of this would be to determine the percent error 

in extinction measurements (~8%, say) and read the corresponding location on the 

y-axis on Fig. 5.2 or 5.3.   
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The fully processed values of the uncertainty in RF due to uncertainty in 

σext, ωo, or g (δRFext, δRFssa, δRFasy, respectively) are listed in Table 5.3 for 

visible and non-visible wavelengths.  However, since much of the determination 

of δRFssa at non-visible wavelengths is dependent on the choice of constraint used 

in the retrieval, we treat this uncertainty slightly differently in the next Section. 

  

5.4.2.  Uncertainty Related to Non-measured Aerosol Optical Properties 

 Many aerosol optical properties are not based on a direct measurement and 

therefore, the measurement uncertainty in Eq. 5.3 (δσext,meas, in the example) is set 

to zero.  The errors in the values of ωo,nonvis, gvis, and gnonvis (δωo,nonvis, δgvis, and 

δgnonvis, respectively) have no measurement uncertainty.  The values of δRFasy for 

visible and non-visible wavelengths presented in Table 5.3 are then strictly 

determined from uncertainty in g that arises from the retrieval discussed in 

Section 4.4.2 (±3.8% of the retrieved value of g).   

Recalling the discussion in Section 4.3.2, uncertainty in ωo,nonvis is 

assessed by re-running the aerosol optical property retrieval described in Chapter 

4 with different constraints on ωo,nonvis, then using this new retrieval as input to the 

RTM to calculate the RF.  Our base case in this sensitivity test is the ωo,nonvis 

constraint based on a combination of “urban” and “soot” aerosols described in 

d’Almeida et al. [1991] and also in Hess et al. [1998].  We compile other cases in 

this sensitivity test by using six other constraints on ωo,nonvis.  Namely, we linearly 
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Table 5.3.  The summary of the radiative forcing (RF) uncertainty (δRF) at the top of the 
atmosphere (TOA) and the surface, or bottom of the atmosphere (BOA), due to uncertainty in 
extinction (δRFext), single scattering albedo (δRFssa), asymmetry parameter (δRFasy), upper 
atmospheric aerosol extinction (δRFua), and surface albedo (δRFsa).  The uncertainty is reported 
as a percent of the RFtoa or RFboa for each of the six vertical profiles examined and δRF due to 
uncertainty in aerosol optical properties are partitioned into visible and non-visible 
wavelengths, like Table 5.2.  The last column is an absolute uncertainty (W m-2) in the flux 
calculations by the Fu-Liou radiative transfer model and also contributes to the overall 
uncertainty in RF by a value of δRFflrt.  

visible wavelengths non-visible wavelengths

ID Date 
(2000) δRFext 

(%)
δRFssa 

(%)
δRFasy 

(%)
δRFext 

(%)
δRFssa 

(%)
δRFasy 

(%)
δRFua 

(%)
δRFsa 

(%)
δRFflrt 

(W m-2)

1 22-Aug TOA 4.7 9.1 3.8 6.4 13.8 2.1 6.3 10 2
BOA 4.0 5.8 1.5 3.2 3.5 0.8 2.4 3 2

2 24-Aug TOA 4.9 11.3 4.0 6.7 11.9 2.5 9.3 15 2
BOA 4.1 7.2 1.3 4.3 4.5 0.8 2.8 3 2

3 31-Aug TOA 5.5 14.8 3.2 5.7 11.7 1.7 6.5 12 2
BOA 4.5 7.6 1.0 3.4 2.8 0.5 1.9 3 2

4 3-Sep TOA 4.2 31.1 5.8 7.5 23.0 3.2 8.5 20 2
BOA 3.7 6.1 0.8 3.4 2.5 0.4 1.1 2 2

5 6-Sep TOA 4.5 34.9 7.5 8.2 30.6 4.0 6.8 22 2
BOA 4.0 6.5 1.0 2.9 2.6 0.5 0.8 2 2

6 6-Sep TOA 4.9 36.5 8.3 7.8 29.4 4.4 7.1 21 2
BOA 4.1 6.5 1.0 3.0 2.8 0.5 0.7 3 2
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combine the soot with “sulfate”, “continental”, and “soluble” aerosol using the 

method described in Section 4.3.2 and Eq. 4.15.  We use the empirical equation 

described in Ross et al. [1998] as the fifth constraint on ωo,nonvis and the data 

published in Bergstrom et al. [2003] for the 6 September 2000 case as the sixth 

and final constraint on ωo,nonvis.  As shown in the example in Fig. 4.3, different 

constraints will result in different behavior of ωo at non-visible wavelengths.  We 

do not use the 24 August 2000 case from Bergstrom et al. [2003] since the values 

of ωo,nonvis provided are for a limited wavelength range λ ~ 350-900 nm. 

To assess the uncertainty in RF due to uncertainty in the constraint on 

ωo,nonvis, we then calculate RF for each of the different retrieved set of aerosol 

optical properties, having changed only the constraint on ωo,nonvis.  Values of RFtoa 

are ±10% to as much as ±30% different than RFtoa calculated using the urban and 

soot aerosol, while values of RFboa are about ±3% different than RFboa calculated 

using the urban and soot aerosol, keeping in mind the magnitude of RFtoa 

compared to RFboa.  The differences are often nearly symmetric since the urban 

and soot aerosol constraint on ωo,nonvis is bracketed by other constraints (Fig. 4.3).   

We suggest that half the full range of calculated RF that result from the 

different constraints is the uncertainty associated with the constraint on ωo,nonvis.  

These values range from 10-30% for RFtoa and 2-5% for RFboa.  The largest 

percent effect on RFtoa are for vertical profiles with low ωo and high τ, which are 
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generally during the River of Smoke.  The percentage effect on RFboa, however, 

has a much smaller range. 

The value of δRFssa for non-visible wavelengths listed in Table 5.3 is then 

calculated as the effect of structural uncertainty in ωo on RF (±1.2% of the 

retrieved value of ωo, Section 4.4.2) propagated together with the uncertainty in 

the constraint on ωo,nonvis on RF.  About 90% of the values of δRFssa for non-

visible wavelengths are due to uncertainty in the constraint on ωo,nonvis.  The 

surprising result is that values of δRFssa for visible and non-visible wavelengths 

are often similar in magnitude, revealing that choosing a constraint on 

unmeasured values of ωo in models is nearly as important as the values of ωo in 

the peak of the solar spectrum 

 

5.4.3.  Uncertainty Related to Upper Atmospheric Aerosol Optical Properties 

 The upper atmospheric (~500 hPa to TOA) aerosol extinction (σext,ua) 

profiles provided by Vanhellemont et al. [2005] include confidence intervals.  The 

base case used to estimate RF is the median (50th percentile) value of σext,ua.  We 

calculate RF for σext,ua values from the 10-90th percentile range.  The response of 

RF to changes in σext,ua gives a range of RF values.  We interpret half the full 

range of RF to be the uncertainty in RF due to uncertainty in σext,ua, or δRFua.  

These are the values listed in Table 5.3.  Since the values of σext,ua are small, we 

150



assume uncertainty in RF due to uncertainties in upper atmospheric values 

of ωo and g from Fenn et al. [1985] are negligible. 

 

5.4.4.  Uncertainty Related to Surface Albedo 

Although there is no specific uncertainty attributed to surface albedo (As,λ) 

reported by either Gatebe et al. [2003] or Moody et al. [2005], it is clear that 

small scale spatial variations in As,λ are common.  To explore the sensitivity of RF 

to changes in As,λ, we calculate RF using different values of As,λ reported in 

Gatebe et al. [2003] and Moody et al. [2005].  For example, Gatebe et al. [2003] 

published multiple values of As,λ data for a specific location.  The values are 

partly dependent on the consideration of the atmosphere between the aircraft and 

surface.  Moody et al. [2005] published MODIS satellite data that are finely 

resolved in a limited wavelength range, but also published MODIS data for broad 

wavelength bands.  Half the full range of RF calculated from the different choices 

for As,λ are reported as the uncertainty in RF due to As,λ (δRFsa) and are listed in 

Table 5.3. 

 

5.5.  Biomass Burning Aerosol Radiative Forcing 

 The best estimates of the measurement-based diurnally-averaged RF and 

the uncertainty are listed in Table 5.4.  Values of RFtoa ranges from -7.1 to -8.9 W 

m-2 and do not depend on whether the vertical profile was obtained during the 

River of Smoke or while the anticyclonic circulation dominated the area.  The 
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Table 5.4.  Measurement-based estimates of southern African biomass 
burning aerosol radiative forcing (RF) at the top of the atmosphere (TOA) 
and surface, or bottom of the atmosphere (BOA), and the uncertainty in RF 
estimates (δRF) for six vertical profiles.  We also estimate the RF using 
available measurements from AERONET (RFaeronet) and estimate the 
uncertainty (δRFaeronet).  AERONET comparisons are only available for 
three cases.  The uncertainty is listed as an absolute value and as a percent of 
the RF.  The numerical identifications (IDs) can be cross-referenced with 
information in Table 4.2.  The August vertical profiles were collected during 
anticyclonic circulation more typical of the region, while the September 
profiles were collected during the period of enhanced smoke concentrations 
(the River of Smoke).  

ID
Date 
(2000)

RF             
(W m-2)

δRF 
(%)

RFaeronet      
(W m-2)

δRFaeronet   
      (%)

1 22-Aug TOA -8.6 ± 2.8 32 -6.8 ± 1.7 26
BOA -22.9 ± 3.0 13 -23.1 ± 2.6 11

2 24-Aug TOA -7.1 ± 2.7 38 - -
BOA -23.2 ± 3.3 14 - -

3 31-Aug TOA -8.4 ± 2.9 34 - -
BOA -29.5 ± 3.7 13 - -

4 3-Sep TOA -7.6 ± 4.0 53 -15.0 ± 6.3 42
BOA -57.8 ± 5.4 9 -42.9 ± 2.9 7

5 6-Sep TOA -8.9 ± 5.2 58 -10.8 ± 5.5 51
BOA -72.7 ± 6.7 9 -72.0 ± 4.7 7

6 6-Sep TOA -8.5 ± 5.0 58 - -
BOA -73.0 ± 7.1 10 - -
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uncertainty of RFtoa (δRFtoa) ranges from 32-58%.  The largest values of δRFtoa 

are due to the enhanced concentrations of absorbing particles (i.e. lower values of 

ωo,λ) during the River of Smoke.  The uncertainty increases as a result of greater 

uncertainty that originates from the PSAP measurements of the absorption 

coefficient, but as shown in Table 5.3, a large and nearly equivalent fraction of 

the uncertainty is due to uncertainty in the constraint on ωo,nonvis, as discussed in 

Section 5.4.2.

  Values of RFboa ranges from -22.9 to -73.0 W m-2 and exhibit a strong 

dependency on the time period of sampling.  Vertical profiles during the River of 

Smoke resulted in the largest values of RFboa when ωo,550 decreased by ~6% and 

σext,550 increased by a factor of more than two (Table 3.8).  The uncertainty of 

RFboa (δRFboa) ranges from 9-14%. 

For comparison, we estimate RF from retrieved and measured AERONET 

aerosol optical properties (RFaeronet) and list the values in Table 5.4.  Three of the 

six vertical profiles in Table 5.4 were spatially and temporally co-located with 

AERONET stations in southern Africa [Eck et al., 2003].  Leahy [2006] showed 

that AERONET retrievals matched closely with the UW research aircraft vertical 

profiles most of time, although both Magi and Hobbs [2004] and Leahy [2006] 

also show cases when the independent data sets did not agree. 

We estimate RFaeronet by assuming the column-integrated AERONET 

optical properties apply to the layer between the surface and 500 hPa, similar to 

the UW research aircraft vertical profiles.  There is no additional retrieval 
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associated with AERONET measurements (i.e. we do not use the analysis in 

Chapter 4).  Instead, we simply extrapolate the AERONET measurements to the 

solar spectrum using the same methods we used to extrapolate the in situ and 

Sunphotometer data (Section 5.2.1).  Otherwise, we use exactly the same input to 

the RTM to calculate RFaeronet. 

The uncertainty in RFaeronet (δRFaeronet) is estimated using the exact same 

methodology we used to estimate the uncertainty in RF from aircraft-based 

measurements.  Uncertainties in τλ, ωo,λ, and gλ from AERONET are estimated as 

±0.02, ±0.03, and ±0.04, respectively [Dubovik et al., 2002; Zhou et al., 2005].  

We propagate these errors to arrive at the values of δRFaeronet listed in Table 5.4.  

Although the sample size is limited to three direct comparisons, the 22 

August and 6 September cases compare well and are within the uncertainties 

associated with the RF.  The 3 September case does not compare well.  The 

difference is primarily associated with a difference in ωo,λ between AERONET 

and aircraft measurements [Magi and Hobbs, 2004; Leahy, 2006].  However, the 

fact that the column-integrated aerosol optical properties measured and retrieved 

by AERONET can so closely reproduce a much more detailed method is 

promising for more extensive applications of AERONET data in models [Chung 

et al., 2005; Reddy et al., 2005a] and in measurement-based calculations of 

aerosol radiative effects [Kaufman et al., 2002; Zhou et al., 2005; Yu et al., 2006].  

However, careful validation of AERONET retrieved products (especially ωo,λ) is 

absolutely crucial to the calculations. 
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Other studies have published estimates of RF for the southern African 

region as well and a comparison of the results is presented here.  Ichoku et al. 

[2003] estimated RFtoa from MODIS satellite measurements as -10 W m-2 and 

RFboa of -26 W m-2 over the entire southern African region.  Keil and Haywood 

[2003] used in situ data collected in Namibia [Haywood et al., 2003a] during 

SAFARI-2000 and estimated RFtoa ranges from -12 to -14 W m-2  and RFboa 

ranges from -22 to -28 W m-2, keeping in mind that smoke aerosols in Namibia 

are most likely transported from other regions of southern Africa [Haywood et al., 

2003b].  Most recently, a regional modeling study by Abel et al. [2005], which 

built on studies by Myhre et al. [2003] and Osborne et al. [2004], Keil and 

Haywood [2003], and Haywood et al. [2003a-b], suggested RFtoa ranges from 

about -7 to -9 W m-2  and RFboa ranges from -32 to -35 W m-2  for the southern 

African region.  The values of RFtoa compare well with the values in Table 5.4 

(both measurements and AERONET), but RFboa is underestimated by a factor of 

two or more in southern tropical Africa by the Abel et al. [2005] study. 

This work suggests that the differences in the aerosol optical properties 

measured the River of Smoke and during the anticyclonic circulation are not 

properly considered in models of southern African biomass burning.  Kinne et al. 

[2003, 2005] discuss the median model treatment of aerosols from source regions 

around the world and showed that the models noticeably underestimate τ for 

months most affected by biomass burning.  The working hypothesis presented here 

is that southern African biomass burning aerosol should be treated as two distinct 
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aerosol with different optical properties.  The result of the differences are similar 

values of RFboa, but values of RFboa that vary by a factor of two or more.  

Measurements in tropical Africa would be very useful. 
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Chapter 6.  Summary 

In this thesis, we provided a detailed analysis of biomass burning aerosol 

optical properties in southern Africa.  Combining measurements of optical 

properties with an original retrieval algorithm, we derived aerosol optical 

properties for the entire shortwave spectrum and used this information to model 

the radiative effects of the aerosol of southern Africa.  Here we summarize the 

main conclusions of the study and offer a few recommendations for future work. 

 

6.1.  Southern African Aerosol Characteristics 

 We analyzed data collected during SAFARI-2000 [Swap et al., 2003] and 

showed that southern African aerosols are dominated by absorbing aerosols from 

biomass burning [Eck et al., 2003; Kirchstetter et al., 2003] that occurs every year 

during the dry season [Anyamba et al., 2003] to varying degrees [Duncan et al., 

2003].   

Typically, southern African wintertime (dry season) meteorology is 

dominated by large scale subsidence due to a persistent anticyclonic circulation 

[Cosijn and Tyson, 1996].  During SAFARI-2000, a westerly disturbance created 

what qualititatively appeared to be a river and was dubbed the River of Smoke by 

Annegarn et al. [2002].  The River of Smoke transported smoke over the period of 

1-3 days from regions of biomass burning in tropical southern Africa to the 

sample region of SAFARI-2000.  Compared to the period dominated by 
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anticyclonic circulation, the mean extinction coefficient at a wavelength of 550 

nm (σext,550) measured during the River of Smoke increased from 86±44 Mm-1 to 

200±50 Mm-1.  The single scattering albedo at 550 nm (ωo,550) decreased from 

0.89±0.05 to 0.83±0.02.  We attributed these changes in the mean optical 

properties to an increase in the aerosol number concentration driven primarily by 

the enhanced presence of absorbing particles originating from tropical biomass 

burning.  The mean size of the aerosol did not change dramatically. 

 

6.2.  Southern African Radiative Forcing  

 We estimated the radiative forcing in southern Africa by using 

measurements to constrain an original retrieval algorithm that finds the optically-

equivalent aerosol size distribution and wavelength-dependent refractive index 

that most accurately reproduce the available measurements.  Using this set of 

optical properties, we estimated the radiative forcing (RF) at the top of the 

atmosphere (RFtoa) and surface, or bottom of the atmosphere (RFboa) due to the 

southern African biomass burning aerosol (Table 5.4).   

Estimates of RFtoa ranged from -7.1±2.7 W m-2 to -8.9±5.2 W m-2, in good 

agreement with previously published regional modeling studies [e.g. Abel et al., 

2005].  In contrast, RFboa varied from -22.9±3.0 W m-2 to -73.0±7.1 W m-2.  

Uncertainty in ωo,λ accounted for 40-77% (mean of about 60%) of the total 

uncertainty in RF.   
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The RFboa during the enhanced smoke concentrations of the River of 

Smoke period was a factor of 2-3 greater in magnitude than RFboa during the more 

typical anticyclonic circulation.  We attribute the differences to the increase in 

σext,λ and decrease in ωo,λ during the River of Smoke.  The aerosol during the 

River of Smoke was composed of effective scatterers and absorbers.   

 

6.3.  Implications for Modeling Southern African Aerosol 

 Past modeling studies have not attempted to model the aerosol in tropical 

Africa as more absorbing, but the River of Smoke, combined with the trajectory 

analysis implies that these aerosol optical properties may be representative of the 

tropical African region.  In the most recent regional modeling study from southern 

Africa [Abel et al., 2005], no regional dependence is applied to ωo,λ.  Although the 

effects of a decrease in ωo,λ are smaller at the TOA, the surface RF reported here 

is markedly larger than the regionally averaged values presented in Abel et al. 

[2005].  This study, as well as Eck et al. [2003] and Leahy [2006] all suggest that 

there is a regional dependence for ωo,λ.  Given the sensitivity of RF to ωo,λ, this is 

an important oversight. 

 

6.4.  Recommendations for Future Work 

 We have estimated RF and the uncertainty from six vertical profiles using 

a measurement-based approach.  Application of the methods to other field 

campaigns with similar datasets [Christopher et al., 2000; Clarke et al., 2002; 
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Doherty et al., 2005; Quinn et al., 2005] would provide useful and comparable 

information.  The methodology itself could be improved by increasing the 

resolution of the dimensions of the look-up table used in the retrieval to minimize 

structural uncertainties in the retrieved optical properties.  Another improvement 

would be to include diurnal variability in the aerosol optical properties.  The very 

basic suggestion presented here, however, is that the RF calculations are 

extremely sensitive to ωo,λ and without measurements beyond the visible 

wavelengths, uncertainty in RF due to aerosol  [Schwartz, 2004] will remain large 

and unacceptable.   
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