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Abstract

Aerosols perturb the climate system through the 'directaff whereby the scattering
and absorption of radiation from aerosol particles is thug partially offset the anthro-
pogenic greenhouse warming. The impact of aerosols fromésés burning is poorly
understood because the spatial and temporal distribufitimedourden and optical prop-
erties are subject to large uncertainties. This thesiseeptesa detailed analysis of in-situ
aircraft measurements of biomass burning aerosols fromARAE00O, and examines the

direct effect of the smoke throughout the southern Africagion.

The microphysics, optical properties, and vertical stiteebf biomass burning aerosols are
characterised in a fresh smoke plume and in the aged rediarmal A rapid increase in the
single scattering albedo was observed in the first few haursexjuent to emission, sug-
gesting that measurements taken near emission sourcetlemged use when assessing

the large-scale radiative effects of biomass smoke.

The current techniques used to retrieve aerosol opticahdepm onboard the aircraft
were compared, and a retrieval algorithm that has beenals»@ito determine the aerosol
columnar optical properties and size distribution fromnieasured down-welling sky ra-

diance distribution, is shown to be in reasonable agreemigimthose measured in-situ.

A heavily polluted biomass burning aerosol layer was ole@#ie exist above low-level
stratocumulus clouds off the coast of Namibia and Angolae aérosol is shown to exert
a positive direct radiative forcing at the top of the atmamphthat can lead to significant

biases in current spaceborne retrievals of cloud opticgigties.

Finally, a multi-column radiation code is used to assesdlitext radiative effect of bio-
mass burning aerosols over southern Africa, revealingttieategional variability in the
properties and vertical structure of biomass smoke anddslooeeds to be targeted by

future observations and well represented in General Citionl&lodels.
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Chapter 1

Introduction

1.1 Motivation

The global mean surface temperature of the Earth has riséh@y 0.2 K during the
20th century, and the rate of warming in the latter part of28&h century appears to be
unprecedented in the last millennium. There is a growingrgdic consensus that much
of the warming can be attributed to an increase in anthragioggeenhouse gases (IPCC,
2001, p699). Climate models predict a further increase igltbleal mean surface temper-
ature of 1.4 to 5.8 K by the year 2100, which would result ins& in the global mean sea
level of 0.09 to 0.88 metres due to the melting of ice caps ardnal expansion of the
oceans, and an increased probability in the occurrencetdrag weather events such as
intense precipitation (IPCC, 2001, p15-16). The economiyemmental, and social con-
sequences of such rapid changes have led to an increasehwdariconcern in the impact

that mankind has on climate.

Atmospheric aerosols (solid or liquid sub-micron to miceired particles) provide one of
the largest uncertainties in our understanding of how hubesmgs are continually altering
climate. Aerosols act to modify the radiative balance ofdhmate system by absorbing
and scattering radiation (the direct effect), and by aiggthe lifetime and radiative proper-
ties of clouds (the indirect effect). Both effects tend toltcbe atmosphere on a global scale

by increasing the planetary albedo, thereby suppressegrithropogenic greenhouse ef-
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fect. Quantifying the impact of aerosols on climate is peotdtic due to the complexity in
their chemical, physical, and optical properties, theatih and temporal variability in the
atmosphere, and the difficulty in characterising theirreat@on with clouds. Further, dis-
tinguishing the effect of aerosols from anthropogenic siiss from those of natural origin
is highly uncertain. The research in this thesis is focusedharacterising the properties
of aerosols from southern African biomass fire emissiond aasessing the direct radiative

effect of the smoke on local and regional scales, both of ware poorly understood.

1.2 Climate change and radiative forcing

1.2.1 Natural variability and anthropogenic influence on the climate

system

Significant long term trends in the state of the Earths clargtstem, termed ’climate
change’, is not a recent phenomenon. Over the past 400 thdysaars, the Earth has
experienced large shifts between ice ages and warmer latebperiods (see figure 1.1
(a)). This is primarily the result of changes in the circidatof the atmosphere and ocean
due to variations in the Earths orbit, thereby altering thatial distribution of the incom-
ing solar radiation which is the driving source of energytfa climate system. On shorter
time-scales of the order of years to decades, changes ianiolactivity and the solar cycle
have also acted to perturb the climate system. These nateirtairbations to the climate

system need to be considered when attributing climate eéhtmgnthropogenic activity.

The environment is continually affected by the activitidshaman beings. Of particu-
lar importance to the climate system, mankinds dependepae fossil fuels in domestic
and industrial usage, and the burning of biomass for domesiil agricultural purposes,
produce copious amounts of greenhouse gases and aerosdtsaltér the chemical com-
position of the atmosphere. Since the industrial revofu(rmormally taken as 1750), there
has been an sharp increase in the concentration of greemlgases. For example, the
concentration of carbon dioxide has risen from close to 28d\pin 1800 to 367 ppmv

in 1999 (+31%) (IPCC, 2001, p187). The increased concentration of greesghgases
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Figure 1.1: a) The variation in temperature, carbon dioxide, and methauer the past

420 thousand years from the paleoclimate recored deriwed fte core data collected at
Vostok, Antarctica. Figure taken from IPCC (2001, p137). ajiation in the annual mean
surface temperature in the Northern hemisphere, over 8taridlennium. Figure taken

from the summary for policy makers, IPCC (2001, p3).

enhances the atmospheric opacity to longwave radiaticultreg in the absorption of
terrestrial radiation and the re-emission of longwaveatin from higher altitudes within
the atmosphere. Because the temperature tends to decréfasdtitiide in the troposphere,
the radiative heat loss to space is reduced, thereby warthengurface and lower levels
of the atmosphere. Figure 1.1 (b) shows a rapid increaseeiglttbal annual mean sur-
face temperature in the past 100 years, which has beenyatigbuted to the enhanced

anthropogenic greenhouse effect (IPCC, 2001, p10).

Anthropogenic aerosols are composed of a variety of aetgges including water-soluble
inorganic species (e.g. sulphate, nitrate, ammoniumpgrocgcondensed species, elemen-
tal or black carbon, and mineral dust. Natural types of adsasclude sea salt, marine
sulphate compounds, dust, and particles from volcanic ®ams. The influence of at-
mospheric aerosols are generally thought to somewhattdffeeglobal warming, by re-
flecting a fraction of the incoming solar radiation back taspthrough direct interaction
and modification of clouds. However, some aerosols suchasethontaining black car-
bon tend to directly absorb solar radiation, and can enhérecearming due to greenhouse
gases on local scales. There is some evidence that the aof@anbsols in the atmosphere
have increased in the past century (IPCC, 2001, p306), alththeye are few long term
records. Monitoring of global aerosol amounts throughentrsatellite observations should

enable trends to be identified in the future.

Other anthropogenic influences include increases in tppeErsc ozone due to chemical
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reactions from precursor gases produced by biomass buamdgndustrial pollution and
are thought to provide an additional warming. However, tepletion of the stratospheric
ozone layer due to emissions of chlorofluorocarbons (CFCd)changes in the physical
and biological properties of the land surface due to urlzdiois and human forestry and
agricultural practices, are both thought to have exertedcdirgy influence on the climate

system.

1.2.2 The concept of radiative forcing

The concept of radiative forcing is used to assess thevelmtiportance of the various nat-
ural and anthropogenic climate change mechanisms. It issaune of the radiative impact
on the surface-troposphere system that is induced by amek{gerturbation, such as an
increase in anthropogenic aerosols, and is usually ineg@ver a specific time period.
Radiative forcing is formally defined as the “change in the(detvn minus up) irradiance
(solar plus long-wave; in Wni¥) at the tropopause after allowing for stratospheric temper
atures to readjust to radiative equilibrium, but with saegfand tropospheric temperatures
and state held fixed at the unperturbed values” (IPCC, 200B)p26major benefit of ra-
diative forcing,AF, is that it has been shown through General Circulation MoG€INI)
simulations to be a reasonable indicator of the global amrmean change in surface tem-
perature Q\T),) for different perturbations (e.g. solar or greenhousefgasng), once the
climate system has reached equilibrium. The relation betwel" and AT} is described

with the equation

AT, = A, AF, (1.1)

where )\, is the climate sensitivity parameter. However, there isrgmg evidence that
the assumption of a constakf;, may not hold true for all radiative forcing mechanisms
(e.g. Hanseret al. (1997), Joshet al. (2003), Cook and Highwood (2004)). For exam-
ple, Cook and Highwood (2004) find that the value\gf is highly variable for aerosols
depending on the degree of absorption of solar radiatiod, that the sign of theA F’

may not even be a good indicator of the sign of the resultdiit The instability ofAr,
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was shown to result from varying strengths of climate feedlvaechanisms, primarily the
semi-direct aerosol effect (see section 1.3.4), and stgytes the direct radiative forcing
for absorbing aerosols may be a poor indicator of surfac@éeature response. However,
the mechanisms responsible for this non-linear resporseamrly understood, and quanti-
fying the magnitude of the variability iny, for different atmospheric aerosols may only be
achieved with an improved representation of the radiatifects of aerosols (the manner

in which aerosols alter the radiation budget of the atmosghe current GCMs.

1.3 Radiative effect of atmospheric aerosols

1.3.1 The direct aerosol effect

The direct aerosol effect describes the interaction ofs@rparticles through both scat-
tering and absorption of radiation. The scattering praegs$snd to reflect a fraction of
the incoming solar radiation back to space, thereby codhegatmosphere. In contrast,
atmospheric absorption by aerosol particles (primarigcklcarbon) in the shortwave re-
duces the planetary albedo by converting the incoming sat#iation to heat. Both scat-
tering and absorption act to reduce the irradiance incidetite surface, which may have
important consequences to atmospheric circulation antytieological cycle (see section
1.3.4). In addition, interaction with longwave radiaticancoccur for large super-micron
particles such as mineral dust (Highwoeidal., 2003), although the effect is negligible for

the majority of anthropogenic aerosol constituents.

The direct radiative effect is poorly understood due to #rge uncertainties in the spatial
and temporal distribution in the column burden and opticapprties of aerosols, combined
with uncertainties in the implementation of aerosols intmdels, on which the majority of
studies are based (Haywood and Boucher, 2000). The besa#stirectangular bar) and
estimated uncertainty (error bars) in the direct radiafbreing for the year 2000 relative
to 1750 of anthropogenic sulphate, fossil fuel organic dadkocarbon, biomass burning,
and mineral dust aerosols given by IPCC (2001) is shown indigu?2. By summing the
best estimates of the individual aerosol components (midt paken for mineral dust as

no best estimate given), the total global mean direct ra@i&brcing due to anthropogenic
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Figure 1.2: The global annual mean radiative forcing of the climate eaysfor the year
2000, relative to 1750 for the forcing mechanisms consdiéne IPCC (2001). Figure
taken from the summary for policy makers, IPCC (2001, p8).

aerosols is -0.4 Wn¥, indicating that aerosols are likely to have a net coolirftuance
on the global climate system through their direct inteacivith radiation. This can be
compared to the positive radiative forcing of 2.43 Winand thereby warming influence,
that is attributed to greenhouse gases. However, the sadpi&on of the radiative forcings
from different aerosol species is somewhat misleading. B®xaerosol particles are highly
inhomogeneous both spatially and temporally, the radiaffect of aerosols is often much

more dramatic than that from greenhouse gases on local giwhad scales.

1.3.2 Aerosol optical properties

The degree to which aerosols interact with electromagmati@tion is governed by the
particles extinction cross sectional aréa,) and extinction efficiency@.,). These are
dependent on the particle shape, size, complex refractolexi(), and the wavelength of

the incident radiationX) . For spherical particles, the two are related through thegon

CYe/\ = 7”02@6)\7 (12)
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wherer is the particle radius. The scattering efficiency,{) and absorption efficiency

(Q.») of the particle are defined in an analogous manner, suclithat Q. + Q.

If the aerosol size distribution and refractive index arewn, Mie theory can be used
with the assumption of spherical particles to calcul@tg, Q,,, and @Q,,, from which
the specific extinction efficiencyk(,), the single scattering albeda), and the phase
function (P\(¢)) can be determined. These are the three bulk parameteesé@immonly
used to model the direct radiative effect of aerosols. Ahas defined as the extinction

cross sectional area per unit mass of aerosol and is given by

30@)\ o 3@6)\

ke - — )
g 47Tpaer r3 4paerr

(1.3)

wherep,.. is the density of the aerosol. In practice, the refractivenand density of
aerosols are highly uncertain due to the variable naturedrchemical composition. For
example, the reported density of black carbon ranges fr@250to 2.25 gcm?, and the
complex refractive indexy, from 1.25-0.25to0 2.67-1.34 (Fuller et al,, 1999). In order

to place constraints on the valuesrotised in Mie theory, detailed in-situ measurements
of the aerosol scattering and absorption coefficients atifp&vavelengths4,,, o,,) are
often used to infer optically equivalent valuesofor a givenp,., (e.g. Abelet al. (2003),

Haywoodet al. (2003a)).0,, is given by

- / N()Cor(r)dr, (1.4)

where N(r) is the size distribution of particles per unit volume,, is determined in an

analogous mannetr.

Thewy, is defined as the ratio of scattering to total extinction, snglven by the equation

o Qs/\ o Qs)\ (15)

B Qex\ B Qs)\ +Qa)\‘

Wox

A wpy of 1.0 implies that the aerosol scatters all radiation iantcupon it, whereas a value
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of 0.0 represents a purely absorbing aerosol. For atmosgreosols, values ofy—o.55,.m
may range from~ 0.65 for urban or industrial aerosols that contain a lot ghhi absorbing
black carbon, to 1.0 for sulphate aerosols (WCP, 1986)..kkes critical in determining
the sign of the direct radiative effect; both positive/rntegaA F' can exist over regions of

high/low surface albedos far,, < 1.0 (Haywood and Shine, 1995).

The scattering phase functioR, (¢), describes the manner in which the aerosol particle
scatters radiation as a function bfand scattering angle, The forward scattering direc-
tion refers to scattering angles<0¢ < /2, whilst backward scattering refers to scattering
anglesr/2 < ¢ < m. In modelling atmospheric radiative transfer with a twieatn radi-
ation code, the asymmetry parametgr, is used to describe the asymmetricity Bf(¢).

g is defined as the mean value of the cosine of the scatterinig,angjing P, (¢) as a

weighting function, and is given by

1

—f1 Py(¢)cos(¢)d(cosg)

9= — : (1.6)
J Pa(¢)d(cose)

-1

A g, > 0 therefore represents a particle that primarily scattedsation in the forward
hemisphere, a value of O corresponds to radiation that tsesed isotropically, and a value

< 0 corresponds to a particle that primarily scatters in thekivard hemisphere. For
atmospheric aerosols, tends to be positive and increases with particle size as radie
ation is diffracted into the forward hemisphere from theeedgthe particle. For example,
ata) = 0.55um, values of 0.75 are typical for super-micron aerosols mealsin Saharan
dust plumes (Haywooelt al, 2003c), whereas values of 0.59 are more common in aerosols
such as biomass smoke which show a dominance of submicraolga(Haywoocet al,,
2003a).

As mentioned previously, Mie theory describes the scaigeaind absorption of radiation
from spherical particles, whereas real particles in theoaphere cover a wide range of
morphologies. For example, black carbon is observed td exisranched chain-like ag-
gregates that are highly non-spherical (e.g. Johredai. (1991), Psfaiet al. (2003), Li

et al. (2003)). Although there are numerical solutions availdbléeat the interaction of
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electromagnetic waves with non-spherical particles (Blghchenko and Travis (1998)),
determining the distribution of particle shapes in the apiere is highly problematic. As
such, non-sphericity effects are often neglected wherutalog the optical properties of

aerosols and are treated as an additional uncertainty.

Further complications can arise when calculating the apticoperties of aerosols that
are hydrophilic. Hydrophilic aerosol species such as saathmor sea salt particles tend to
adsorb water with an increase in the atmospheric relativadity, leading to an increase in
the size and a change in the chemical composition of the algyagicle. Consequently, the
optical properties of the aerosol are altered. As water gmilgnscatters radiation at solar
wavelengths, the addition of water tends to increaséxheand hence thé,., andwg, of
the aerosol particle. The increase in particle size alsdsléa a larger value of,. The
relative humidity dependence of aerosol scattering cancbewsted for using empirical
relations determined from humidograph measurementsTergBrinket al. (2000), Magi
and Hobbs (2003)).

The mixing state of the aerosol constituents is also requirken modelling the optical
parameters with Mie theory. An internal mixture describesaarosol where the individ-
ual constituents such as sulphate and black carbon aregaggdewith one another. In
an external mixture, the components exist separately. Modeesults indicate that the
absorption efficiency of black carbon is increased by a faaft@ to 2.5 in an internal mix-
ture with sulphate aerosols (Chylek al, 1995, Haywood and Shine, 1995), resulting in
a lowerwgy. However, the degree of internal mixing is largely dependsnthe age of
the particles, as processes such as coagulation, condensatd water uptake occur as
the aerosol is transported away from the primary sources therefore often difficult to
characterise the exact mixing state of aerosol particleals®e the analysis of single par-
ticles is restricted to laboratory measurements usingisbgéited instrumentation such as
electron microscopes (e.gosfaiet al. (2003)), whereas in-situ field measurements tend to

characterise bulk aerosol properties.

In addition to the aerosol optical properties, the direcliave effect is dependent on
the column burden of aerosol in the atmosphere. The aer@sickbdepth ¢,) can be
calculated by integrating thie,, and the mass mixing ratior{(,.) of the aerosol, from the

surface to the top of the atmosphere, using the equation
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z=TOA
(z) = / pkexm,.sec(0)dz, (1.7)

2=0

wheref is the solar zenith angle,is the density of air, and is the altitude 7, is routinely
measured from global satellite and ground based remoténggiasmd therefore provides a

useful constraint on global aerosol models (see sectiaf)1.4

1.3.3 The indirect aerosol effect

Aerosols can also act as efficient cloud condensation n(CIEN), thereby altering the

microphysics of cloud particles. Increasing the burdenndi@pogenic aerosols can lead
to an increase in the cloud droplet concentration, and theye decrease in the size of
cloud droplets for a fixed amount of liquid water (Twomey, 4R7This in turn enhances

the reflectivity of clouds, leading to an additional cooleffect on the climate system, and
is termed the ‘first indirect effect’. It is also proposedtthi@e decrease in cloud droplet
size acts to suppress the onset of precipitation, therefsgasing the liquid water amount
and lifetime of clouds (Albrecht, 1989). This will also aot¢ool the climate system, and

is termed the 'second indirect effect’.

Evidence for the first indirect effect exists from both reaetptsensed and in-situ observa-
tions. Satellite inferences have shown a negative coiwelaetween cloud droplet size and
aerosol amount in regions influenced by anthropogenic akr¢s.g. Kaufman and Fraser
(1997), Sekiguchet al. (2003), Quaast al.(2004)). Further, in-situ aircraft measurements
find the same correlation (e.g. Mart al. (1994), Andreaet al. (2004)), and show that
biomass burning aerosols can act to suppress the onsetogfifagon, providing tentative

evidence for the second indirect effect (Andreaal., 2004).

Modelling studies of the indirect radiative forcing of asots are subject to large uncer-
tainties due to the lack of knowledge in exactly how aerosetigles interact with clouds.
Current studies have used both empirical and mechanistitaeships to model the effect,
resulting in a range in the global annual mean radiativerigrof O to -2 Wn1? for the first

effect, with the radiative perturbation from the secon@e&fpotentially exerting a similar
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forcing in magnitude (IPCC, 2001).

1.3.4 Climate feedbacks associated with the radiative effect of aerosols

The direct scattering and absorption of solar radiatios tcteduce the surface irradiance
and therefore cool the surface. The increase in cloud alaeddifetime through the inter-
action of aerosols on cloud droplets will further enhaneedtrrface cooling. The impact
of the reduction in solar radiation at the surface is likelygduce both the latent heat flux
to the atmosphere through evaporation, and the sensibidlineaherefore weakening the
hydrological cycle. This has been identified in GCM studies thclude the direct and
indirect effect of sulphate aerosols (e.g. Roeclatal. (1999)). Global model studies of
the impact on the hydrological cycle for other aerosol tyjash as biomass smoke are yet

to be performed.

Solar heating through the direct absorption of radiatioraegosol particles such as those
containing black carbon will act to stabilise the boundayek, reducing the convective
potential and suppressing cloud formation. Further, ifdbeosol exists in and around a
cloud layer, the heating will increase the ability of the agphere to hold water vapour,
and can lead to the 'burning-off’ of clouds. The result iseduce the cloud fraction and
liquid water path, decreasing the planetary albedo andyainod an additional warming
on the climate system. This feedback is termed the 'serectieffect’ (Hanseret al,
1997). A negative correlation between the column burderarhbss smoke and the frac-
tion of scattered cumulus clouds has been inferred fronllisai@easurements over South
America (Koreret al., 2004), providing observational evidence for the effette physical
processes that govern the semi-direct effect have beestigaged on local scales using
large-eddy simulations (e.g. Johnsztral. (2004)), the results of which predict a reduction
in cloud amount in the presence of partially absorbing a#sodHowever, global simula-
tions of the direct, indirect, and semi-direct radiativeeef using transport models of car-
bonaceous and sulphate aerosols suggest that the warrsuigng from the semi-direct
effect is small in comparison to the cooling from the diretl andirect radiative effects
(Lohmann and Feichter, 2001).
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1.4 Improving the representation of aerosols in models

Current models are not able to determine the climatic imp&eteoosols with sufficient
accuracy due to the lack of knowledge in the spatial and teahpiistribution of aerosol
burden and optical properties, and the processes that m@aerosol-cloud interactions.
However, regional and global scale models are the only towlhich both the present and

future meteorological and climatic responses to anthrepmgaerosols can be determined.

To further develop climate models in order to improve thditgltio assess the importance
of aerosols on the climate system, long term monitoring aésas through remote sensing
observations are required to characterise the meanshpidyijaand trends in key aerosol

properties. Further, intensive short term in-situ measerg campaigns are essential in
order to validate the remote sensing retrievals, develognpeterisations for use in models,

and through closure studies, characterise the radiatiltesimce of aerosols.

1.4.1 Remote sensing

Global monitoring through satellite observations hasvedio the spatial and temporal vari-
ability of aerosols to be characterised. Recent advance@ageborne instruments designed
to monitor the atmosphere, such as the Moderate Resolutiagitig Spectroradiometer
(MODIS), can retrieve aerosol optical depth in cloud fregigas over both land and ocean
(Kaufmanet al,, 1997, Tane et al,, 1997). As an example, figure 1.3 shows the monthly
mean aerosol optical depth for September (2000-2003 agkragieved from the MODIS
Terra satellite. With an a priori knowledge of aerosol sesrcthe plumes of biomass
smoke over southern Africa and South America are eviderg. signature of the Saharan
dust plume off the West coast of Africa, and both anthropagand mineral dust aerosols
over Asia are also clear. As such, satellites can providesfulool in the validation of

global aerosol models (e.g. Kine¢ al. (2003)).

Long-term observations of aerosols are also available tt@merosol Robotic Network
(AERONET) of ground based Sun-sky scanning radiometersbgtheet al., 1998), com-
prising of > 100 sites worldwide. The temporal variability in aerosdiicg depth, and the

column integrated size distribution and optical properigaetrieved from the measured so-
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Figure 1.3: Aerosol optical depth retrieved from the MODIS satelliteaatavelength of
0.55u:m (September average). Retrievals are not made in the preséotmids or areas
of high surface reflectance as the aerosol signal cannotdoeadely discerned in the mea-
sured radiances. This results in data gaps as evident ingilvefi Also indicated are the
approximate locations of several major field experiments.

lar radiation, enabling a global database of aerosol chenatics to be compiled, thereby

providing constraints on model simulations and satell#tsdul retrievals of aerosols.

Whilst satellite and AERONET based measurements tend t@vetcolumn integrated
guantities of aerosols, ground based lidars enable thecakstructure of tropospheric
aerosols and clouds to be determined (e.g. Camghell. (2003)). Future spaceborne
instruments such as the Cloud-Aerosol Lidar and Infraredffraker Satellite Observations
(CALIPSO) (Winkeret al,, 2003) will enable the vertical structure to be characéerisn

global scales.

1.4.2 Field campaigns

The properties and radiative influence of aerosols from eetyaof emission sources and
meteorological conditions have been examined in detail serges of recent field cam-
paigns. These coordinated experiments combine detadsuraircraft and ground based

measurements with remote sensing observations and mugdelbrk to reduce the large
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uncertainty in current radiative forcing estimates. Fegglir3 indicates the general location
of several major campaigns; the series of Aerosol Charaatén Experiments, ACE-1
(Bateset al,, 1998), ACE-2 (Raest al, 2000), and ACE-ASIA (Huebest al,, 2003), the
Tropospheric Aerosol Radiative Forcing Observational Expent (TARFOX) (Russell
et al, 1999), the Smoke, Clouds, and Radiation-Brazil (SCAR-B) expartniKaufman
et al, 1998), the Indian Ocean Experiment (INDOEX) (Ramanatbial., 2001b), the
Saharan Dust Experiment (SHADE) (Taret al., 2003), the Southern African Regional
Science Initiative (SAFARI 2000) (Swagd al,, 2002a,b), and the Aerosol Direct Radiative
Impact Experiment (ADRIEX).

1.5 Biomass burning aerosols

The burning of savanna and forests for agricultural andréséion purposes, the burning

of substances used for domestic fuel such as wood, peat, gl dnd the burning of
agricultural waste produce copious quantities of aero&istzen and Andreae, 1990).
The majority of the vegetation fires occur in the tropics dgithe dry season (e.g. Duncan
et al. (2003)), from which the emissions may constitute up t&8tf those from global
biomass burning (Cofeet al, 1996). This can be seen by the large burdens of aerosol
associated with biomass smoke over the southern AfricanSandh American regions

in figure 1.3. Characterising the emissions, properties, raddhtive effects of biomass
smoke on both regional and global scales is therefore dfimaortance in improving our

understanding of the anthropogenic impact on the climateesy.

1.5.1 The optical properties of biomass burning aerosols

Biomass burning aerosols contain a complex mixture of alisgrand scattering con-

stituents, including black carbon, organic carbon, suk$aand nitrates. There are large
uncertainties in the optical properties of biomass smoletduhe variable nature in the
exact composition of the aerosol. Values of the k., andg of biomass burning aerosols
from various published in-situ and remotely sensed measemés are compared in table

1.1. The optical properties are classified by region, angjaed as fresh or aged biomass
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smoke where appropriate. Measurements taken directlytiogédire, or in the smoke plume
that is advected downwind from the fire are assigned as "frediereas aerosol that has
dissipated in the atmosphere with age so that it becomespére regional haze is as-
signed as being 'aged’. The reported values of fresh and sigete from IPCC (2001)

are also shown in table 1.1 and are also based on data fronteitsture. The uncertainty
in the IPCC (2001) values are at least in part due to the rebw@mebility in the optical

properties.

Comparison of thev, from the different regions show that the North American senok
tends to be less absorbingy(-~ 0.92) than the aged African biomass smokg (~ 0.89).
The variation is likely dominated by changes in the chargsttes of the fuel burnt and
the combustion phase (flaming vs smouldering) of the firesacheegion, of which the
amount of highly absorbing black carbon per unit mass of s@risksensitive (Dubovik
etal, 2002). A degree of confidence can be placed in the remoteesemeasurements as
there is reasonable consistency with the reported valoes ifn-situ data in these regions.
In South America, values 6£0.84 forw, are reported in Reidt al. (1998) and Rosst al.
(1998) for aged smoke, whereas the more recent in-situ (Getyal. (2003)) and remotely
sensed (Dubovilkt al. (2002)) measurements suggest values closer to 0.91. Taritys
between the reported values in South America requiresduntivestigation, and should be

the focus of future studies.

It can be seen that for both African and South American bi@rsmsoke, they, tends
to increase with age in the atmosphere, indicating that ¢éhesal particles are becoming
less absorbing with age. The underlying physical mechasigrat are responsible for
the change invy with age may include coagulation of particles, condensatiovolatile
species from the gaseous phase, uptake of water, and chantdpesmorphology of the

aerosol particles and are examined in detail in chapter 2.

A typical value ofg for biomass smoke is around 0.6, although the values list&abie 1.1
suggest thay increases as the aerosol ages in the atmosphere. This @rityithe result
of a shift to larger particle sizes with age (e.g. Haywab@l. (2003a)). The AERONET
remote sensing retrievals indicate some regional vaitighilith the smallest values associ-
ated with African smoke. This is indicative of smaller pelgs in African smoke, and may

be the result of differences in the combustion phase, fiensity, and fuel type of typical
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Study Comments wo ke g
[m®g~"]
IPCC
IPCC (2001, p295) e Aged regional haze 0.89+0.05 4.1-1.3% 0.63+0.16
e Fresh biomass plumes 0.87+0.06 4.11.2# 0.63+0.12
Africa
Haywoodet al. (2003a) o In-situ aircraft measurements; aged 0.914+-0.04 5.G:0.8 0.59:0.02
o In-situ aircraft measurements; fresh ~ 0.86 3.9 0.52
Formentiet al. (2003) o In-situ aircraft measurements; aged 0.93+0.06 4.5-4.9
Magi et al. (2003) o In-situ aircraft measurements; aged 0.8%4-0.03
o In-situ aircraft measurements; fresh 0.814-0.02
Bergstromet al. (2003) e Retrieved from radiance measuremerf:84-0.88
Dubovik et al. (2002) o AERONET retrieval \=0.44/0.6:m  0.88/0.84 0.64/0.53
South America
Reidet al. (1998) o In-situ aircraft measurements; aged 0.85+0.02 4.5-1.0
o In-situ aircraft measurements; fresh 0.79+0.05 4.10.8
Rosset al. (1998) o In-situ aircraft measurements; aged ~ 0.82 4.9
Guyonet al. (2003) o In-situ measurements from 54m towe.914-0.02
Dubovik et al. (2002) o AERONET retrieval\=0.44/0.67:m  0.93/0.91 0.68/0.59
North America
Iziomon and Lohmann (2003 In-situ measurements from ARM site0.91+-0.03
Dubovik et al. (2002) o AERONET retrieval\=0.44/0.67sm 0.94/0.935 0.69/0.61

Table 1.1:Optical properties of biomass burning aerosols from in-gitd remotely sensed
measurements in Africa, South America, and North Ameridege Values reported in IPCC
(2001) are shown for comparison. A distinction between smiokresh plumes and aged
regional hazes is made where appropriate. All values are)at0sb5.m, unless stated

otherwise. # Calculated from reported, andk,. TCalculated from reported fit to data.
t Average of optical properties from Amazonian forest andtBdumerican cerrado smoke.
Note that the reported accuracy of the AERONET retrieval@®03 inw, and+0.02 ing

(Duboviket al, 2000).
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fires in each region, combined with differences in the anthielative humidity (Dubovik
et al, 2002). There is also the possibility that the AERONET sité\frica analysed by
Dubovik et al. (2002) is situated closer to typical source regions thasgho North and
South America, which may result in a sampling of air massatdbntain a greater fraction

of fresh smoke with typically lower values of

Thek, of aged biomass smoke tends to lie between 4.5 and *y0'nwith a lower value of
4.0 mtg~! for fresh smoke. The transition to more optically activetishes per unit mass
of aerosol with age is the result of changes in the size Higion and chemical composition
of the aerosol (Reidt al., 1998). Itis difficult to determine whether any regionaligaility

exists due to the lack of reported values from in-situ measents.

1.5.2 The direct radiative effect of biomass burning aerosols

A summary of the global annual med/’ from biomass smoke determined from various
studies is given in table 1.2. Penradral. (1992) and Hobbst al. (1997) use simple 1-D
box models similar to that of Chylek and Wong (1995) to caleué\ F' of -0.8 and-~ -0.3
Wm~2 respectively. The two studies include different opticalpmrties (see table 1.2) and
global mean column burdens of aerosol (a factor of 2 larg@enneret al. (1992)) in the
model. A large degree of uncertainty exists in using 1-D badeats to estimate a global
AF, and they have been superseded by more detailed GCM sinmdahat account for

the spatial and temporal distribution of smoke.

At the time of the third assessment report of the Intergawemial Panel on Climate
Change (IPCC, 2001), the more sophisticated studies using EMGesulted in val-
ues of AF ranging from -0.14 Wm? (Penneret al, 1998, Grantet al,, 1999) to -0.74
Wm~2 (lacobelliset al., 1999). Whilst Pennest al. (1998) and Grangt al.(1999) base the
modelled optical properties on measured values, it canéeisetable 1.2 that the, and

k. used in the study of lacobellet al. (1999) are not representative of the optical proper-
ties of biomass burning aerosols (see table 1.1). Ahesed is approximately a factor of
2 higher than the measurements suggest, thereby leadimguiaraalistically high aerosol
optical depth in the model. Combined with the highof 0.98 (absorption by black carbon

was neglected), the unrealistic optical properties wouldt@a overestimate the negative
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Study wo ke AF Comments
[m*g~ "] [Wm™?]
Penneeet al. (1992) 0.87 5.4 -0.8 e Simple 1-D box type model

e Limited to cloud free conditions
e Constant global column burden of aerosol

Hobbset al. (1997) 0.80to 3.4to -0.25 to Simple 1-D box type model
0.84 4.1 -0.29 e Optical properties from Brazilian biomass smoke
e Limited to cloud free conditions
e Constant global column burden of aerosol

Pennertal.(1998) 0.76to 3.4t0 -0.14 te Coupled GCM and chemical transport model
and Granet al.(1999) 0.80 6.5 -0.23 e Optical properties modelled from two measured
biomass smoke size distributions
e Internal and external mixture of OC and BC

lacobelliset al. (1999) 0.98* 9.1°¢ -0.74 e Coupled GCM and chemical transport model
o Optical properties modelled from biomass smoke
size distribution. Absorption by BC neglected
e\ =0.25—-0.68um

Takemureet al. (2002) 0.85t0 4.6 -0.01 e Coupled GCM and chemical transport model
0.90° o Modelled optical properties
e External mixture of carbonaceous and sulphate
(carbonaceous = internal mixture of OC and BC)
o YRH = variable

Table 1.2:The global and annual mean direct radiative forcing of bissrtaurning aerosols
from various studies. The single scattering albegl@and specific extinction coefficiekt
are stated at a wavelength= 0.55um, and a relative humidityx H < 40%, unless stated
otherwise. Organic carbon = OC. Black carbon = BC.

radiative forcing of the biomass burning aerosol. HoweNethould be noted that almost
a factor of 2 difference in th& F’ from the studies of Pennet al. (1998) and Grangt al.
(1999) exists (-0.14 to -0.23 Wm) when using size distributions measured in different
regions to derive the aerosol optical properties incluagetheé model. This suggests that
the change in the optical properties of biomass smoke wiéhaagl region discussed in
section 1.5.1 need to be quantified and incorporated intcefrgthulations to accurately

assess the direct effect.

Due to the large uncertainties involved in modelling the ssioins and transport of bio-
mass smoke from source regions, the variability in the nregsaptical properties, the
uncertainty in the vertical structure of aerosol and claarttj considering the scarcity of
studies, IPCC (2001) assigned a best estimate of\tReof -0.2 Wn1 2 with a factor of
three uncertainty, thereby leading to a range of -0.07 ®V0m~2 (see figure 1.2).

A more recent GCM study calculated a global annual m&ahof -0.01 Wit 2 (Takemura
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Figure 1.4:a) The geographical distribution of annual mean radiatweifig (Wn1?2) from
biomass burning aerosols (Peneeal, 1998, Grangt al, 1999); b) The predicted area of
positive radiative forcing off the coast of southern Afrin&eptember (Keil and Haywood,
2003).

etal, 2002), aresult which lies outside the range given by IPCO120Further, it suggests
that the net annual global direct radiative effect of biossmoke is practically zero. To il-
lustrate how even the sign of the radiative forcing of biossmoke is uncertain, at least on
regional scales, figure 1.4 (a) shows the geographicailalition of the annual meat /" of
biomass smoke from the study of Penatal. (1998) and Grargt al.(1999). The strongest
regions of AF' are evident over the main source regions, namely AfricatfSAmerica,
and Indonesia. ThéF is negative across the majority of the globe, although pesit
values of AF' occur where the partially absorbing biomass burning a¢mssts above
bright underlying surfaces such as the Saharan desert or isnthe Himalayas, where
the probability that a photon will be absorbed by the smokgresater due to increased
surface-aerosol scattering (Haywood and Shine, 1995). edexy aircraft measurements
of the vertical structure of biomass smoke and clouds offctheest of Namibia show that
the aerosol tended to be advected above bright low-lewabstnmulus clouds, resulting in
a large positive region ol £’ over the southern Atlantic Ocean as shown in figure 1.4 (b)
(Keil and Haywood, 2003), a result that has been simulated@tent regional GCM study
(Myhreet al, 2003). Further, the study of Takemuwatal. (2002) also simulates this region
of positive forcing, and is a major reason for why the global@al mean radiative forcing
is less negative in comparison to the studies considere®@6G¢1(2001). This highlights
the fact that the 3-D GCM simulations need to be able to mod#i berosol and cloud
fields well in order to model the direct radiative effect of@®ls, and brings into question

the results from previous studies.



Chapter 1. Introduction 20

1.5.3 The indirect radiative effect of biomass burning aerosols

There have been very few global simulations of the indiradiative forcing of biomass
burning aerosols, with the study of Chuagtgal. (2000) calculating a value of -1.16 Wrh

for the first indirect effect. Lohmanet al. (2000) determine the sum of the first and second
indirect effects of carbonaceous aerosols from biomasskerand fossil fuel burning to
be -0.9 Wn12, of which «~40% is attributable to the first effect. Although a low degree of
confidence can be placed in the exact value produced by the G@ivigions, the results
suggest that the indirect aerosol effect of biomass smokea lgaeater cooling influence on

the atmosphere than the direct effect.

1.5.4 The Southern African Regional Science Initiative (SAFARI 2000)

Savanna fires in southern Africa are thought to be a major coent of global biomass
burning (Crutzen and Andreae, 1990), although the proeofithe smoke aerosols, their
transport in the atmosphere, and their radiative effedtigiregion were poorly understood
prior to the SAFARI 2000 field campaign due to the lack of measuents. To address this,
the influence of anthropogenic emissions on the surface esndsahere in the southern
African region were investigated during SAFARI 2000, witke tmost intensive measure-
ments taken during the dry season when anthropogenic bsomasing is most prolific
(August - September 2000) (Swapal., 2002a,b). The main objectives of the project as
listed by Swapet al. (2002a) were to:

i) characterise, quantify and understand the processasglbiogenic, pyrogenic and an-
thropogenic emissions in southern Africa, with particudétiention paid to atmospheric

transport, chemical transformation and deposition.

i) validate the remote sensing data, obtained from theaTsatellite, of terrestrial and

atmospheric processes.

iii) study the influence of aerosol and trace gases on thetiadi budget through their

modification of the optical and microphysical propertieslouds.

The Met Office C-130 aircraft participated in the SAFARI 200@nhgaign and was based
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Figure 1.5:A map showing the track of the C-130 aircratft for the eight figgherformed
during SAFARI 2000. Figure taken from Haywoetlal. (2003a).

in Windhoek, Namibia. From the 5th to 16th September 2000ig8t# (shown in figure
1.5) designed to measure the optical properties, vertioattsire, and radiative effects of
biomass burning aerosols were performed. The majority gifitsi sampled air masses ad-
vected off the West coast of Africa, where radiative clositglies can be performed more
easily than over land due to the fairly uniform sea surfacdlight over the AERONET

site at Etosha Pan allowed validation of the Sun-sky scagnpiotometer retrieval to be
made (see Haywooelt al. (2003b) for details). Fresh biomass smoke was sampled over
and downwind of a large anthropogenic fire at Otavi, allowting effect of aging on the
biomass smoke to be investigated. A further two transit figb and from Ascension Is-
land on the 2nd and 18th September 2000 were made, wheredsdmeming aerosol and

stratocumulus clouds were studied.

A suite of instruments were employed onboard the C-130 dircraneasure the chemical,
physical, and optical properties of aerosols, both broadaadiances and spectrally re-
solved radiances, and standard meteorological variablgs &s wind speed, temperature,
and pressure. Data collected on the C-130 aircraft durings&i@AR| 2000 campaign is
used throughout this thesis and a description of the retamatrumentation is given in

appendix A.
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1.6 Summary

A lack of modelling studies, combined with uncertaintieshe spatial distribution and
optical properties of biomass smoke, has led to a wide raf@stonates in the global
annual mean direct radiative forcing (-0.01 to -0.8 W Further, on regional scales even
the sign of the direct radiative forcing is uncertain. Evargér uncertainties in the semi-
direct and indirect aerosol effects of biomass smoke axisthich the radiative forcing on
regional and global scales is poorly constrained. It isafoge difficult to place a degree
of confidence in the ability of current models to predict thiuence of biomass burning

aerosols on the climate system.

Long term monitoring of aerosols and aerosol radiativeifgyérom satellites and ground
based remote sensing, in combination with detailed inragasurements of aerosol prop-
erties and vertical structure, have the potential to védidad therefore address some of the

uncertainties in global aerosol models.

The properties and radiative influence of biomass burningsa¢s were measured onboard
the Met Office C-130 aircraft during the SAFARI 2000 field cangpai The collected

data will improve our understanding of the climatic impoxta of biomass smoke in the
southern African region, and determine the accuracy oeciimemote sensing retrievals of

atmospheric constituents.

1.7 Thesis approach

The main aim of this thesis is to reduce the large uncertsniti the direct radiative effect
of biomass burning aerosols, with a particular emphasiagoplaced on smoke in the
southern African region, where vast quantities of biomassarned by human beings on

a yearly basis (Crutzen and Andreae, 1990).

In order to achieve this goal, a thorough analysis of thecapfproperties of southern
African biomass smoke is performed from the measuremekéntanboard the Met Of-
fice C-130 aircraft during the SAFARI 2000 field campaign. Thel@won of the optical

properties with age in the first few hours subsequent to eomisse investigated in chapter
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2, and those in the aged regional haze that pervades large @freouthern Africa charac-

terised in chapter 3.

The direct radiative effect of the smoke advected over th@mt Ocean is then modelled
on local scales under clear sky conditions in chapter 3. ysmlof the current methods
used to retrieve the aerosol optical depth from onboarditheaét is then made. The direct
radiative effect of the biomass smoke overlying low-leyelids, a common feature off the
western coast of Africa, is then considered in chapter 4.ifipact of the overlying smoke
on satellite retrievals of cloud optical properties thaindd account for the radiative effect

of aerosols is then explored.

The regional direct radiative impact of biomass burningoaels is then treated using a
multi-column radiative transfer code in chapter 5. By plgcaonstraints on the spatial
distribution of aerosols and clouds that are based on oaens, the reliance on 3-D sim-
ulations of aerosols and clouds is negated, reducing orreeahgjor uncertainties involved
in determination of the direct radiative effect. The sawisyt of the direct radiative effect

to variations in the model parameters, such as surface@lbedical structure, or aerosol

optical properties is also investigated.



Chapter 2

Evolution of biomass burning aerosol

properties with age

2.1 Introduction

There is a growing body of information on the initial emiggdrom biomass burning fires
(e.g. Le Canuet al. (1996), Coferet al. (1996), Ferelet al. (1998), Sinhaet al. (2003)).
Measurements within biomass burning smoke plumes in soutkfeica indicate that there
are rapid changes in both the gaseous and particulate dineasghe plumes travel down-
wind from the source (Jost al., 2003, Yokelsoret al,, 2003, Gacet al., 2003, Hobbt al,,
2003). For example, Gaat al. (2003) measure an order of magnitude increase in some or-
ganic and inorganic species within the first hour of emissiehere the composition of
the particulate matter in the plume undergoes significaahghs (Bsfaiet al., 2003, Li
et al, 2003). Consequently, to assess the regional and globat&¢ smoke from bio-
mass burning, an understanding of how the change in conosit the smoke affects
the aerosols optical properties is required. Comparisotvgdam freshly emitted biomass
burning aerosol with aerosol that has aged over severaliddigate that the change in the
properties of the smoke has a large impact on the aerosatabptoperties (Reict al,,
1998). However, very little is known about the evolution loé toptical properties on the
much shorter time scales where the rapid changes in the tigmoof the smoke plume

are observed.

24
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Figure 2.1: Photographs of the Otavi fire taken from the C-130 aircraft. réésy of the
Met Office.

This is the first study to analyse temporal measurementseof/diniation in the aerosol
single scattering albedo with age in a fresh biomass burplame. It is important to
guantify this change as the variationdp can significantly affect the manner in which the

aerosol interacts with radiation, and thereby influencectineate system.

This work in this chapter has been included in the paper &bal. (2003), which has been

published in Geophysical Research Letters (see appendix C).

2.2 Otavi fire and aircraft flight pattern

Measurements of fresh biomass burning aerosol emitted &dange anthropogenic fire
were made on the 13th September 2000 at Otavi in Namibia {fagR0). Figure 2.1

shows two photographs of the fire taken from the C-130 airdrafthich the heavily pol-

luted smoke plume is clearly visible. The burning had beguagricultural land and had
spread to the surrounding hillsides. As a result, the fuekisted of a mixture of agricul-
tural, savanna, and scrubland vegetation. There was amigfdlaming and smouldering
combustion occuring at the time that the aerosol was sampleel burn scar of the fire is

estimated to be approximately 5kiftom visual observations made onboard the aircraft.

The aircraft performed a series of straight and level rundR€ directly over the fire at
altitudes ranging from 210 - 1,233 metres above ground IMBL). This was followed
by a raster pattern of cross plume transits at 1,233m (stdrakviation = 17m) AGL to
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Run number(s)  Time [GMT]  Altitude [m] Type of run

R11to R23 10:18:30 - 12:01:29 210- 1,233 Cross plume tasiarious altitudes directly over
the fire.

R24 to R34 12:05:05-13:31:56 1,233  Cross plume transitxahsatant altitude over and
downwind of the fire.

P4 13:51:22 - 14:13:11 543 - 4,177 Vertical profile throughltiomass plume (Start over
fire and ascent made while aircraft flying downwind).

Table 2.1: A brief summary of the runs in flight a790 that are used in thiglg Local
time= GMT + 2 hours.

73km downwind of the source. The run numbers, altitudes,tiamel of runs are given in
table 2.1. Figure 2.2 shows the series of cross plume team&t and downwind of the fire.
The measurements of the aerosol number concentradfignmade with the Passive Cavity
Aerosol Spectrometer Probe 100X (PCASP) instrument arecalstoured. Concentrations

in excess of 100,000 cm were measured directly over the fire. The cross indicates the
general area of the burning and the two peak#/in either side of the cross indicate the
two areas of most intense burning. The number concentratishown to spread out and
decrease in magnitude as the plume becomes diluted withattiegbound air downwind
from the fire. After the series of cross plume transits, therait was repositioned over the
fire and a profile ascent was performed down the length of then@lto characterise the

vertical structure of the aerosol.

The measurements taken across the series of cross plursstiarvarying distances from
the source enabled the characterisation of the biomassiguaarosols properties with age
in the atmosphere. It should be noted that the experimeot isampletely Lagrangian. For
example, the aircraft sampled the plume at a distance of 7@dwmwind of the source ap-
proximately 86 minutes after the final cross plume transgtrdkie fire took place, whereas
the time that it took the plume to travel that distance asreged from the measured wind
speeds is 143 minutes. Therefore, the aircraft sampled smoknwind that is likely to

have been emitted before the smoke was measured near tlee.sdthre assumption is
made that any variability in the aerosol optical propertiesinwind is caused by aging

processes in the smoke plume, and not by changes in the sthacecteristics.
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Figure 2.2: The aircratt flight track over and downwind of the fire at OtéwP4 - R34).
The source region is marked with a cross. The measured PCASPBenconcentration has
been interpolated between each cross plume transit. The miea speed and direction
within the plume (PCASP concentration5000 cnt?) is also indicated with wind barbs.

2.3 Attenuation of solar radiation by the smoke

The main focus of this chapter is to study the effect of agim¢he aerosols optical proper-
ties, and a more detailed examination of the radiative etiethe biomass smoke is given
in subsequent chapters. However, a brief examination cdttiemuation of the solar radia-
tion directly over the Otavi fire is made. Figure 2.3 showsrtteasured down-welling flux

(0.3 - 3.0um) from the Broad Band Radiometer (BBR) mounted on the top of theadircr
for the cross plume transit directly over the fire at 210 m A®LLT). The two large peaks
correspond to the areas where the most intense burning Wiag talace. The values of

the down-welling irradiance either side of the peaks areesmtative of the more dilute
background haze, and are typically around 300 Witarger. The significant reduction in
the down-welling radiation directly over the fire indicateat a large amount of optically

active particles were being emitted into the atmosphere.
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Figure 2.3:Down-welling irradiance measured with the BBR (0.3 - 3r) at 210m AGL
(R17). The large peaks are where the aircraft flew directly thetwo main fires.

2.4 Aerosol vertical structure

Figure 2.4 shows the vertical profiles of temperaturg ,(dew point temperaturelf,.,),
relative humidity RH), Ny, and the nephelometer scattering coefficient at a wavedengt
of 0.58um (0scar=0.55.m) Measured during the profile ascent down the plume (P4). The
temperature profile is very close to the dry adiabat up t8.5km AGL and the air in the
plume is largely unsaturated. At the top of the profile theréhe onset of a temperature
inversion that capped the pollutants in the lower troposph&heRH tended to increase
with height and exceeds 1910at the top of the profile. This suggests that there may have
been a tenuous layer of cloud at the top of the boundary lseBaa observed visually from
the aircraft, and that some cloud-aerosol interactions ocayr. It is clear from figure 2.4
that the aerosol is relatively well mixed in the verticalrfrohe surface to 4km AGL where
the N, and o, —0 .55, fall off close to 0. However, there is a general decrease th bo
Niot and oscar=0.55.m With altitude. This may be because the main plume reside@row
down in the boundary layer and the aerosol above it was mard agd therefore more
dilute. Another possible reason is that during the ascenaiftraft flew down the length

of the plume and so sampled aerosol that had become moredlikith the background

air as the altitude of the aircraft increased. Similar waked profiles in the aged regional
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Figure 2.4: Vertical profiles of temperaturel’(j, dew point temperaturél,,,), relative
humidity, nephelometer scattering coefficient at a wavglef 0.55.m, and the PCASP
number concentration from the profile ascent P4. The coorecbf Anderson and Ogren
(1998) have been applied to the nephelometer data.

haze were observed on the same day at Etosha Pan whiel220km away from Otavi

(Haywoodet al., 2003a,b).

Forward trajectories were run with the NOAA Air Resourcesdraitory HYSPLIT model
(available at http://www.arl.noaa.gov/ready.html) far garcels originating at 19.66S,
17.57°E at 13:00 GMT. This corresponds to the position of the firdnattime the aircraft
was flying through the plume. The NCEP/NCAR reanalysis metegical data were used
as model input. Trajectories for parcels starting at 50001@nd 1500m AGL were mod-
elled. Figure 2.5 shows the modelled trajectories. Thedtajies show that the air parcels
in the source region are initially advected in approximatekoutherly direction. This is
consistent with the observed direction that the plume tledesee figure 2.2). The air
parcels then pass over Botswana and South Africa before lagivected over the Indian
Ocean. The anticyclonic circulation is typical of the met#ogy in southern Africa during
the dry biomass burning season which tends to be dominatadgbkysistent high-pressure

system (Garstangt al, 1996). This tends to transport atmospheric pollutants theu-
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Figure 2.5:48 hour forward trajectories for air parcels originatingl800 GMT on 13th
September 2000 (19.66S, 17.57E) at altitudes of 500, 10@D]1&00 metres. Local time =
GMT + 2 hours.

sands of kilometres due to the lack of wet deposition. By threetthe air parcels reach
the ocean they are all at altitudes3km AGL. Measurements of biomass burning aerosol
during SAFARI 1992 and 2000 show that the aerosol is frequestikerved to exist in
elevated polluted layers over ocean regions (chapter ®nlgad D’Abreton (1998), Hay-
woodet al. (2003a, 2004), Osborret al. (2004)). This has important implications for the
sign of the direct radiative forcing of the partially absodpbiomass burning aerosol as it
can exist above low-level clouds (Keil and Haywood, 2003) eninvestigated further in

chapters 4 and 5.

2.5 Aerosol size distribution

Figure 2.6 shows the mean number and volume size distriitieeasured with the PCASP
instrument for the 24 SLRs over and downwind of the fire. The sistributions are

representative of the biomass burning aerosol in the pluMg ¢ 5000cm—2) and are
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normalised by the total number and volume concentratiomsrtamve the effect of plume
dilution. There is little variation in the size distributie from the SLRs in the plume, espe-
cially at particle sizes< 0.2 um radius. Analyses of the change in the size distribution as
the plume travels downwind suggests that there is perhapsithdecrease at particle sizes
less than 0.Lm radius, and a small increase in the number of particles let®Wel and 0.2
wm radius with age, although it is difficult to determine whetties is significant. There

is greater variability at particle sizes0.2 ym although no significant trend was evident in
the distribution with age of the aerosol. This suggestslittiat particle growth in the accu-
mulation mode of the aerosol occurs as the plume travels wowh A typical example of
the size distribution measured in the aged regional hazéhef€oast of Namibia and An-
gola (see chapter 3) is shown for comparison. The accuroalaiode of the aged aerosol
contains fewer particles with radii 0.1 um than the fresh aerosol but a greater number of
particles with radit> 0.1 um. These results are consistent with those of Reial. (1998),
who find only small changes in the size distribution betweaeslf & 4 minutes old) and
young 24 hours old) smoke, but much larger particles in the agemayhaze from
Brazilian biomass burning. Rekt al. (1998) suggest that once the plume has dispersed
into the regional haze, particle growth due to coagulat®a significant mechanism on

timescales of a few days, although it is not a major mechamdnesh smoke plumes.

2.6 Evolution of the aerosol single scattering albedo

The aerosol single scattering albedo is calculated ovedanthwind of the fire using two
different methods; directly from the nephelometer and P&fRasurements, and retrieved
using the measured PCASP size distribution with Mie scatgezalculations. Mechanisms

to explain the observed changeupy—o 55,m With age are then investigated.

2.6.1 Derived from the PSAP and nephelometer measurements

The aerosol single scattering albedo at a wavelength of @55, 55,.m, Was calculated
from the nephelometer measurements of the aerosol sogttarefficienty.,1—0.55.m, and

the PSAP measurements of the aerosol absorption coeffieignt-o 567.m, for each cross
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Figure 2.6: Normalised PCASP number and volume size distributions fer2# SLRs
over and downwind of the fire. The size distributions are eéspntative of the aerosol in
the plume (PCASP concentration5000cnt?). A typical size distribution measured in the
aged regional haze on the 14th September 2000 (see chapgesh®wn for comparison.

plume transit where ;.q)—o.55,.m» exceeded 1xI0' m~'. This limit was the typical back-
ground value outside of the influence of the plume, and sheaggpabove this were evident
when the aircraft entered the plume itself. The standardections described in appendix
A were applied to the nephelometer and PSAP data respactiVee mean atmospheric
relative humidity within the plume was 22% (standard deviation = 0.%). The effect of
an increase in particle scattering on the nephelometerurgagnts due to water uptake
by the aerosol is therefore negligible (Magi and Hobbs, 206®wever, due to the large
values 0fo gps7~0.567.» Measured in the heavily polluted plume, and the short tiraettie
aircraft was in the plume for each cross plume trans (ninutes), the effect of satura-

tion of the PSAP data and the different response time of tleitstruments needs to be
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Figure 2.7:Time series of the PSAP data over and downwind of the Otav(Rfel-R34).
Measurements from the linear and logarithmic signal ostaug shown. The linear output
saturates at 50Mm.

considered and is described in more detail below.

Saturation; The PSAP instrument undergoes two different types of sigoatitioning;
linear and logarithmic. The linear output provides incesbsensitivity at [0Wr,45—0.567.m
while the logarithmic output provides a greater range angséd in aerosol plumes when
Tabsr=0.567um 1S high. This can be demonstrated by considering figure 2hiclwshows a
time series of the PSAP data covering the SLRs through thedssmlume (R11-R34).
Measurements from both outputs are shown. There is a shamaige in the absorption
as the aircraft enters the plume and a sharp decrease atsit ks clear that the linear
output saturates at 50 Mrh as the aircraft enters the plume. The measurements from
the logarithmic output do not saturate and are used to @& ,—( 55, IN this study.
By comparing the two signal outputs outside of the influencéhefplume (background
values) it is clear that the logarithmic data produces poata than the linear processing.
Therefore, the linear output should be used whegg\—o 567,m iS <50 Mm™! e.g. in the

aged regional haze.

Response time;The response time of the nephelometer is 1Hz compared to $iAd> P

instrument which integrates over a 30 second time perioderéibre the nephelometer
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Figure 2.8:Time series of the raw PSAP data (logarithmic output) ford&siplume transits
(red). Also shown is the nephelometer data (black) whichbfeees) processed to replicate
the longer response time of the PSAP. The standard comaadfietailed in appendix A still
need to be applied to the data. The PSAP data has been nedtipli2.1 to approximately
overlap the nephelometer data. At 11:27 GMT there is an asaen the nephelometer
scattering but the PSAP data falls off to 0. Artifacts suchhés were removed from the
data set before the, calculation. It should be noted that the y-axis is diffefegtiveen the
two plots in order to show the smaller peaks in the upper parrabre detail.

data is smoothed to replicate the integration period of tBARP data and shifted in time
to account for the longer response time of the PSAP instramgnis processing is not
typically applied in background aerosol (e.g. aged redibaae) because the aerosol tends
to be more uniform over much larger spatial scales than ifrést biomass plume studied
here. Therefore the data in the background aerosol tendsdwdyaged over a longer time
period (typically 30 minutes) and so the effect of the resgotime is negligible. Figure
2.8 show the processed nephelometer data and the logarittutgut from the PSAP from

a series of runs through the plume. The PSAP data has beenaathiay a multiplicative

factor to allow an easier comparison with the nephelomedéa dn the same figure. The
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Figure 2.9: Evolution of the aerosol single scattering albedo downvahthe fire. Dia-
monds represent the mean value for each cross plume tragestured with the PSAP and
nephelometer. Error bars are the standard deviation fraemtbéan. Values using the mean
PCASP size distribution for each transit and Mie scatteraigudations (.=1.54-0.0018)
are shown with an asterisk. An exponential fit to the dataesvshwith the dashed line.

PSAP and processed nephelometer data are very well cedelath an evident increase
as the aircraft enters the plume, and decreasing to the makg)values when it exits. The

good correlation also indicates that no overloading of tBAIP filters occurs.

Figure 2.9 shows the evolution afy 55, as the plume travels downwind from the
fire source. Thevy—o.55.,» Calculation at the source combines measurements from four
SLRs at various altitudes over the fire (765, 914, 1,057, 1y238GL). The standard
deviation about the meam—o 5., IS greatest at the source due to the large variability
in the smoke plume directly above the fire. The time subsedoesmission is estimated
from the measured wind speed and direction across eachptosg transit indicated on
figure 2.2 and the aircraft Global Positioning System (GR$a.dTheuvy—¢ 55,.m iNCreases
from 0.84 at source to 0.88 two and a half hours subsequemhigs®n, indicating that
the aerosol is becoming less absorbing / more scatterifgagié. An exponential fit to the

PSAP and nephelometer derived single scattering albedwdbtm,

Wor—=0.55m = 0.91 — 0.07¢ 00006 (2.1)
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wheret is the time subsequent to emission in minutes, suggest# thak take approxi-
mately 5 hours of aging in the atmosphere for the biomassitmiaerosolug—o s5.m to
reach 0.90, typical of the aged regional haze measuredeéfdhst of Namibia and Angola
during SAFARI 2000 (Haywooet al., 2003a). Reickt al. (1998) find a similar increase of
0.06 inwox=0.55.m With age from measurements in fresh 4 minutes) and aged (2-4 days)
biomass burning aerosol in Brazil. The results from the besrsenoke plume studied here

indicate that a rapid transformationdi,—o.ss,.» 0ccurs on timescales of less than a day.

2.6.2 Derived from the PCASP size distribution and Mie scattering

calculations

Wor=0.55.m Was also calculated using the mean PCASP size distributi@asuned along
each cross plume transit with Mie scattering calculatidree size distributions were con-
strained to the plume by restricting the analysis to measentés where the total number
concentration exceeded 5000 thysee figure 2.6). A refractive index of 1.54 - 0.018
used. This is the campaign mean refractive index for the aggidnal haze (Haywood
et al, 2003a) and is in good agreement with AERONET retrievedesbn the same day
at Etosha Pan (Haywooet al., 2003b), which is approximately 220 km West from the
Otavi fire. The PCASP derived valuesuafy—¢ 55, are shown in figure 2.9 and are higher
than those derived from the nephelometer and PSAP measatenikhere is little vari-
ation in the modelledvy)—o.55.» as the aerosol ages, with a mean value of 0.88 and a
standard deviation of 0.004. This constancy implies thatdffiective refractive index of
the aged aerosol is not representative of the refractivexindthin the plume, especially
at the source of the aerosol. Increasing the imaginary paneaefractive index to 0.025
decreases they,—¢ 55, at source to 0.84, which is consistent with the independ&AtP
and nephelometer result. This suggests that in this casaribre important to constrain
changes in the aerosol refractive index than the variatiding size distribution when deter-
mMINiNg wox=o.55.m Within the plume. However, implicit in the Mie scattering@alations
and the PCASP measurements is that the aerosol particlestemecal. The effect of non-
spherical particles on the measured size distribution isnown and requires additional
investigation. However, the variation in particle morpdgy with age and the resulting

effect on the aerosols optical properties is studied furitheections 2.6.3 and 2.6.4.
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2.6.3 Model simulations of the black carbon morphology

Fresh biomass burning aerosol exists as an external mixiutee plume, consisting of
guasi-spherical scattering components (organic and amcgnatter) and chain aggregates
of black carbon (BC) (Bsfaiet al, 2003, Liet al, 2003). Figure 2.10 shows transmis-
sion electron microscopy (TEM) images of biomass burningsa collected in a biomass
plume by the University of Washington's CV-580 aircraft irethimbavati Game Reserve
during SAFARI 2000 (Hobb®t al, 2003). The BC chain like structures emitted from
the fire consist of aggregates of individual BC spherules. TiEeges of BC from bio-
mass burning aerosol from SAFARI 2000 show that the typica sf the individual BC
spherules is in the range 0.01 - 0.025 radius (Psfaiet al., 2003). The lower end of the
range is close the value of 0.0448 reported for BC in WCP (1986).&faiet al. (2003)
also observe the BC structures to have sizes ranging from atteehed spherules to mi-
crometer sized branching aggregates such as that in figl@gl2). As the aerosol ages in
the atmosphere, the BC chain-like aggregates tend to celiafsdensely packed clusters
(Johnsoret al, 1991, Martinset al,, 1998a,b). This could be the result of cloud processing
and water vapour interactions as suggested by Halletk (1989), although low values of
RH were observed in the Otavi smoke plume. Measurements ofdsisiiourning aerosol
in Brazil suggest that smoke particles that have resideddratmosphere for more than
1 hour have collapsed sufficiently to be considered sphgiidartins et al., 1998b). This
time-scale is comparable to that where thg_ 55, iS observed to increase rapidly with

age from the fire at Otavif 2.5 hours). This raises the question;

Can the change in the BC morphology with age explain the medsh@nge inv,?

To investigate the effect, the optical properties of the BGragates were modelled with
a Mie scattering code based on the T-Matrix method (Mishkbemd Travis, 1998). The
codé solves the Maxwell wave equations for an ensemble of nonlagwging clusters of
spheres that are randomly orientated with respect to thdentradiation. Fulleet al.
(1999) use the code to model linear chains of BC spheruleswpitto 10 individual BC

spheres in the chain. The work of Fulkral. (1999) is extended here to model the proper-

1code available at http://www.giss.nasa.ges¥mim; last accessed 01/09/04
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Figure 2.10:TEM images of particles collected in a fresh biomass pluntemard the Uni-
versity of Washington’s CV-580 aircraft in the Timbavati GaifiReserve during SAFARI
2000. a) External mixture of BC (soot) aggregates, tar balfisl, inorganic salts with an
organic coating b) Micrometer sized BC aggregates estintateave aged between 12 and
55 minutes subsequent to emission. Images courtesy of P. RcBus

ties of more realistic 3-D structures of BC chains and clssbéserved in electron micro-
scope (EM) images of particles emitted from biomass andlfiosd burning (e.g. Johnson
et al. (1991), Psfaiet al. (2003), Liet al. (2003), Martinset al. (1998a,b)). Figure 2.11
shows some examples of the BC structures that were modetlegisting of both compact
clusters associated with aged biomass burning aerosobemal like aggregates more com-
mon in fresh aerosol, with the number of individual sphesulé, ranging from 1 (single
sphere) to 251 spheres. To characterise the shapes of tredl@tostructures, a parameter

called the asphericity, is defined, where

D mar D max

5= Dow T AN ()

(2.2)

D, 1S the maximum physical length of the structure over allmagions and-,, is the
radius of each of the individual BC spheruleb,,,; is the volume mean diameter of the
shape i.e. the diameter that a sphere would have with thiestitame of the individual BC
spherules. Therefore, a value$#1.0 corresponds to a sphere anddsecomes larger the
shape becomes increasingly non-spherical. It can be semreifuation 2.2 that increasing

r. increased),,;. However,D,, ... is increased by the same factor and so the asphericity is
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Figure 2.11:Examples of the BC chains and clusters that were modelled. RTRAN
code was written to generate the morphologies of quasieraratjgregates and clusters for
input to the Mie code. The number of spheres and aspheriGityf the above shapes are
given in table 2.2.

independent of,,,. This is useful when looking at the effect of changes,jnfor a given

shape. Table 2.2 summarises the values of the asphericittydstructures in figure 2.11.

The optical properties were calculated with values,gfof 0.0118 and 0.02%mn, cover-

ing the approximate range of observed valugsstRiet al., 2003). Table 2.2 also lists the
values ofD,,,,. for both values of-,,. It can be seen that the physical size of the modelled
structures covers the few spherules to micrometer sizerbggtes observed in TEM im-
ages from SAFARI 2000 @sfaiet al,, 2003). The BC was assumed to have a refractive
index , ngs, of 1.75-0.44 WCP (1986). Figure 2.12 shows the modelled orientationally
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Shape N S Dw,;z [/l‘m] D'HLaHJ [/,Lm] Shape N S Dz,a:c [ILLm] D’VYLLLJIJ [/Lm]
r,,=0.0118 ,=0.025 r,,=0.0118 ,=0.025

Al 1 1.00 0.0236 0.0500| A72 72 131 0.1283 0.2717
A2 2 159 0.0472 0.1000| B72 72 2.97 0.2913 0.6172
A6 6 150 0.0645 0.1366| C72 72 435 0.4274 0.9055
B6 6 240 0.1027 0.2177| D72 72 5.70  0.5599 1.1862
C6 6 3.30 0.1416 0.3000| E72 72 17.31 1.6992 3.6000

A30 30 1.42 0.1042 0.2208| A100 100 1.32  0.1447 0.3066
B30 30 2.60 0.1906 0.4038/B100 100 2.85 0.3127 0.6625
C30 30 359 0.2632 0.5575/C100 100 3.26  0.3569 0.7561
D30 30 4.73 0.3469 0.7349| D100 100 4.34 0.4758 1.0081
E30 30 5.86 0.4297 0.9104| E100 100 7.32  0.8015 1.6980
F30 30 9.65 0.7080 1.5000| F100 100 21.54 2.3600 5.0000
A46 46 1.36 0.1150 0.2436|A251 251 1.24 0.1848 0.3916
B46 46 251 0.2120 0.4492|B251 251 4.38 0.6518 1.3810
C46 46 3.58 0.3031 0.6421| C251 251 6.73  1.0026 2.1241
D46 46 4.94 0.4177 0.8850| D251 251 9.23 1.3739 2.9108
E46 46 7.14 0.6037 1.2790| E251 251 17.71 2.6371 5.5870
F46 46 12.84 1.0856 2.3000

Table 2.2:A summary of the number of spheré$, the asphericityS, and the maximum
physical lengthD,,..., of the BC chains and clusters in figure 2.11,,,, is shown with
the radius of the individual BC spherules,, at 0.0118 and 0.025n.

averageduyy—o.55., as a function of asphericity for BC aggregates containing06,48,
72,100, and 251 individual BC spherules. Itis clear that thdetled.wgy—¢ 55, INcCreases

as the asphericity decreases for all valued/adndr,,. As eitherN or r,, is increased for

a given value of asphericity, is also increased, and is primarily the result of an increase

in scattering efficiency with particle size. These two feasusuggest that:

i) As the BC chain-like aggregates collapse to densely packesters with age as observed
in TEM images (Johnsoet al., 1991, Martinset al., 1998a,b), thesgy—¢ 55, Of the BC is

increased.

i) If coagulation was a dominant process in the plume thengarticle would become
larger and for a given asphericity, will also increase. However, as mentioned previously,
Reid et al. (1998) suggest that only once the plume has dispersed iateetiional haze

does particle growth due to coagulation become a significeahanism.

The wor—o.55.m for the modelled BC structures ranges from 0.011 (small chieénag-
gregate) to 0.472 (large packed cluster). Measurementgedihgle scattering albedo of
BC range from 0.10 to 0.30 (Fulleet al,, 1999), suggesting that the largest BC clusters
modelled in this study may not have optical properties regméative of the mean BC in

the biomass burning aerosol. However, BC structures of theswere found to exist as
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Figure 2.12:Modelled orientationally averageg, at a wavelength of 0.56n for the BC
morphologies in figure 2.11 and table 2.2 as a function of thgphericity. The refractive
index used is 1.75-0.44Results are shown with the radius of the individual BC splesul
.., setat 0.0118 and 0.02b.. The red data points (asphericity = 1.0) are for an individua
sphere with the same volume of BC as the modelled structures.

chain like aggregates in biomass plumes during SAFARI 2006féet al., 2003, Liet al,,
2003) and may be expected to collapse to clusters of a sisidaras modelled here. Also
shown in figure 2.12 is theyy—o.55,.,» for a single sphere containing the same volume of
BC as the modelled aggregates. The—o 5. for the pure spheres is very similar to that
of the densely packed clusters of individual BC spheruless Ehto be expected as the
clusters are quasi-spherical and implies that the assametispherical particles is valid in
biomass burning aerosol that has aged sufficiently for tlanelike BC aggregates to have

collapsed to densely packed clusters.

Although thewyy—o 55, 0f BC is shown to be sensitive to morphology, the modelled BC
structures need to be mixed with the scattering componéite dbiomass burning aerosol
to determine the impact on the bulk aerosol properties asuned by the instrumentation

onboard the aircraft, and whether variations in the stneatfiBC can account for the rapid
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change invp\—o.55,» Measured downwind from the Otavi fire.

2.6.4 Mixing state of the aerosol

TEM analysis of particles within biomass plumes during SARFR000 suggest that there
are three main classes of particles; organic particles intthganic inclusions, tar balls
(primarily organic), and chain-like aggregates of B@gfiiet al,, 2003). Figure 2.10 (a)
shows an example of these patrticle types. It is clear thatifferent particle types are
externally mixed in the TEM image and this is a common featdiggoung biomass smoke
(Posfaiet al., 2003).

The optical properties of an external mixture of the BC aggteg with the other com-
ponents of the biomass burning aerosol are calculated. B$earlsing component of the
aerosol is assumed to be the BC, whereas the tar balls and oggaticles with inorganic
inclusions are assumed to be non-absorbing. The scati@rmgonents were assumed to
be spherical. This is a reasonable assumptionta$alPet al. (2003) and figure 2.10 (a)
show that tar balls are generally perfectly spherical ardattyanic structures with inor-
ganic inclusions are typically quasi-spherical. The scatyy components were modelled
using Mie scattering calculations with a bi-modal log nokfiido the PCASP size distrib-
ution measured in the fresh aerosol and a refractive indgx, of 1.53 - 0.00 at 0.55:m
(Haywoodet al,, 2003a), which results in @y)—¢.55,m 0f 1.0. Assuming a density.,,

of 1.35 gent? (Reid and Hobbs, 1998), the specific extinction coefficierthefscattering
material k..., is 3.64 mig~!. The specific extinction coefficient of the BC structures mod-
elled in section 2.6.3k.pc, ranges from 3.98 - 7.84 19! assuming a densityyzc, of
1.7 gcnm? (Haywoodet al, 2003a). The single scattering albedo of the external méxtu

woezt, Was then calculated using the equation,

ke M CL) + kesca SCO/MSC(IW Sca
Woeat = BCcPBCcMBcWoBC P 0 7 (2.3)

keBC’pBCMBC + kescapsca Msca

where Mpc and M, are the respective masses of the BC and scattering components
The Mg/ M, ratio was varied where/,; is the total mass of the aerosdl/go+M,.,).

Figure 2.13 shows howy,,; varies as a function of th&/z-/M,.; ratio for the different
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Figure 2.13:Single scattering albedo at 0,65 for an external mixture of the modelled BC
structures in figure 2.12 and the scattering material meddtom the measured PCASP
size distribution (black lines). The meaw,.; (solid red line) and standard deviation (red
dashed lines) for the different BC morphologies is shown. é&wblip of the region of
interest is shown in the top right corné ¢ /Mtot = 5 to 15%, wor=0.55,m = 0.8 t0 0.9).

BC chain-like and cluster morphologies. It is clear thabag-/ M, is increased the effect
of the BC morphology omy.,; becomes more important i.e. the rangevijn,; becomes
larger. AMpclM,;,; of 11.9% results in awv.,; for the different BC structures of 0.84
0.01, where the value of 0.84 is representative of the medsuf— 55, at source, and
the error represents two standard deviations from the mecdueacompasses 61 out of the
62 modelled BC structures. The variationug.,; due to the different BC morphologies is
smaller than the observed changevii—o 55, Of 0.04 in two and a half hours of aging in
the atmosphere. This suggests that the effect of BC morphalioghe bulk aerosol optical

properties is unlikely to be the dominant mechanism in arplg the measured change.

As the aerosol ages, the BC aggregates tend to become ihtemmedd with the scattering

components, especially in the aged regional haze as a ofsalagulation or condensation
(Pbsfaiet al, 2003, 2004). Martingt al. (1998a) show that the Maxwell-Garnet mixing
rule adequately represents the internal mixture of BC alasteated with scattering mate-
rial, typical of particle structures observed in aged regidhazes in Brazil. The equation

for the Maxwell-Garnet mixing rule is,
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(2.4)

n 2 n 2 n302 + 2nsca2 + 2‘/BC’2(nBC2 + nsca2)
Eff e nBCQ + 2”80a2 - 2VBC2(nBC2 + nsca2) ’

wheren,; is the effective refractive index of the composite aerosal s is the volume

fraction of BC given by,

M aer
Ve = B8O Paer. (2.5)

The mixing rule was used to model the me#fy/M,,; of the aged regional haze mea-
sured by the C-130 aircraft during SAFARI 2000 by constrainimegvalues of the biomass
burning aerosols. ;s equal to 1.54-0.0%8 Haywoodet al., 2003a,b) and the densiy,.,
equal to 1.35 gcm® (Reid and Hobbs, 1998). The same assumption fer, 7., and
nseq Used in the external mixture calculation were applied. Téslts in aM g/ M,,; of
5.4% which is consistent with measurements using filter massngacdollected onboard

the aircraft from the aged regional haze (Formenal, 2003, Haywoocet al., 2003a).
The calculations presented in this section suggest that;

i) the effect of the collapse of BC chain-like aggregates taem@mmpact clusters within
the first few hours subsequent to emission is unlikely to a@rpthe large increase in the

biomass burning aerosals— 55, Within the plume.

i) the Mpc/M,,, decreases from approximately 1% &t source to 5% in the aged re-
gional haze. Possible mechanisms for the decrease in treefraagon of BC with age are

discussed in section 2.7.

2.7 Summary and Discussion

Airborne measurements over and downwind of an agriculfiir@lshow a rapid increase
iN Wor=0.55.m from 0.84 at source to 0.88 two and a half hours subsequenniss®n.
An exponential fit to the measurements suggests that it akk tapproximately 5 hours

for wor=o.55,.m 10 reach 0.90, typical of aerosol in the aged regional hazg\iidodet al,,
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2003a). The results presented use observations from &difgghass burning fire and may
not be representative of the very large number of fires ahnmasouthern Africa. For ex-
ample, fuel type, fire intensity and the burning phase (pmadantly flaming or smoldering
combustion) have been shown to influence the compositioheoierosol e.g. (Le Canut
et al, 1996, Reid and Hobbs, 1998, Gabal.,, 2003, Psfaiet al, 2003). However, Reid
et al. (1998) find a similar increase of 0.06 i—o.55.,» With age from measurements
in fresh and aged smoke in Brazil. This increase has fundahiemplications for climate
modelling (see chapter 5), and could be combined with mivggedifforts to better constrain

the radiative effect of biomass burning aerosol on regiexadl perhaps global) scales.

An attempt was made to obtain closure between the PSAP arttloapeter measured
wox=0.55.m @nd Mie scattering calculations using the varying PCASPdistebution down-
wind and the fixed refractive index of aged regional hazegéaiscrepancies were evident
near the source and increasing the imaginary part of thaatdfe index was required to
get consistency. This suggests that it is more importartsicain changes in the effective
refractive index than the variation in the size distribotwithin the plume during the initial

hours subsequent to emission.

Post combustion BC is emitted as chain-like structures a¥iddal spherules that tend to
collapse to densely packed clusters in the first few hoursesyuent to emission (Martins
etal, 1998b). The Mie scattering properties of realistic chHéa-and cluster morphologies
observed in TEM images of BC from biomass burning aerosol werdelled. It was found
that thewyx—o.55,» Of BC increases as the structures become more spherical.|Udters
of individual spherules were found to have similar opticaigerties to spheres containing
the same volume of BC. This implies that the spherical appratton commonly used for
modelling the radiative effect of BC aerosols (e.g. Haywood 8hine (1997), Haywood
etal.(1997), Satet al. (2003)) is reasonably valid on global (and perhaps reg)atalles.

Model results suggest that fop—¢ 55, t0 be consistent with measurements, Athge /M,
decreases from approximately’2at source to 5% in the aged regional haze. The effect
of the change in BC morphology with age on the bulk aerosol riiem is found to be
of secondary importance. Therefore, the changeyjn s, is likely the result of an in-
crease in the scattering efficiency of the aerosol with age.small change in the measured

PCASP size distribution downwind of the Otavi fire indicatiétel growth in the accumu-
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lation mode aerosol particles with age in the plume, and msistent with measurements
of Brazilian smoke (Reid and Hobbs, 1998). Therefore, an asmen particle scattering
through growth does not dominate. Rapid increases in padizé have been observed just
above biomass fires where the concentrations of particeesraers of magnitude higher
than in the plume that is advected downwind, thus coaguigirocesses are likely to be
important immediately after emission (Hobbs, 2003), altfioless so over the time periods
under investigation in this study. The formation of new tar@itg aerosol particles is there-
fore favoured as the process which increasgs. ss.». The production of new particles
can occur through the conversion of inorganic and semiti®larganic species from the
gaseous phase into the particulate phase (gas-partickersoon). Reidet al. (1998) ob-
serve an increase of 20 - %45n aerosol mass concentration (inorganic plus organighfro
fresh to aged biomass burning aerosol and estimate thaebet®0 - 75 of this increase
is the result of condensation of volatile organics from the ghase. Further, Hobbsal.
(2003) find that subsequent to removing the effect of plurhgidn from a separate fire in
southern Africa, the number of particles began to incre@smihbutes after emission. This
is supported by Gaet al. (2003), who observe a rapid increase in some organic ane inor
ganic species in the first 40 minutes of aging of the biomaskernm the same fire studied
by Hobbs (2003). TEM derived number concentrations of teiffié particle types indicate
a large increase in the number of tar balls (primarily OC) asatrosol ages (R3faiet al,,
2003). The spherical shape of the tar balls (see figure 2)1@ra)indicative of a gas to
particle type nucleation mechanismb@?aiet al., 2003).

Eatouglet al.(2003) measure a decrease in ifig to fine particulate<€ 1.5um diameter)
mass between fresh and aged aerosol supporting the hysotiheisscattering material is
condensing from the gas phase. In contrast, thermal opteasmission measurements
from quartz filters collected onboard the C-130 aircraft asgghat the mass of elemental
carbon to OC is smaller for fresh aerosol compared to the &ged (Formentet al,,
2003). However, the results are uncertain due to poor samglatistics in the plume,
and may also be biased by measurement artefacts that thrsdae suffers from in high
intensity smoke plumes (Reét al,, 2005). Kirchstetteet al.(2003) also find an increase in
MpclMoc with age but attribute this increase to the biomass burnangsol mixing with
air masses that are characterised by a higligr./ Mo ratio (e.g. fossil fuel burning).

The time scale for this large-scale mixing is likely to bersfigantly larger than measured
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/ modelled here. Furthermore, the model simulations inghusly assume that BC is the
only significant absorbing component, whereas biomassrmyeerosol is likely to contain
amounts of absorbing coloured organic matter (Formenal, 2003, Satcet al., 2003,

Posfaiet al, 2004).

The apparent discrepancy between the results in this shdithase from some of the filter
measurements may be elucidated in future measurement carap4ilising aerosol mass
spectrometers. This would enable direct in-situ high ter@ljpmeasurements of changes in
the mass of organic and inorganic components in the biomassepwith age, something

that is not possible with filter based methods.



Chapter 3

Aged Regional Haze: characterisation of
properties and local direct radiative

effect

3.1 Introduction

This chapter analyses aircraft measurements of biomassniguaerosol in the aged re-
gional haze that pervades large areas of southern Africaugfmout the biomass burning
season. The work in chapter 2 showed that there is a rapidtemolof the optical proper-
ties of the smoke on time-scales of less than a day. Howeweltada lack of wet deposition
in the southern African region during the biomass burniregsea, the smoke can remain
in the atmosphere for several weeks and can travel over tisgances. For example,
the C-130 aircraft detected biomass smoke at Ascensiondiskome 2500 km off the
coast of Angola (Haywooet al, 2004). Furthermore, the monthly mean aerosol optical
depth retrieved from the MODIS satellite shows significambants of biomass burning
aerosol being transported thousands of kilometres fronstluece regions in September
(see chapter 5 and Myhe al. (2003)). It is therefore of vital importance to characteris
the properties of the aged aerosol in order to model the tregliaffect of biomass smoke

on regional and global scales.

48
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The UK Met Office C-130 aircraft sampled the aerosol physical eptical properties on
six dedicated flights in the aged regional haze advectedeff¥est coast of Namibia and
Angola during SAFARI 2000 (Haywooet al,, 2003a). In-situ measurements of the aerosol
in combination with a variety of remote sensing measuremeiuding both broadband
short-wave irradiances and spectrally resolved radiawees made. Osborret al. (2004)
present a detailed analyses of these measurements for téne dlights (a788 on 10th
September 2000 and a789 on 11th September 2000). This cipapsents similar results
for a CASE on the 14th September 2000 (flight a791), and alsndstthe analysis to

include measurements from the short wave spectrometer (SWS)

The main aims of this chapter are to a) characterise thecaésgiructure of the aerosol off
the coast of Namibia and Angola, b) characterise the phlyar@hoptical properties of the
aged biomass burning aerosol, c) perform a detailed cosganf the current methods
used to retrieve the aerosol optical depth from measuresmaatle on-board the C-130
aircraft, d) to make recommendations of improvements inntleasurements that are re-
quired to retrieve the optical depth more accurately fourfeitcampaigns, and e) validate
the AERosol RObotic NETwork (AERONET) retrieval algorithritbe aerosol size distri-
bution and optical properties (Dubovik and King, 2000) aghain-situ measurements made

onboard the aircratft.

3.2 Aircraft Flight Pattern

The aircraft performed a series of different manoeuvresdutight a791 to measure the
aerosol physical and optical properties of the biomassibgraerosol in the aged regional
haze, the vertical structure of the aerosol, and both thendmlawn-welling radiation. The

flight pattern consisted of:
i) three profiles throughout the aerosol layer to charassehe vertical structure.

i) a series of straight and level runs (SLRs) within the bisswaurning aerosol layer to

measure the physical and optical properties.

iii) SLRs above the aerosol layer to measure the up-wellimadipand flux and the up-
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welling radiances.

iv) SLRs below the biomass burning aerosol layer to measwentrine boundary layer
(MBL) aerosol and both the down-welling and up-welling ramies. These were typically

at an altitude of 33 metres above sea level (ASL).

v) a series of banked orbits below the aerosol layer (122ea&{6L) to measure the down-

welling radiance as a function of scattering angle.

Table 3.1 summarises the run numbers, the time of the runal fime = GMT+2 hours),
and the relevant aerosol and radiation measurements thatsad in this study. Figure
3.1 (a) shows the Global Positioning System (GPS) flighktcd¢he aircraft for the region
where the radiation measurements and vertical structuasunements are made, and figure

3.1 (b) shows a schematic of these runs.

3.3 Vertical structure

Figures 3.2 to 3.4 show the vertical profiles of temperatieg; point temperature, relative
humidity (RH), PCASP number concentratioN;(;), and the nephelometer scattering at a
wavelength of 0.5%m (0scr=0.55.m) Measured onboard the aircraft for the three profiles
used in this study. All three vertical profiles show simileatures, with the biomass burning
aerosol plume existing in an elevated layer above the MBL.Bibmass plume and MBL
are separated by a clean air slot which is characterisedA®r laerosol concentrations and
scattering, and thus greater visibility than the air sgdadbove and below them. Clean air
slots were observed throughout the SAFARI 2000 campaigt, @wegr land and oceanic
regions, and are perhaps the result of air from the free sipere being transported down-
ward by large scale subsidence associated with the ardiugotonditions prevelant over
southern Africa in the dry season (Hobbs, 2003). A photdy@ipa clean air slot taken

from the C-130 aircraft off the coast of Namibia and Angolahewsn in figure 3.5.

Table 3.2 summarises the meRIt, N;y;, anNdoscar=0.55.m IN the MBL, clean air slot, and
biomass burning aerosol layer for each of the three proflles.RH was high in the MBL,

with mean values ranging from 82 - 89. Therefore, the sea salt particles in the MBL



Run number  Time [GMT]

Altitude Type of run

Measurements

R2 07:24:45 - 08:09:45
R3 08:17:55-08:47:35
R4 08:53:30 - 09:23:30
R12 13:27:15-13:47:15

FL120 SLR in biomass burning aerosol
FLO80 SLR in biomass burning aerosol
FL100 SLR in biomass burning aerosol

FL170 SLR in biomass burning aerosol

Aerosimladiphysical properties
Aerodigiadiphysical properties
Aerosiladiphysical properties
Aer@timlad/physical properties

P9 11:17:34 - 11:40:01 15m - FL190 Profile ascent Vertical structure
P10 12:02:02 - 12:18:08 FL190 - 15m Profile descent Vertical structure
0O4-R11 12:59:53-13:22:55 122m - FL190 Profile ascent Vertical streictu
R10.1  12:27:54-12:37:54 33m Low level SLR MBL aerosol, Down/Up-wellagdjances
R10.2  12:40:40-12:50:40 33m Low level SLR MBL aerosol, Down/Up-welfagjances
R8 11:41:20-11:46:30 FL190 High level SLR Up-welling broadband flux tadiance
R9 11:47:55-11:57:55 FL190 High level SLR Up-welling broadband fluk mdiance
Orbits  12:51:41 - 12:59:53 122m Low level banked orbits Radiance (soati@ngle)

Table 3.1:A brief summary of the measurements made on the runs in flight #at are used in this study. Local time=GMT+2 hours. Flhés

altitude in feet x 100.
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Figure 3.1:(a) Track of flight a791 on September 14th 2000 as determnogal the Global
Positioning System (GPS). The arrows indicate the diraatibtravel. Run numbers de-
scribed in table 3.1 are shown. The straight level runs tiiiahe polluted biomass burning
aerosol layer (R2,R3,R4,R12) are omitted for clarity. (b) Sdtéof runs shown in (a)
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Figure 3.2: Vertical profiles of temperaturel], dew point temperaturel{,,,), relative
humidity, nephelometer scattering at 0,85, and PCASP number concentration from the
profile ascent, P9. The corrections of Anderson and Ogreg8)1i8ave been applied to the
nephelometer data.
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Figure 3.3:As figure 3.2 but for the profile descent, P10.
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Figure 3.4:As figure 3.2 but for the profile ascent, O4-R11.

are likely to be deliquesced and can be considered sphéfealBrinket al., 2000). The

air is saturated at the top of the MBL (780 - 800 m) in P9 whereRliE exceeds 100%.
Thus, the formation of a shallow layer of stratocumulus dlmdikely. This is supported by
the sharp peak in particle scattering and number concanrtras the aircraft flew through
the cloud. Low lying stratocumulus clouds were often obséryelow the biomass burning
aerosol layers off the coast of Namibia and Angola througtimSAFARI 2000 campaign
(Keil and Haywood, 2003, Haywooet al., 2004). The temperature inversions associated
with the clean air slot which separates the cloud from thenlaiss plume is likely to inhibit
mixing in the vertical, and therefore limit any indirect asol effects resulting from the

biomass smoke increasing the cloud lifetime or reflectivity

The meanV,,; ranged from (45 - 72) cr?, and the meaw;qq)—o 55, from (32 - 61) x
10-%m~! for the three profiles in the MBL. In the clean air slot, the mealnes ofV,,, drop

off to (17 - 59) cn1?, and the mean values 6f.,)—o 55, drop off to (7 - 9) x 10°m~1.
The largest values aV,,, and o, ~0.55.m are observed in the heavily polluted biomass
burning aerosol layer, with mean values from the three m®fiinging from (819 - 2370)
cm~3 and (98 - 122) x 10°m~! respectively, indicating that the majority of the optigall

active particles reside in the biomass smoke. The nigddrnn the biomass burning aerosol



MBL Clean air slot Biomass burning aerosol

Run number Altitude RH Niot  0scar—055um Altitude RH  Niot  0gcar—0550m  Altitude RH Ny 0scar—0.55um

[m] [%] [em™®] [x10~°m~']  [m]  [%] [em™®] [x10~°m~'] [m]  [%] [em™] [x10~°m~']

P9 0-800 89 60  14%) 800-1750 51 24 7 1750-6000 40 1055 1193

P10 0-900 82 72  24() 900-1850 43 59 9 1850- 6000 46 2370 98

O4R11 0-600 85 45  1BE  600-1000 64 17 7 1000-5800 42 819 1069

Table 3.2:Summary of the mean relative humidityH, PCASP number concentratiaN,,;, and nephelometer scatterig,,—o.55,.m, measured
in the MBL, clear slot and biomass burning aerosol layer. Toreections of Anderson and Ogren (1998) have been applied Q.o 55, Further

corrections t@ .. —o.55.m t0 account for particle growth witRH are given in italics by applying the growth curves of Ten Brnkal. (2000) for

the MBL aerosol and Magi and Hobbs (2003) for the biomass bgraérosol.
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Figure 3.5:Example of a clean air slot below the biomass burning aetaget. Photograph
taken from the C-130 aircraft off the coast of Namibia/Angdaurtesy of the Met Office.

layer varied from 40 - 46% between the profiles and the aerosol particles are unlikely
to have adsorbed much water. However fhH is > 60% at the top of the plume and
the adsorption of water onto the surface of the biomass hgraérosol particles may be
important (Magi and Hobbs, 2003). This is investigatedHertin section 3.6.1. The top of
the biomass burning aerosol layer can be seen by the shamadeadn aerosol scattering
and concentration at the hydrolapse (a rapid change in aneisgtith altitude). Above the

hydrolapse is the clean free troposphere.

Backward trajectories were run with the NOAA Air Resourcesdratory HYSPLIT model
(available at http://www.arl.noaa.gov/ready.html) for@arcels originating at 17°%, 1XE

at 12:00 GMT on the 14th September 2000. This correspondsetaéntre of the re-
gion where the aircraft was operating (see figure 3.1) andstag time of P10. The
NCEP/NCAR reanalyses meteorological data was used as mquil iffrajectories for
parcels starting at altitudes of 500, 1500, and 4000 meteze modelled. These altitudes
represent air from the MBL, clean air slot, and biomass bgyagrosol layers respectively.
Figure 3.6 shows that the air in the biomass burning aeragerlhad been advected from
the North and had passed over Angola approximately 30 haexsqusly, implying that
the biomass burning aerosol had aged in the atmosphere ferthnen a day. Trajectories
from other altitudes in the biomass plume (3000 - 5000 metsese found to have very
similar backward trajectories to that at 4000 metres. Theaicel in the MBL had been

advected from the South and had remained over the oceandqrévious 48 hours. In
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Source Y at 17.505 11.00E
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Figure 3.6: Backward trajectories for air parcels originating at 12:0@TGon 14th Sep-
tember 2000 (17°%, 1T E) at altitudes of 500m (MBL), 1500m (clean air slot) and 4000m
(biomass burning aerosol).

contrast, the air in the clear slot had been advected fronstheh West, and had trav-
elled much shorter distances in the previous 48 hours cadparthe air parcels in the
MBL and biomass burning aerosol layers. Figure 3.7 shows grenmonal and meridional
winds from ERA-40 reanalysis data over the southern Africagian during September
2000. The winds are plotted at 1000 and 700 hPa, correspgpmaliair in the MBL and

biomass burning aerosol layer respectively. The 1000 hRd faeld clearly shows a strong
flow of air up the western coast of southern Africa that is eisded with a predominant
high pressure system in the south Atlantic. The 700 hPa watd dilso indicates the pres-
ence of dominating anticyclonic conditions over the sulio@mt at this level, resulting in a
strong easterly flow off the coast of Namibia and Angola, amcksterly flow off the south

eastern coast of Africa, both of which form the two main tgaors pathways of biomass
burning aerosols away from southern Africa (e.g. Garsetrgy. (1996)). The backward

trajectories in the MBL and biomass burning aerosol layergarg 3.6 are consistent with
the typical meteorological situation identified in the ERB-data, suggesting that the case

investigated in this chapter is not atypical.
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Figure 3.7: September 2000 mean zonal and meridional winds over Afrita a
1000 and 700 hPa at 12:00 UTC. Positive values indicate wiestsoutherlies.
The ECMWF 40 year reanalysis data (ERA-40) is used (data aleilat
http.//data.ecmwf.int/data/d/era4@onth/; last accessed 24/02/05.

The trajectories indicate that the air in the clear slotettyry had remained below 2500
metres in the previous 48 hours, suggesting that the featarelean unpolluted layer may
persist for several days. This is further supported by smgsdtaken at Etosha National
Park (Namibia) and Ascension Island (mid-Atlantic) durbgptember and October 1992
(Swapet al,, 1996), shown in figure 3.8 a) and b). These temporally persgistable layers
that are associated with high level subsidence are likeiphdbit vertical transport and
therefore create vertically stratified aerosol layers.(élgbbs (2003)). Two stable layers
are evident over Namibia in figure 3.8 a), with the lower lagyggically existing at 4 -
6 km AGL. This is consistent with the location of the temperatinversion that capped
the biomass burning aerosol in the fresh smoke plume studietiapter 2 (see figure
2.4). Figure 3.8 b) also indicates the presence of two sialgkrs over oceanic regions.
Although the base of the lower layer is at 2 - 3 km above sed, lthis is likely to decrease
to nearer 500 mto 1 km above the cold ocean water associaieth@iBenguela current off
the coast of Namibia (Garstameg al, 1996) where the aircraft measurements in this study
were made. Thus, this clean air slots observed in figures842are likely to be associated

with this lower stable layer, whereas the upper stable layégure 3.8 is associated with
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the observed hydrolapse at the top of the biomass burningaldayer.

Building on the location of these persistent stable laybées|dcal meteorology, and the ob-
served vertical profiles of biomass smoke, the schematgraiia in figure 3.8 c) illustrates
how the aerosol can exist in elevated layers off the coasanfiNia and Angola. Aerosols
emitted from the source regions become vertically mixethédontinental boundary layer
and can be transported westwards by the dominating anpicigctirculation pattern. The
interior plateau of southern Africa is typically at an alde> 1 km above sea level, and
the terrain falls gently towards the sea (Sveml, 1996) as illustrated in the schematic.
Therefore, as the biomass plume is transported over thetitl®cean, it can become
trapped between the two stable layers shown in figure 3.8dgxaist in an elevated plume

above the MBL.

(a) Etosha National Park (Namibia)

4001

Z(km)

600+

aerosol layer [
800 Lo
............ S = TS
2 4 8 8 10 12 14 16 18 20 22 24 26 28 30 2 4 6 8 10 12

(b)Ascension Island (South Atlantic Ocean)

Pressure hPa
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(c) Schematic of easterly transport

<= BIOMASS BURNING AEROSOL LAYER  <mmmml

MBL

SOUTH ATLANTIC OCEAN NAMIBIA / ANGOLA

Figure 3.8: Panels a) and b) show layers of absolute stability (envientai lapse rate

< wet adiabatic lapse rate) identified from daily soundingeaat Etosha National Park
(Namibia) and Ascension Island (south Atlantic Ocean) fi®ept 1st to Oct 12th 1992.
The thickness of the stable layers is represented by the gjragling. Altitudes (Z) are
above sea level. Also indicated are the likely locationshef biomass burning aerosol
layers as identified from the vertical profiles shown in figu&4 and 3.3-3.4. Figure
modified from Swayet al. (1996). A schematic diagram showing the transport of bi@nas
smoke from the continent to the South Atlantic Ocean (redves} is shown in panel c).
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3.4 Aerosol size distributions

The aerosol size distributions were measured with a Pa€siveey Aerosol Spectrometer
Probe (PCASP) and a Fast-Forward Scattering Spectrometbe PFFSSP). The PCASP
counted particles in 15 discrete bins from 0.05 - Arb radius, and the FFSSP counted
particles in a further 15 bins from 1 - 23n radius. The internal heaters of the PCASP
were turned off to minimise evaporation of water or volatienpounds from the aerosol on
sampling. This evaporation would tend to lead to an undenasion in the particle sizes.
Corrections for the misclassification of sizes as a resulbefaerosol absorption have not
been considered as they have shown to have a minimal effébeaerosol scattering and

absorption (see Haywoaet al. (2003a) and appendix A).

Figure 3.9 shows the measured size distributions for folrsSthrough the biomass burn-
ing aerosol layer (R2, R3, R4, R12), each lasting between 20 amiities, and two SLRs
of 10 minutes duration (R10.1, R10.2) in the MBL. The diamongseagent the mean from
the PCASP and FFSSP data, and the error bars represent odardtdaviation from the
mean. The transition between the PCASP and FFSSP data imdisated. There is a
sharp decrease evident in the particle concentration idthgm radius range where the
PCASP and FFSSP bins overlap. The decrease from the PCASP &k is typically
2-4 orders of magnitude for the biomass burning aerosoldigtebutions. This suggests
that the FFSSP is unable to size the super micron particligeiaged regional haze effec-
tively. One possible reason for the underestimation by e3P is that the particles in the
coarse mode are non-spherical. Haywebdl. (2003a) show that approximately 75 of
the biomass burning aerosols in the coarse mode are noniesgdhevhich could account
for an under estimation of a factor of 4 in the particle couithwhe FFSSP if it only mea-
sured the spherical particles (25. Therefore, the non-sphericity alone is not sufficient to
explain the orders of magnitude decrease observed. Osbbahg€2004) suggest that the
inefficiency of the FFSSP to sample particles during SAFARI@®as due to low laser
power or hardware rejection. As a result, the FFSSP datdnébibmass burning aerosol
are not used because of the large uncertainties involveatder to include the coarse mode
particles in the radiative transfer modelling in this wdtkee log-normal modes have been
fitted to the average PCASP distribution from the 4 SLRs thrabhgtbiomass plume, and

are of the form,
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Figure 3.9:The mean aerosol size distributions for six SLRs in the bighasning aerosol
layer (R2, R3, R4, R12) and in the MBL (R10.1, R10.2) measured withlPthASP and

FFSSP. The error bars represent one standard deviatiortfi@mean. The discontinuity
between the PCASP and FFSSP data is indicated on the R4 plot.
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Figure 3.10:The mean PCASP size distribution for biomass burning aerasetaged over
runs R2, R3, R4, and R12. Three log-normals are fitted to the neghsime distribution.
The mean and standard deviation of the log-normals are giveable 3.4 along with the
calculated optical properties.

dN(r) N 1 —(Inr — Inr,)?
= A
dinr ~ arino ¥ ( 2(Inc)? ’ 3-1)

whereN is the number of particles,is the particle radius, ang, ando are the geometric
mean radius and standard deviation of the log-normal. Ei§urO shows the mean PCASP
size distribution from the 4 SLRs and the three log-normads #ine used to characterise
the distribution. The measured ultra-fine particles:(0.09,m) are not represented by the
log-normal fit as they are inactive in an optical sense (Hayhet al., 2003a). Table 3.4
lists the parameters required to reproduce the three lograis. The estimate of the error
in o is + 0.1 for modes 1 and 2 that largely represent the accumulatiote particles,
and+ 0.4 for mode 3 that represents the coarse mode particleslaides uncertainty in
mode 3 is due to the lack of data available to constrain thersoqicron particles. The

uncertainty in the,, is + 0.01 um for the three modes (Haywoa al., 2003a).

Figure 3.9 shows that the discrepancy between the PCASP &8H-Hata for the MBL
aerosol (R10.1,R10.2) is much smaller than for the biomassrmyaerosol. One possible
reason to explain the better agreement is that the aerodwd MBL is spherical (hydrated

sea-salt), and so the FFSSP can size the coarse mode gamimte accurately. Another
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possibility is that due to the aerosol containing a largeppron of water, the refractive
index is close to that of the calibration glass beads (seerapip A). The FFSSP sizing is
considered to be reasonable in the MBL (Hayw®abdl., 2003a) and so the PCASP and
FFSSP data are used to model the optical properties of the MBisal that are included

in the radiative transfer model.

3.5 Aerosol optical properties

3.5.1 Optical properties derived from PCASP and FFSSP size distri-

butions

The optical properties of the aerosol are derived from thasuesd size distributions in
figure 3.9 and Mie scattering calculations. For the biomassibg aerosol only the PCASP
data are used for the reasons outlined in section 3.4, whéneePCASP and FFSSP data
are used for the MBL aerosol. Figure 3.11 shows the waveledgpendent refractive
indices used to model the aerosol optical properties. Tingateve index of oceanic aerosol
from WCP (1986) is used for the MBL aerosol (1.381 - 4.26at 0.55:m) with a density

of 1.00 g cnt3. For the biomass burning aerosol, the wavelength dependémattive
index of Haywoodkt al. (2003a) is used (1.54 - 0.018t 0.55:m) with a density of 1.35

g cn 3 (Reid and Hobbs, 1998). The assumed refractive index for itvdss burning
aerosol is entirely consistent with that retrieved fromugd based sun photometers during
SAFARI 2000 for the wavelengths 0.44, 0.67, 0.87, and z@2Haywoodet al., 2003b).

Table 3.3 shows the calculated optical properties at 0.4%5,@nd 0.7Qum for the four
SLRs through the biomass plume and the SLR in the MBL. The asyrjrparameter,
g, in the biomass burning aerosol layer is 0-6M.01, the single scattering albeda, is
0.90+ 0.01, and the mean specific extinction coefficiént,s 4.6 n¥g~! (variation= 4.1-
4.9 ntg~!) at a wavelength of 0.56n. The Mie calculations applied to the PCASP and
FFSSP size distribution in the MBL result ijaf 0.77, aw, of 1.0, and &, of 0.8 n¥g~!

at 0.55m. The lower values of andw, in the biomass plume are indicative of smaller

more absorbing particles compared to those found in the MBL.



Derived from PCASP

Run Altitude N,[cm ™3] Vfrac g wo Ke[m2g~1]
Number A=045 A=055A=0.70 A=045 A=055 A=0.70 A=0.45 A=0.55 A =0.70
R2  FL120 1000t 342 1.09x 162 0.66 0.61 0.51 092 091 0.89 6.9 46 28
R3  FL080 214t 157 8.66 x 102! 0.65 0.59 0.1 091 0.89 0.88 59 41 25
R4  FL100 2003t 315 9.37x 102! 0.65 0.59 0.50 0.91 0.90 0.88 65 46 28
R12 FL170 723t94 9.24x102 0.66 0.61 0.53 091 091 0.89 6.7 49 30
Mean - 985 9.54 x 10! 0.66 0.60 0.51 091 0.90 0.89 65 46 28
Derived from PCASP and FFSSP
R1I0 30m 85:18 4.64x10'7 0.78 0.77 0.76 1.0 10 1.0 08 08 08

Table 3.3: The optical parameters derived from the measured sizetdistms and Mie scattering calculations. A refractiveardt 0.5om of

1.54 - 0.018 is used for the biomass burning aerosol (R2,R3,R4,R12) and 188b¢e°i for the MBL aerosol (R10). FL is the altitude in feet
100.

X
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Figure 3.11: The wavelength dependent real and imaginary parts of tmaatéfe index
used to model the aerosol optical properties.

3.5.2 Optical properties derived from the log-normal fit to the PCASP

size distribution

The Mie scattering calculations for the biomass burnings@rare repeated with the log-
normal fit to the PCASP size distribution to attempt to accdonthe effect of the coarse
mode particles not measured with the PCASP instrument. [etudion into the radiative
transfer model in this study, the wavelength dependenactie index in section 3.5.1 is
used (1.54-0.0%8at 0.55um) with a density of 1.35 g cm* (Reid and Hobbs, 1998) for
both the accumulation (modes 1 + 2) and coarse (mode 3) leattielowever, Haywood
et al. (2003a) suggest that the coarse mode contains a significanirda of dust particles
supported by filter measurements of the coarse fractiom{€ntiet al, 2003), and that a

refractive index and density representing dust aerosoioie representative.

To ascertain the impact that the two different assumptiénsfoactive index and density of
the coarse mode particles (mode 3 of the log-normal) haveeadrosol optical properties,
Mie scattering calculations are performed for both caseseWhodelling mode 3 as dust-
like, a wavelength dependent refractive index of 1.53-8.@@ 0.55um (see figure 3.11),
and a density of 2.65 g cm is used (WCP, 1986). It should be noted that the uncertainty
in the refractive index of soil dust aerosols is large, witldges indicating that the real part
ranges from 1.6 to 1.54, and the imaginary part from 0.024@0% over the wavelength
range 0.44 - 1.02um (Satoet al, 2003). Further measurements would be required to
determine a realistic refractive index of the coarse modggbes measured in the biomass

burning plumes during SAFARI 2000.



Chapter 3. Aged regional haze 66

Table 3.4 summarises the modelled optical properties atvaleagth of 0.5pm, and fig-
ure 3.12 (a) shows the wavelength dependence,pf), andk. for the external mixture
using the two different assumptions for the coarse modact¥e index and density. At
wavelengths less thanuin the difference is<2% in wy and <1% in g between the two
different assumptions of the refractive index of mode 3. Avelengths> 1,m significant
differences invy andg are evident. However, there is a sharp decrease i théth in-
creasing wavelength, witt, being a factor of 9 smaller ajd» compared to at 0.2bn. As

a result of the strong wavelength dependenck. jrihe differences iy andg in the near
infra-red are likely to have a relatively minor impact on théiative effect of the biomass

burning aerosol (Haywooet al., 2003a).

The kex—o.55.m derived from the log-normal fit to the PCASP size distributisrsignifi-
cantly less than that derived in section 3.5.1, which do¢ésccount for the large amount
of aerosol mass residing in the coarse mode. Although theevaérived from the log-
normal fit is more representative of the aerosol in the atimesy it is shown to be highly
uncertain (2.47 - 3.35 fg~!) as a result of the assumption of the refractive index and
density of mode 3. It is of vital importance to constrain tledue ofk.\—¢ 55, in future
measurement campaigns by accurately measuring the coacterfi in order to improve
the analysis and validation of data from aerosol chemiealsport models that tend to out-
put spatial / temporal distributions of aerosol mass (eggenet al. (1997)). It is not as
important in the work presented in this thesis as the aerask in the column can be var-
ied in the radiative transfer model used until agreemertt miéasured fluxes (this chapter)

or aerosol optical depth measurements (chapter 5) is @atain

3.5.3 Optical properties derived from the PSAP and nephelometer in
SLRs

The single scattering albedo can be derived from the wag#iesiependent nephelometer
measurements of the aerosol scattering,,, [0.45,0.55,0.70m], and the PSAP mea-
surements of the aerosol absorption at 06670 451~0.567.m, allowing the calculation of
WOA=0.55um- Wor=0.45um @Ndwor—o.70,m are estimated assumingl@\ dependence on the

absorption in the biomass plume (Reid and Hobbs, 1998). Theatmns discussed in
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Mode Aerosol Numbery£0.01 o Kea—0.55um Wor=0.55um 9r=0.55um
type fraction f{im) +£0.1* (m’g~1!)

1 Biomass 0.9970 0.12 1.30 4,98 0.91 0.58

2 Biomass 0.0026 0.26 1.50 4.56 0.89 0.71

3 Biomass 0.0004 0.80 1.90 0.57 0.65 0.85
1+2 Biomass N/A N/A N/A 4.97 0.91 0.59
1+2+3 Biomass N/A N/A N/A 3.35 0.89 0.59

3 Dust 0.0004 0.80 1.90 0.29 0.77 0.81
1+243 Biomass N/A N/A N/A 2.47 0.90 0.60

+ Dust

Table 3.4:Log-normal parameters and optical properties of the 3 lognal modes fitted
to the measured PCASP size distribution in the biomass pldinhe.optical properties of
the sum of the 3 modes are shown using the refractive indexiansity representative of
the biomass burning aerosel«1.54-0.018 at 0.55:m, p..,=1.35 gcm?) and soil-dust
aerosol =1.53-0.008at 0.55m, p...=2.65 gcm®) for mode 3.

Ia) Biomass burning aerosol I b) MBL aerosol
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Figure 3.12: The wavelength dependent optical properties derived fram ddlculations
with a) the log-normal fit to the PCASP size distribution in thiemass plume using the
refractive index of 1.54-0.018t 0.55um and a density of 1.35 g cm for all 3 modes
(solid line), and using the same assumptions for modes 1 and Asing the refractive
index of dust aerosol (1.53-0.00&t 0.55,m) and a density of 2.65 g cm for mode
3 (dashed line). b) PCASP and FFSSP MBL aerosol size diswitbuwtith the refractive
index of oceanic aerosol (1.381-4,28eat 0.55m) and a density of 1.00 g cm.

appendix A are applied to the PSAP and nephelometer dataebfew,, calculation is
made.

On sampling the aerosol, the nephelometer dries the aamsaallegree. Therefore evap-
oration of water (and perhaps volatile organic species énbilbmass plume) may occur,
and the nephelometer measurements may not represent thenainospheric aerosol.
Figure 3.13 shows growth curves (the relative increasein—o.ss.» With RH to that of

dry aerosol) determined from humidograph measurementemass plumes off the coast

of Namibia on the 11th and 13th September 2000 (Magi and H&¥3), and labora-
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Figure 3.13:Humidograph measurements at a wavelength of (b5 The measurements
show the relative increase in aerosol scattering as a iimotf RH with respect to dry
aerosol (RH=t).

tory measurements of NaCl that is more representative ofdhesalt aerosol in the MBL
(Ten Brink et al, 2000). Also shown for comparison is the growth curve for Biaz
biomass burning aerosol measured during the Smoke, ClowtRadiation-Brazil field

campaign (SCAR-B) (Kotchenruther and Hobbs, 1998).

The increase in scattering of the Brazilian and African bissnburning aerosol only be-
comes important at high atmospheric relative humiditiehie TheanRH in the SLRs
throughout the biomass burning plume where the opticalgnas are calculated was 51,
34, 51, and 57% for runs R2, R3, R4, and R12 respectively. The humidograph measur
ments of Magi and Hobbs (2003) suggest a negligible increfisss than a factor of 1.07
iN 0scar—0.55.m at relative humidities< 57%. This negates the need to account for the
hygroscopic nature of the biomass burning aerosol inthealculation during the SLRs
(Haywoodet al,, 2003a,b, Osbornet al., 2004). For the MBL aerosol, the hygroscopic
nature is not an issue in thg calculation because the MBL aerosol is purely scattering at
0.55:m. However, the hygroscopic properties of the MBL aerosol amv to be impor-
tant when determining the aerosol optical depth from théhakpneter measurements in

section 3.6.1.

Table 3.5 summarises the mean and standard deviationaif0.45, 0.55, and 0, 7@n de-

rived from the PSAP and nephelometer measurements for éduh8LRs. Thevpr—o.55.m



Chapter 3. Aged regional haze 69

Derived from nephelometer and PSAP

Run Number Altitude RHY] wo
A=0.45X=0.55 A=0.70 o
R2 FL120 51 0.88 0.88 0.85 +0.02
R3 FLO8O 34 0.90 0.91 0.91 + 0.07
R4 FL100 51 0.85 0.84 0.81 +0.01
R12 FL170 57 0.93 0.93 0.92 +0.01
Mean biomass  — - 0.89 0.89 0.87 + 0.04¢
R10 30m 82 1.0 1.0 1.0 4+ 0.02

Table 3.5:The wavelength dependent single scattering albedo dernwetdthe nephelome-

ter and PSAP for four SLRs within the biomass burning plumeRRBAR4,R12), and in the

marine boundary layer (R10). R10 is the average of R10.1 and R&zOr@presents one
Standard deviation from the mean value for each refhis the standard deviation of the
meary.

in the biomass plume was 089.04, where the error represents the standard deviation in

WoA=0.55um -

There is good agreement in thg,—¢ 55,..» calculated from the various methods for flight
a791. In the biomass burning aerosol laya—o.55.» is 0.90+ 0.01 derived from the
PCASP size distributions, 0.89 from the log-normal fit to tli@ASP measurements, and
0.89 + 0.04 from the PSAP and nephelometer. The agreement betlweelRSAP and
nephelometer derived values to those using Mie scatteahgulations indicates that the
assumed refractive index (1.54-0.0H8 0.55:m) is reasonable. The SAFARI 2000 cam-
paign average—o.ss.m IN the aged regional haze was 0.£10.04 from the Met Office
C-130 aircraft measurements (Haywoetdal., 2003a), and 0.82 0.03 from the Univer-
sity of Washingtons CV-580 aircraft (Magt al., 2003). Therefore, the partially absorbing
biomass burning aerosol studied in the plume here has.a 55, that is representative

of the aged regional haze.

3.6 Aerosol optical depth retrieval

The aerosol optical depth at 0.%6n (7x—o.55.,») Can be calculated directly from mea-
surements taken onboard the aircraft, or by a combinatiairofaft measurements with
radiative transfer modelling. The following seven retakemethods are used to determine

Th=0.55um 1O flight @791, of which several have been used in variougrottampaigns,
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namely the Saharan Dust Experiment (SHADE) (Hayweodl, 2003c) and the Tro-
pospheric Aerosol Radiative Forcing Observational ExpentifTARFOX) (Franci®t al.,
1999, Hignettet al,, 1999).

i) Integrating the aerosol extinction derived from the nelpmeter and PSAP measure-

ments in vertical profiles.

i) Integrating the aerosol extinction derived from the P@ASze distribution and number

concentration in vertical profiles.

i) Modelling the measured up-welling BBR irradiances atthigvel above the aerosol

layer.

iv) Modelling the magnitude and spectral dependence of WS $neasured up-welling

radiances.

v) Modelling the magnitude and spectral dependence of tendeelling radiances mea-

sured with the Scanning Airborne Filter Radiometer (SAFIRE).

vi) Modelling the spectral dependence of the SAFIRE measentsof the down-welling

radiance as a function of scattering angle.

vii) AERONET retrieval using SAFIRE measurements of the davweiling radiance as a

function of scattering angle.
Radiative transfer model

The Edwards Slingo 1996 radiation code (Edwards and Slitg§66) is used to model
the atmospheric radiative transfer for the optical deptbutation methods iii) - vi). The
spectral resolution was set at 220 wave-bands encompdhksirgnge 0.2 - 10m, with the
majority of bands situated in the visible and near infrayad of the spectrum. The solar
constant at the top of the atmosphere was set at 1349.4ANvhich is representative of the
insolation during SAFARI 2000. The vertical resolution oéttmodel was set at 82 levels
(56 levels from the surface to the top of the biomass burnargsol layer at a resolution
of 10mbar, and a 1km grid above the biomass burning aerddod) aircraft measurements

of temperature, @ and HO(g) from the profile descent (P10) were included in the model
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The tropical climatology of McClatchegt al. (1972) was used at altitudes greater than
the maximum altitude of the measurements. ThecOncentration was measured with
a TECO 49 instrument that can measure mixing ratios over thgeraf 0 - 1000 ppbv
with a sensitivity of+2 ppbv. The water vapour mass mixing ratio was derived from
the measurements of the dew point temperature and totalsptredc pressure. Other
greenhouse gases included in the model were nitrous oxigl@)(Methane (Cl), carbon
dioxide (CQ) and oxygen (©@). The mixing ratio data for these gases was taken from
Coferet al.(1996) and IPCC (2001), and they were assumed to be well mixedghout
the atmosphere. Although biomass burning is a source of &td N,O and in reality
elevated levels will exist in the biomass plume, the impacthe short-wave radiation is

negligible.

The biomass burning and MBL aerosol optical properties ddrivom the Mie scatter-
ing calculations shown in figure 3.12 are included in the nhoBer the biomass burning
aerosol, a constant refractive index and density for akdéhibog-normal modes is used
(n=1.54-0.018 at 0.55:m, p,.,=1.35gcnT3). As discussed in section 3.5.2 this leads to
differences o< 2% in wp and< 1% in g at A < 1.0um compared to if the coarse mode
particles are represented as being similar to soil dust. shlape of the vertical structure
of the aerosol mass mixing ratio used is the same as the neeBB@ASP number con-
centration in the profile descent (P10). The aerosol optiepth in the MBL and biomass
burning aerosol layer can then be varied by changing the matgnof the mass mixing

ratio of the MBL and biomass burning aerosol.

The aerosol optical depth at a single wavelengt{) ¢an be calculated from Beers law

using the formula,

™ =1In (M> oS0z em, (3.2)

aer

whered,..,, is the solar zenith anglé,, ..., is the modelled direct flux at the surface with
no aerosol in the column, arfj,.., is the direct flux at the surface including the effect of
scattering and absorption by aerosol particles. The 2ustrneersion of the code with the
Eddington approximation gives an adequate representatiSp, .., andS,.,, at a single

wavelength.
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A 4-stream version of the code with tiheEddington approximation is used to model the
broadband up-welling irradiances measured by the BBR in ndeih)o The §-Eddington
approximation is used as it gives a more accurate split latvlee direct and diffuse com-
ponents of the scattered radiation. 21 moments of the dgrhase function were used in
the 4-stream version, and the ocean albedo was modelleg th&rbroadband sea surface
reflectance parameterisation of Gletval. (2004), and the sea surface angular scattering

parameterisation detailed by Thomas and Stamnes (1999).

A radiance version of the code is used to model the measureds&M/SAFIRE radiances
in methods iv) to vi). 101 moments of the aerosol phase fanctire used to model the
directional dependence of the scattered radiation mongratety, and the surface albedo is

assumed to be Lambertian.

3.6.1 Integrating the aerosol extinction derived from the nephelome-

ter and PSAP in vertical profiles

The aerosol optical depth can be calculated by integratiegaerosol extinctiong,,; =

Osca T 0aps, With height,z, using the formula,

TA=0.55um — /UextA:0.55um(Z)dZ' (33)

The aerosol extinction is determined as a function of alattor the three vertical profiles
(P9, P10, O4R11) in both the MBL, clean air slot, and biomasgksinbhe PSAP measure-
ments of the aerosol absorption coefficient,, in the vertical profiles are not used because
they are deemed to be unreliable during aircraft ascentslescents. This is because the
PSAP instrument is sensitive to changes in pressure, amadgdvertical profiles this can
change quite rapidly over the integration time of the insieat (30 seconds). Therefore,
the extinction is derived by combining the nephelometer sueaments ob ., with the
aerosoly, as determined from the PSAP and nephelometer measuremesatstion 3.5.3

using,
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T scar=0.55m (%) . (3.4)

Teatrmostum(2) = WOA=0.55um
Because the nephelometer partially dries the aerosol onlsgmnthe relative humidity
inside the nephelometer is typically lower than that of thib&nt atmosphere (e.gx 45%
at an atmospheri& H of 95% during flight a791). Table 3.2 shows the mean measured
Tscar=0.55um IN the MBL and biomass plume for the three vertical profiledwaibd without
a correction applied to the nephelometer data (see the yrawtes of Magi and Hobbs
(2003) and Ten Brinket al. (2000) in figure 3.13) to account for evaporation of water
from the aerosol on sampling. For the MBL aerosol, the hijh together with the sharp
increase in the sea salt aerosols size vitH leads to a large increase of 129154%,
and 12% in the means,.,—o.55.m for P9, P10, and O4R11 respectively when g
correction is applied. The lower values B#{ in the biomass burning aerosol layer and
the much lesser dependencergf,\—o 55,.» With RH leads to small increases in the mean
Oscar=0.55um Of 3%, 4%, and 3 for P9, P10, and O4R11 respectively. It is therefore
important to account for this sampling bias in the MBL, whéreaerosol optical properties

are highly sensitive to the state of the atmosphere.

Table 3.6 compares the calculated column integrateglss,..., and the ratio of the MBL to
biomass burning optical depth at 0:65 (751 /Thiomass) IN the column for the three pro-
files, with and without the correction for an increase in ijgbgtscattering withR H applied
to the nephelometer measurements in the biomass burninlylBhdaerosol layers. The
results show an increase in the column integrated 5., for the three vertical profiles
of «~ 0.02 - 0.06 (5-1%), and in thery;p1/Thiomass Fatio by more than a factor of 2 when
the RH correction is applied. The large increase in the contrdsubf the MBL aerosol
to the total column optical depth shows that it is most imgairto account for the evap-
oration of water on sampling the MBL aerosol. The corrected 55, ranges between
0.53+0.03 to 0.62-0.03 for the three profiles, and thg g1 / Thiomass ratio from 4.6:0.2%

to 15.6:0.7%. The errors represent the uncertainty arising from theatian inwox—o 55,m
measured with the PSAP and nephelometer (8804) during the SLRs in the biomass
plume. Thus, a contribution of 0.02 - 0.07 in the totaly 55, results from the inclusion
of MBL aerosol in the calculation for the three profiles. Theepend of this range com-

pares favourably with the background aerosol optical tiéss of 0.05 to 0.07 over oceans
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Run No correction applied Correction applied
numberT)\:OﬁSum 7-J\/[BL/’Tbiomass TA=0.55um 7-MBL/Tbiomass
P9 0.590.03 3.0:0.2% 0.62+0.03 6.2:0.3%
P10 0.4240.02 6.9-0.3% 0.53:0.03 15.6:-0.7%

O4R11 0.590.03 1.9:0.1% 0.61+0.03 4.0:0.2%

Table 3.6:Comparison of the derived optical depth at Qubband the ratio of the MBL to
biomass burning aerosol optical depth from integratingaggr®sol extinction derived from
the PSAP and nephelometer measurements. The errors aestifteof the measured varia-
tion in the biomass burning— ss,.» from the SLRs. Results are shown with and without
the correction for an increase in particle scattering vidti applied to the nephelometer
measurements.

determined from AERONET measurements (Kaufreaal., 2001).

3.6.2 Integrating the PCASP number concentration

The average PCASP size distribution in the MBL and biomassihgiaerosol layers for
each of the three vertical profiles are combined with Mietscaiy calculations to deter-
mine the extinction coefficient per particte..:pr—o 55, [~ ']. The optical depth can then

be calculated using,

7—)\:0.55,um = /Ntot(z)o'extp)\:(]ﬁaumdza (35)

whereN,,, is the PCASP number concentration anid the altitude. The—g 55, calcu-
lated with this method for the three vertical profiles wassQ2; 1./ Thiomass=1 -1%), 0.58

(T BL Thiomass=6.4%), and 0.19 €1/ ./ Thiomass=4.0%) for the profiles P9, P10, and O4R11
respectively. The—o s, derived from the two profile ascents (P9 and O4R11) is a lot
less than that derived from the profile descent (P10). Thossibly the result of the
PCASP instrument under-sampling thg,; in profile ascents. Table 3.2 shows that the
meanN,,; in the biomass burning aerosol layer was 819 and 1055 ¢ar the two profile
ascents, compared to 2370 cthin the profile descent. Haywoaet al. (2003b) suggest
that NV,; is highly sensitive to variations in the pitch of the air¢ra$ this alters the flow
of air around the aircraft disrupting the isokinetic samglof the wing mounted PCASP.
The mean and standard deviation in the pitch of the aircraf &6+ 0.9 during P9, 5.7

+ 2.4 during O4-R11, and 1.5 0.8 during P10. The fact that th&,, is so sensitive
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to the aircraft pitch means that thg 55,.,, derived from this method is highly uncertain.
However, more confidence can be placed inthe ss,.., derived from the profile descent
as it is within 10% of that derived in section 3.6.1, whereas the values deifrnad the

ascents are approximately a factor of three smaller.

3.6.3 Measuring the up-welling irradiances at high level with the BIR

The aircraft measured the up-welling broadband irradig@&3.0um), Fzgr, above the
heavily polluted biomass burning aerosol plume. Figurd 3ows the measured broad-
band irradiances for two separate SLRs (R8 and R9). The aitcaaélled approximately

43 km in R8 and 86 km in R9. The mean measured irradiance is 78.7%9 Wnt 2

and 78.58+ 1.33 Wnt1? for R8 and R9 respectively, where the variability encompasses
the maximum and minimum of the measurements and is the &sthlé variability in the

aerosol below the aircraft.

The clear sky up-welling flux ..., (i.e. the flux when no aerosol is present) was modelled
at the aircraft flight level with the Edwards Slingo 96 radiatcode. The mean value for
R8 and R9 was 53.70 WM. The variation inF,.,, as a result of the variation in solar

zenith anglgé,..,, = 22.4 - 23.8 degrees) between R8 and R9 was negligible.

The direct radiative effect of the aerosol below the aitgraf is given by,

AF = _<FBBR - Fclear)- (36)

Therefore, by comparing the modelled clear-sky flux to theasneements, the column
integratedA F’ can be diagnosed with no assumptions needed about the Bargserties.

The AF across R8 was -25.05 1.59 Wn12 and across R9 was -24.881.33 Wnt2.

The biomass burning aerosol plume and sea salt aerosolMBheare then included in the

radiative transfer model. The ratio of the MBL aerosol optitspth to the biomass burning
aerosol optical depth at 0.98n (7151 / Thiomass) 1S fixed at 16%. Although this represents
the upper limit of that derived from the optical depth cadtigdns from the nephelometer

and PCASP methods (sections 3.6.1 and 3.6.2), it is shownctioes 3.6.5 - 3.6.6 to
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produce a better representation of the measured downagelidiances at low-level than
using the mean value of/7. Furthermore, the MBlzy— 55,.,,, COMmpares more favourably
to the average measured maritime aerosol optical thickmesceanic regions (Kaufman

et al, 2001) when a value of 6 is used.

The up-welling flux at the aircraft flight level is then modsllas a function of the total
aerosol optical deptht.., (Ta=0.55m ). Th€Tr—0.55.m across R8 and R9 is then determined
when the modelled flux equals the measured flux (£€.,(Tx—0.55.m) = Fppr). This
resulted in ary—¢ s5,m 0f 0.344 0.02 for R8 and 0.33 0.02 for R9. The maximum and
miNiMuM 7\—¢ s5,.» andAF for R8 and R9 are indicated on figure 3.14. The correspond-
ing normalised radiative impact of the biomass smakéd’(divided by 75— 55.m) IS

-75 Wn2, which is in reasonable agreement with the GCM modelling vafrkouthern
African biomass smoke of Myhret al. (2003).

The BBR measurements of the up-welling irradiance are aatwawvithin 2% (Osborne
et al, 2004). This leads to an uncertainty in thé" of + 2 Wm~2 and INTx=0.55um Of £
0.04.

3.6.4 Measuring the magnitude and spectral dependence of the up-

welling radiance with the SWS

The aircraft measured the spectral dependence of the Umgveldiances in two SLRs, 33
metres above the sea surface (R10.1 and R10.2), and in two SbRRsthie biomass plume
(R8 and R9). The up-welling radiances are calculated with teasured biomass burning
and MBL aerosol properties and vertical structure incluchethé model. The calculations
require a degree of iteration in order to characterise dmthspectral dependence of the
surface albedo and the total aerosol amount in the columB f/ Tviomass fixed at 164)
until good agreement between the modelled and measurectlipgwadiances at 0.56n

at both high and low-level is made. Implicit in the calcuba$ is that the sea surface can
be modelled using the Lambertian approximation and thastintace albedo and aerosol
amount in the column does not change between the high antel@lruns. The iterative

procedure used to model the radiances is as follows;
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Figure 3.14: Up-welling broadband irradiances (0.3 - 3uh) measured with the Broad
Band Radiometer (BBR) for two high level runs above the pollutediaiss burning aerosol
layer. The modelled up-welling flux in clear skies at the mifcflight level is 53.7 Wm?.

The direct radiative effectyF, is calculated as the modelled clear sky flux - measured flux.
The maximum and minimumAF and modelled optical depth, are indicated.
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i) Estimate the aerosol mass loading.
i) Estimate the value of the Lambertian surface reflectance
iii) Model the up-welling radiance at low level and compawdhe aircraft measurements.

iv) Adjust the surface reflectance to obtain agreement bettiee modelled and measured

low level radiances.
v) Compare the modelled up-welling radiances at high levéi¢aaircraft measurements.

vi) Adjust the aerosol mass loading to obtain agreement é&tvwthe modelled and mea-

sured high level radiances.

vii) Repeat stages iii) to vi) until a match between the magtethnd measured 0.5bn

radiance at both low and high level is obtained.

Figure 3.15 (a) shows the mean and standard deviation in\Wf@ Beasurements for the
two low-level runs. The magnitude of the measurements fl@dbwn-Sun run (R10.1) is
significantly less than those from the into-Sun run (R10.2)lavavelengths. This is likely
the result of the SWS instrument pointing into the shadow efahcraft and therefore
measuring a lower up-welling radiance due to the darkeasarélbedo, as schematically
illustrated in figure 3.16. This is supported by analysesiairaft measurements of the
ocean bidirectional reflectance distribution function (BDRf¥er the Atlantic Ocean, that
suggest that the spectral albedty,, ranges from 0.041 - 0.051 at a wavelength of 0.472
um, and 0.026 - 0.035 at 0.682n (Gatebeet al,, 2004). TheR,, derived from the SWS
measurements and the model calculations in this study w49 @&nd 0.041 at 0.472m,

and 0.010 and 0.036 at 0.682» for R10.1 and R10.2 respectively. The values derived
from R10.2 are in fairly good agreement with those of Gatebal. (2004), whereas the

R\ derived from R10.1 is much lower.

Figure 3.15 (b) shows the up-welling radiances measuredjhtlavel above the aerosol
layer (average of R8 and R9). The radiances at high level arelheddusing the derived
R,y from the low-level runs. It is clear that when aerosol is mmiuded in the model the
radiances at high level cannot be simulated, and are signtficlower than the measure-

ments at all wavelengths. When aerosol is included in the inaileg theR,, derived for
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Figure 3.15:a) Spectral measurements of the up-welling radiance atduel-(33 metres
ASL) from the Short Wave Spectrometer (SWS) for R10.1 and RIDh2 magnitude of
the measured radiance is lower in the down-sun run (R10.1)sdliieély the result of the

SWS field of view lying in the aircraft shadow (See figure 3.18)e dashed grey lines are
the modelled radiances withrg— s5,» 0f 0.84 for R10.1 and 0.55 for R10.2. It should be
noted that the model surface reflectance is different fonteeruns. b) The measured SWS

radiances averaged over two high-level runs (R8 and R9). Thizled radiances with a
Tr=0.55.m Of 0.84 and 0.55 are shown, using the surface reflectanoseddrom R10.1 and

R10.2 respectively. There is clearly better agreement ghnteasured radiances with a

T=0.55um Of 0.55. The radiances at high level with no aerosol in themwl are also shown

for comparison.
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R10.1, ary—¢ss5.m Of 0.84 is required to match the measurements at 0:55 However
at\ > 0.6um the agreement is poor, and the modelled radiances are agan than the
measurements. The retrieveg.g 55, 0f 0.84 is also much higher than that derived from
the other methods. This suggests that either the derfiggdrom R10.1 is not the same
as that in the high level runs or that the aerosol propentigké model are not correct at
A > 0.6pum. When the up-welling radiances are modelled with aerosdlidexl and the
R, derived for R10.2, &,—¢ 55, Of 0.55 is needed to match the SWS measurements. This
value is in better agreement with those derived from therottethods. Also, the modelled
radiances are in good agreement with the measurementsnaadlengths. This suggests
that the spectral dependence of aerosol properties intludéhe model are reasonable
over the wavelength range 0.4 - 1u6: with & 7a/51/ Thiomass ratio of 16%, and that it is
indeed the error ik, due to aircraft shadow contamination in R10.1 that leadsdtetfye

modelled value of—¢ 55,

It is clear that the value of the,— 55, retrieved from this method is very sensitive to
the derivedR;,, With 7\—¢ 55, differing by >50% between the into-Sun and down-Sun
runs. Although more confidence can be placed onRhederived from the into-Sun run
as aircraft shadow contamination was not as issue, therstiélréarge uncertainties in
modelling the up-welling radiances at high-level becabsasitewing geometry of the SWS
instrument was different between the high and low level r(irss the high-level runs
were neither into or down-Sun). Therefore, if for example-glint (peak reflectance from
the ocean surface) influenced the measured radiances é&\elythis would result in an
unrealisticR,, included in the model calculations of the high-level radesmwhere sun-
glint may not have affected the measurements. An unceytainat least+ 10% in the
Tr=0.55.m USING theR,, derived from the into-Sun run is estimated as a result of baotbrs

in the surface properties included in the model, and thealdity in the aerosol along the
run (Haywoodet al, 2003b,c).

To reduce the uncertainties, either in-situ measurements) accurate model parameteri-
sation of the sea surface BDRF would be required. Furthernioeeadiation code would
need to be adapted to include a non-Lambertian surface. ¥wwean accurate represen-
tation of the surface is included in the model calculatidres method will provide much

more detailed spectral measurements of the aerosol opiégdh than the other methods
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Figure 3.16:Schematic diagram showing that the radiances measurectyhtrt Wave
Spectrometer (SWS) in the (a) Into-Sun run may be influencesibyglint off the sea sur-
face. Measurements of the Bi Directional Reflectance Fun¢B&RF) of the sea surface
would be needed to ascertain if this is the case. The swathedSWS was pointing into
the shadow of the aircraft on the down-sun run as illustratéh).

considered in this study. It would also negate the need fomalével run to characterise
the surface, removing the uncertainty from the implicitesption that the column amount
of aerosol does not change between the low and high-levsl iTime inclusion of a realis-
tic surface BDRF into the Edwards Slingo radiation code isantly being explored at the
Met Office.
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3.6.5 Measuring the magnitude and spectral dependence of the down-

welling radiance with SAFIRE

The aircraft flew below the biomass burning aerosol layenalatude of 33 m ASL and
measured the down-welling zenith viewing radiances in sevavelength channels with
the SAFIRE instrument for an into-Sun (R10.2) and down-Sun(Rt0.1). The mean
and standard deviation measured radiance ay@b®was 174.5+ 7.5 and 137.5- 2.7
Wm~—2sr-1zm~! for R10.1 and R10.2 respectively. The variation in the measengs
suggests that there is some variability in the aerosol abiovaircraft over the distance

travelled in the two runs, 49 km for R10.1 and 66 km for R10.2.

The radiances at the SAFIRE wavelengths were then modellédtiae inclusion of bio-
mass burning and MBL aerosol in the column. Although the umsent was pointing di-
rectly upwards, the true viewing angle of the SAFIRE instratrveas not exactly at zenith
due to the pitch of the aircraft, which was 3t60.4° for R10.1 and 3.4 0.4° for R10.2
(see figure 3.16). Thus, the true viewing angle Was, + 0, for the into-Sun run and
Oszen - Opiter, fOr the down-Sun run. The effect of the changéin,, was therefore required
to model the radiances along each run and varied from 27.8% BOR10.1 and from 30.4
- 31.7in R10.2.

The T s/ Thiomass Fatio was initially set at 7%, which is representative of the mean value
derived in sections 3.6.1 and 3.6.2. The.ss.» Was then varied until a match was ob-
tained with the mean measured radiances across each r&@dat0.Figure 3.17 (a) shows
the modelled and measured radiances across both low-lewsl rThe slight downward
slope in the modelled radiance with time is the result of tieeasing...,,. The down-
ward jump in the modelled and measured radiances betweed BA0.R10.2 is the result
of the change in scattering angle relative to the Sun betweedown and into-Sun runs.
The modelling resulted in & 55,m» 0f 0.47+ 0.03 for R10.1 and 0.4% 0.02 for R10.2.
The error accounts for the variation in the measured radian©.55.m across each run
and therefore represents the changes in the aerosol alagdhaft. A closer examination
of figure 3.17 (a) reveals that there is good agreement bettheenodel and measurements
at 0.55 and 0.62m. The model calculation at 0.87n produces slightly higher radiances

than the measurements, especially in R10.2. However, atathngths larger than 0.87
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Figure 3.17:The measured (filled circles) and modelled (straight linkesyn-welling radi-
ances at the SAFIRE wavelengths for the low-level runs (R1dlléwed by R10.2). The
aerosol amount was varied in the column until agreementtéhmeasurements was made
at 0.55:m whilst holding thery; g1,/ Thiomass ratio held at a) %, and b) 165.

um, the model underestimates the radiances. This is likelytd@emis-representation of
the coarse mode particles in the model and can be explained wdgnsidering that maxi-
mum Mie scattering efficiency occurs when the wavelengtimaitient radiation is compa-
rable to the particle size. Therefore, including more langarse particles in the model will

have the greatest impact on the down-welling radiancesdbtiger wavelengths.

By increasing thery s /Thiomass ratio to 16%, representative of the value calculated in
the nephelometer calculation in the profile descent (P16¢ation 3.6.1, the impact of the
column integrated aerosol on the radiances in the neariattas enhanced. Figure 3.17
(b) shows the measured and the modelled radiances using @ miomass Of 16 % with a
Tr=0.55.m Of 0.46+ 0.03 for R10.1 and 0.4% 0.02 for R10.2. There is still good agreement
at 0.55 and 0.62m. The modelled radiances at wavelengths between 0.87 ahg2.@re
increased when the MBL aerosol amount is increased. This keealworse representation
of the measured radiances at 0,87 compared to using &y sr,/Thiomass atio of 7%,
although the agreement is improved at wavelengths betw@®drahd 2.0Jum. The effect

of changing the relative amount of MBL aerosol in the columrthat of the biomass
burning aerosol om,— 55, Is fairly small (< 0.012). The down-welling radiances were
found to be fairly insensitive to the assumed sea surfaaslalbThe radiometric calibration
of the SAFIRE wavelength channels is estimated to lead to aalate accuracy of 5 - 8
% in the measurements (Franeisal, 1999). This leads to an uncertainty .o s5,m Of

approximately+ 0.04 - 0.07 from the mean value.
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Figure 3.18: Schematic diagram illustrating the aircraft orbit (tygidéameter—~2-3km)
used to measure the down-welling sky-radiance distriputrgh the SAFIRE instrument.
Also shown is the aerosol scattering coefficient,,n—o.ss.m, measured with the neph-
elometer during the profile descent, P10.

3.6.6 Measuring the spectral dependence of the down-welling radi-

ance as a function of scattering angle with SAFIRE

When the aircraft was flying in SLRs, the SAFIRE instrument wasdiin the zenith
viewing position and so the measured radiances were foraatgesing angle relative to the
Sun (see section 3.6.5). The aircraft performed a seriedahked orbits at low level (118
metres ASL) below the biomass burning aerosol layer and \@akdal at an approximate
angle off,..,, = 32.6° as shown in figure 3.18. As the aircraft moved around the orbit
(typical diameter of 2 - 3 km) the zenith viewing SAFIRE instrent measured radiances
at the seven wavelengths as a function of scattering andjle.rdnge of scattering angles
observed in this method is approximately 0 to &x%.,,. However, only measurements for
scattering angles greater than°lére considered to be reliable due to the calibration of the

SAFIRE instrument when viewing a wide range of radiances (reget al, 2003b).

Figure 3.19 (a) compares the measured radiances as a fuoétszattering angle (filled
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circles) to a model run (solid lines) with no aerosol in théuoan. It is clear that the
magnitude and shape of the sky radiance distribution care@produced when no aerosol
is included, with the modelled down-welling radiances eapproximately 2-3 orders of
magnitude too low. The biomass burning and MBL aerosols appicoperties derived
from the measured size distributions are then includedemitbdel with the shape of the
vertical structure measured during the aircraft profildse ass of aerosol in the column
is then varied until the best agreement with the measuradneels at 0.5om is made.
Figure 3.19 (b) shows the model results using@:/ Tiomass Of 7% With & 7\—¢ 55, Of
0.44. There is a significant improvement in the modelledanackes when the aerosol is
included, although significant discrepancies still exishe differences in the measured
and modelled radiances may in part be attributed to the atesaccuracy of 5 - 8 of
the SAFIRE measurements (Franeisal, 1999). However, at all wavelengths the shape
of the modelled sky radiances is too flat, and at the longeelgagths the magnitude of
the modelled radiance is still too low. These features adeative of a misrepresentation
of the coarse mode particles which tend to scatter moretradian the forward direction
and are more efficient at scattering radiation at longer leagghs compared to the smaller

particles in the accumulation mode.

Increasing the amount of large MBL particles in the column st thery zr /Thiomass
ratio is increased to 16 (figure 3.19 (c) ) results in an excellent agreement at altsca
ing angles in the 0.55 and 0.62n channels with a&—¢ 55, Of 0.44. The agreement is
much improved at all other wavelengths. However, thereilisast underestimation in the
magnitude of the sky-radiance at 2.0#. This implies that the modelled aerosol phase
function from the Mie scattering calculations is not repréative of the actual aerosol at
the longer wavelengths. This is not a surprising result duke large uncertainty in fitting
the log-normal representing the coarse mode particleseobibimass burning aerosol to
the measured PCASP size distribution. The PCASP instruménhweasures particles up
to 1.5 um radius. The coarse mode particles in the biomass plume sodikély to be
non-spherical (Haywooelt al., 2003b) and so standard Mie scattering calculations may not
represent the aerosol phase function well. As mentioneglatian 3.5.2 there is also a large
uncertainty in the refractive index of the coarse mode gadiwhich are likely to contain

a significant fraction of dust-like particles. In this wotietwavelength dependent refrac-

tive index of the coarse mode of the biomass burning aergsassumed to be the same
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Figure 3.19: The measured and modelled radiances as a function of sogttangle at
the SAFIRE wavelengths. The modelled results are for a) nosaéincluded in the
model, b)TA:0.55um = 0.44 and the']\/]BL/wamass ratio = 7%, C) TA=0.55um = 0.44 and
the TaviBL/ Thiomass atio = 16%, d) Ta—q.s5,m = 0.44 with the column size distribution and
optical properties derived with the AERONET retrieval.

as that of the accumulation mode particles, whose refadtigiex is better constrained.
Osborneet al. (2004) present a similar analysis to that presented hexlier CASE stud-
ies from SAFARI 2000 and use a refractive index more indieat’Saharan dust aerosol,
although they still observe significant discrepancies atidimger wavelengths. The value
of 7\—o.55.m derived here is in good agreement with the retrieval fromdben-welling
radiances measured in the SLRs with the same instrument.uAtiog for the uncertainty

in the magnitude of the measured radiances leads to an érto0®5 iNTy—g 55,m.

3.6.7 AERONET retrieval from SAFIRE measurements in section 3.6.6

The AERONET retrieval algorithm is designed to simultarspuetrieve the aerosol size
distribution, complex refractive index, and single saatigalbedo derived from spectral al-

mucantar measurements of the sky radiance and the optjuthl dietained by ground-based
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Sun-sky photometers (Dubovik and King, 2000, Dubasilal,, 2000). It is currently ap-
plied to a globally distributed network of ground-basedwatkters. It is therefore impor-
tant to validate the retrieval algorithm against detaiteditu measurements, as AERONET
measurements are often used to validate both satelliteurezasnts (Hset al,, 1999, Chu

et al, 2002, Remeet al,, 2002a, Ichokwet al, 2003), and outputs from chemical transport

models (Tegewet al,, 1997, Satet al,, 2003).

The retrieval has been validated through a comparison sitinaircraft measurements of
the retrieved quantities with those obtained with a co4edaAERONET site (Haywood
et al, 2003b). Because the AERONET sites are predominantly eiiuan land this type
of validation is generally restricted to continental aetodHowever, the inversion algo-
rithm can also use the sky radiance data measured with théREARstrument during the
banked orbits, thereby enabling the testing of the retrievar oceanic regions. Because
the aerosol optical depth is a quantity that we are tryingtioave, an a-priori knowledge of
the effective refractive index of the aerosol in the colusreiquired to invert the measured
radiances to the aerosol size distribution, optical priggrand optical depth (compared to
AERONET sites that measure thgindependently and use as input to the retrieval). The
wavelength dependent refractive index used for the biorhassng aerosol in this study
(seefigure 3.11) is used as the a-priori as the majority cdiéinesol in the column resides in
the biomass plume. The retrieval uses the a-priori to camsthe output refractive index,

which is more representative of the MBL and biomass aerosmlathe aircraft.

The inversion algorithm was run using the measured SAFIREmnads as input. The run
was then repeated with the measured radiances varieBy which represents the max-
imum expected error in the measurements (Fraecml., 1999). Figure 3.20 shows the
retrieved column integrated size distribution and wavgllerdependent optical depth, sin-
gle scattering albedo, and real and imaginary parts of tiraateve index. The retrieved
Tr=0.55um 1S 0.44£0.05, where the error represents the sensitivity to unicgiga in the
magnitude of the measured sky-radiances. An additionantaiaty of +0.01 should be in-
cluded to account for the MBL aerosol below the aircraft. Theaal depth falls off rapidly
with wavelength, to a value of 0.80.01 at 2.0Lm, and has a corresponding Angstrom
parameter of 1.47 over the measured wavelength range. Tgstrdim parameter was cal-

culated from a linear fit of In versus In\ for the retrieval at the SAFIRE wavelengths. The
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Figure 3.20:The columnar aerosol size distribution, optical depthglgiigcattering albedo,
real (,) and imaginary if;) refractive indices calculated with the AERONET retrieval
algorithm and the SAFIRE radiances. The retrieval is repbatth the measured SAFIRE
radiances varied b¥8% which represents the uncertainty in the measurements.

value of 1.47 indicates that the aerosol in the column is daiteid by the smoke patrticles
in the accumulation mode. The retrievegh—¢ 55, iS 0.88. This is in agreement with
the value of 0.89:0.04 derived from the PSAP and nephelometer measuremethia tiie
biomass plume, although it should be noted that the MBL a&(agQ-¢ 55,.» =1.0) above
the aircraft will also be included in the retrieval. The r@ted real part of the refractive
index tends to fall off with increasing wavelength (1.53 3@ across the SAFIRE wave-
lengths), whereas the imaginary part is relatively cortsial.018:0.0005. The retrieved
aerosol size distribution is fairly insensitive to the uramties in the SAFIRE measure-

ments, although there are slight changes in the peak of theradation mode.

Figure 3.21 compares the in-situ measurements of the bemaning aerosol size distrib-
ution to the AERONET retrieval. The in-situ measurementgetzeen re-gridded onto the
output sizes of the retrieval. There is a reasonably googesgent in the modal size of the
accumulation mode, with the measured peak at&:1and the retrieved peak at 0,14,

although the retrieved distribution is broader. For theeeal using the SAFIRE radiances
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Figure 3.21: Comparison of the particle size distribution measured tun-and retrieved
with the AERONET algorithm. The in-situ size distributioor biomass burning and MBL

aerosol are those included in the radiative transfer model.

(+8%) the peak in the accumulation mode is the same as the in-gasunements. The
measured distribution for the MBL aerosol peaks at aroyma,lwith a secondary peak
at approximatelyrum, whereas the coarse mode of the biomass burning aerosa peak
around 3im. The AERONET retrieved coarse mode peaks apd3which is very similar
to the MBL aerosol. The influence of the coarse mode biomadilgarand perhaps the

secondary peak in the MBL aerosol can be seen in the extenilled tiae retrieved size
distribution to larger sizes.

The AERONET retrieved size distribution and optical prdjgsrare then inserted into the
Edwards Slingo 1996 radiation code in a uniform layer abbeedircraft flight level and
the radiances modelled. Figure 3.19 (d) compares the nmeghsadiances to those mod-
elled using a columm,_ 55,..,, Of 0.44. There is excellent agreement between the measured
and modelled radiances at wavelengths from 0.55 -/in§lalthough the modelled radi-
ance at 2.0im is lower than the measurements. Good agreement would betexiees the
aerosol properties inserted in the model are themselvesued from the measurements.
The discrepancies at 2.0& may be the result of the non-spherical particles in the @ars
mode of the biomass burning aerosol (the retrieval assupiesisal particles), and a lack
of measurements at scattering angles less than Ibformation at scattering angles less
than 10 would provide further information on the scattering of tliaucse mode patrticles,

and therefore perhaps improve the retrieval at the longeel@agths. However, it does in-
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dicate that in this case where there are two distinct layesisi@sol comprising of different
aerosol types in the column, the sky-radiance distributiam be well represented with a

column average of the aerosol properties.

The inversion algorithm could easily be modified to accepitieasured radiances from the
SWS instrument, that has a much finer spectral resolutionttt@8AFIRE instrument. If
the SWS instrument was mounted on the aircraft so that it coelaisure the down-welling
sky radiance during banked orbits (as with the SAFIRE insémninduring SAFARI 2000),
or mounted so that it could scan the down-welling radiansea &unction of scattering
angle as the aircraft flies in SLRs, then this would providee#&aot constraints on the

retrieved size distribution and optical properties wite kERONET algorithm.

3.7 Summary and discussion

The physical and optical properties of biomass burningsro the aged regional haze
were measured on September 14th 2000 off the coast of NaminiaAngola. Model

trajectories indicate that the aerosol had aged in the gthewe for at least 30 hours, and
so the results are more representative of the aerosol thedges large areas of southern

Africa during the dry biomass burning season than the fresbsal studied in chapter 2.

Vertical profiles made during aircraft ascents and desadmaw that the biomass burning
aerosol layer exists in an elevated polluted layer abovéMBe. The two distinct layers
are separated by a clean air slot that is characterised byévasol concentrations and
scattering, and thus high visibility. There is evidence diia layer of cloud capping the
MBL in one of the profiles. The temperature inversions assediwith the clean air slot

inhibits mixing in the vertical and therefore minimisesudibaerosol interactions.

Direct measurements of the aerosol scattering and absoiptihe biomass plume resulted
IN @wor=0.55.m Of 0.89+0.04 which is entirely consistent with the value of G901 de-
rived from the measured PCASP size distribution and Mie egay theory. It is also in
good agreement with the averagg —o.ss,.» value of 0.930.04 (Haywoockt al., 2003a),
and 0.89-0.03 (Magiet al, 2003) measured in aged regional hazes during the SAFARI

2000 campaign. To include the aerosol into the radiativesfier model a series of three
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log-normals were fitted to the mean PCASP size distributioadoount for the coarse
mode particles that were not measured with the PCASP instrumklie calculations
were performed to determine the wavelength dependentabgiroperties, and resulted
IN awor—0.55.m Of 0.89. However, the uncertainty in the optical propertéthe particles
in the coarse mode is large due to i) uncertainties in thenlmgnal fit, ii) non-spherical
particles that are not accurately represented by standerdddttering calculations and iii)

uncertainties in the assumed refractive index of the cqaastcles.

Seven different methods were used to calculater{hgss,.,,, in the column and the results
are summarised in table 3.7. The, 55, calculated from the different methods varied
widely, ranging from 0.19 to 0.84. However, the lowest vaduises from the integration
of the aerosol extinction derived from the PCASP instrumeming) profile ascents, and
is likely the result of under-sampling of the aerosol numtx@mncentration due to the air-
craft pitch. The value derived from the profile descent is mchbetter agreement with
those derived from the other methods, and is consistent twéhvalue derived from the
nephelometer and PSAP measurements in the same profile ppkelimit is the result of
modelling the up-welling spectrally dependent radianceasured with the SWS instru-
ment with a derived surface albedo that is unrealistic dughtwlow contamination from
the aircraft. Using a more realistic surface albedo redutieonsistency with other meth-
ods. Detailed in-situ measurements of the surface BDRF waalleéguired to reduce the

uncertainties in this technique.

A relatively low value of 0.33-0.3#0.06 was calculated when modelling the BBR up-
welling fluxes at high level. Osborret al. (2004) obtain similar low values af—o 55,m
with the BBR method and suggest that the irradiance pyranometay have become
coated with a significant amount of aerosol during the flight] thus affect the measure-

ments.

There is good agreement (within the uncertainties of eadhadg between the,— 55,
derived from the SAFIRE radiances in both SLRs and orbits, tBR@ANET retrieval algo-
rithm, the SWS radiances, and integrating the aerosol géximfrom the nephelometer and
PSAP during the profile descent (the profile ascents resintachigherry—g ss5,,), with
values ranging from 0.440.06 to 0.55-0.06. The radiometric measurements both above

the biomass plume and at low-level show variations,i, 55,.., of up to+ 0.03 on spatial
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Optical depth retrieval Run number m\—g 55.m
i) Integrating extinction derived P9 0.62.03
from the nephelometer and PSAP P10 @:5303
0O4R11 0.610.03
i) Integrating extinction derived P9 0.25
from the PCASP P10 0.58
0O4R11 0.19
iii) Modelling the measured R8 0.340.06
up-welling BBR irradiance R9 0.330.06
iv) Modelling the measured R10.1;(R8/R9) 084
up-welling SWS radiance R10.2;(R8/R9) 045506
v) Modelling the measured R10.1 046.10
down-welling SAFIRE radiance R10.2 040.09
vi) Modelling the SAFIRE radiance orbits 0.40.05

as a function of scattering angle

vii) As vi) but using AERONET retrieval orbits 0.440.06¢

Table 3.7: Summary of thery—¢ss.,» derived from the different methods. The error in
method i) arises from the uncertainty.y used to derive the aerosol extinction. The error
in methods iii) and v) is the result of instrument precisioml ahe variation in the aerosol
along the run. The error in method iv) is the result of theatgon in the aerosol along the
run and the uncertainty in the sea surface reflectance. FTheiemrmethods vi) and vii) is
due to uncertainties in the magnitude of the measured reglgaf low values likely the
result of under-sampling d¥,,, during profile ascent$.high value due to aircraft shadow
contamination in the up-welling radiancésincludes an additional uncertainty of 0.01 to
account for the MBL aerosol below the aircratt.

scales as low as 43km. Therefore, the variationi 5s,..,, between the different methods
can be in part attributed to the variability of the aerosdhimarea where the measurements

were taken 150 - 200km).

Modelling the measured sky-radiance distribution from #reraft orbits is considered

to be the most accurate method as it has previously beematadichgainst ground based
sun-photometer measurements (Hayweoal, 2003b). The method is also sensitive to
the wavelength dependent aerosol optical propertiesdedun the model and can there-
fore give insight into any potential errors in the in-situcaaft measurements, such as a
mis-representation of the coarse mode particles. Futuasunement campaigns should
concentrate on measuring the sky-radiance as a functiarattesing angle when attempt-

ing to retrievery—o ss5.,. 1his should be combined with SLRs at various altitudes in the
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aerosol layer(s) to identify any layered structure in th®s@ optical properties, and deep
vertical profiles from the surface to the clean free tropesptio characterise the relevant

amount of aerosol as a function of altitude.

The AERONET retrieval of the column integrated aerosol sliggribution and optical
properties were shown to be in reasonable agreement witintkieu aircraft measure-
ments. Future measurement campaigns should continue tat aatidating the AERONET
retrieval algorithm for different aerosol types. If the SWiStrument was mounted on the
aircraftin a manner to measure the sky-radiance distobuthis would provide much more
detailed spectral measurements than the SAFIRE instrunsewditin this study, providing
excellent constraints for input into the algorithm. Of partar importance to radiative forc-
ing studies is that the measured sky-radiance distribuemaccurately modelled using the
column integrated aerosol properties, even though there tw® distinct atmospheric lay-
ers consisting of different types of aerosol (MBL and biomlassiing). Therefore, the
long-term global distribution of AERONET measurementsld@nd should be used to im-
prove global simulations of aerosol properties and thectlaerosol radiative effect, at least
in clear skies. However, chapters 4 and 5 show that in theepoesof clouds, the direct ef-
fect of partially absorbing aerosols such as biomass snsdkighly sensitive to the vertical
structure, thus column integrated optical properties natybe appropriate. Furthermore,
the aerosol semi-direct and indirect radiative effectsliitedy to be most sensitive to the

aerosol properties in and around cloud layers.



Chapter 4

The effect of overlying biomass burning
aerosol layers on remote sensing

retrievals of cloud optical properties

4.1 Introduction

A semi-permanent layer of marine stratocumulus existshaffdoast of Namibia and An-
gola (see figure 4.1), and is the result of cool upwelling aceater associated with coastal
currents and the presence of synoptic scale high-leveldeiise (Slingcet al,, 1982). As
the aged biomass burning aerosol is advected over theseiocegions, it tends to exist
in elevated polluted layers above the cloud, which is sepdray a clean air slot thus in-
hibiting aerosol-cloud interactions (see chapter 3). Hauethe presence of the partially
absorbing aerosol above the highly reflective cloud leads teduction in the outgoing
flux at the top of the atmosphere (Keil and Haywood (2003) d@mapter 5). Haywood
et al. (2004) present theoretical calculations showing that tlel®date Resolution Imag-
ing Spectrometer (MODIS) and Advanced Very High Resolutiodi®aeter (AVHRR)
satellite retrievals of water cloud optical depthy,.q, and cloud particle effective radius,
r., are subject to potential biases as a direct result of theyawg aerosol which is not
accounted for in the retrieval. This chapter investigatbetiver the bias im, is indeed

evident in the MODIS retrievals.

94
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Figure 4.1: Annual mean (1983-2001) global daytime stratocumulusdkoaction from
the International Satellite Cloud Climatology Project (ISCCR)data set. Stratocumulus
is defined as having a cloud optical depth of 3.6 - 23, and addop pressure exceeding
680 hPa. The semi-permanent stratocumulus cloud shedieoff\est coast of southern
Africa is evident, with annual mean daytime cloud fraction80%. The figure is available
at http://isccp.giss.nasa.gov.

Section 4.2 gives a description of the underlying prin@plsed to retrieve cloud optical
properties from satellite platforms. Section 4.3 outlitrestheoretical calculations of Hay-
wood et al. (2004), and section 4.4 examines the MODIS pixel level datdetermine

whether the theoretical biases are evident in the satedliteeval algorithms. Section 4.5

summarises this works findings.

The work in this chapter is included in the paper Hayweo@l. (2004) which has been
published in the Quarterly Journal of the Royal Meteorolab®ociety (see appendix D).

4.2 Satellite retrievals of cloud optical properties

The manner in which clouds interact with radiation deperrdaarily on the cloud optical
depth,7..4, droplet single scattering albeda,, and the droplet phase function (primarily

the asymmetry factory). As with aerosols, each of these parameters are dependent o
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the particle size distribution and wavelength dependdractve index. However, Slingo
and Schrecker (1982) show that the exact nature of the ssaebdition is not critical, and
that the radiative parameters can be determined from thue gdarticle effective radius.,,

given by,

?r3n(r)dr
=2 : (4.1)

Te

: ZOTQn(r)dr

wheren(r) is the droplet size distribution function, ands the radius. Therefore, remote
sensing retrievals of cloud properties are designed teevetiglobal distributions of ;.4
andr,, both of which are required to model the radiative impactlofids on climate (e.qg.
Slingo (1989)).

The AVHRR and MODIS satellite retrieval algorithms compareasurements of the up-
welling top of the atmosphere (TOA) radiances/reflectafroes two channels (one visible,
one near infra-red) to look-up tables based on extensivatnag transfer calculations for
a range ofr...q andr, until a best fit is obtained (e.g. Haet al. (1994), Platnick and
Valero (1995), Kinget al. (1998, 2003)). The underlying principle of this technigse i
that the up-welling TOA radiance in a non-absorbing bantié@mMisible wavelength region
(~< 1pm) is primarily a function ofr.,.q, and largely independent of because cloud
droplet absorption (1x) is negligible for all particles sizes (see figure 4.2). lbshl be
noted that there is a small dependence-pas illustrated in figure 4.3 (a), which results
from slight increases in thewith particle size, thus reducing the probability that a toimo

will be scattered back out of the cloud top.

In a water (or ice) absorbing band in the near infrared (2.5m), the up-welling TOA
radiance is primarily a function of, because droplet absorption becomes important, and
increases significantly with particle size. Therefore, tes ¢loud droplet size increases,
there is a greater chance that a photon will be absorbed ass$ep through the cloud,
reducing the amount of photons exiting the cloud and reactiie TOA. This is illustrated

in figure 4.3 (b), where the cloud reflectance in the near irdchis reduced as the

increases. At,.q values> 4 — 7, the radiance at 3w is independent of,,.4 for a
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Figure 4.2: Water dropletv,, as a function of wavelength for selected values .of The
refractive index of Hale and Querry (1973) is used o2 thereafter Palmer and Williams
(1974). Results apply to log-normal distributions with a meadius and, of the St2, Sc2,
and analytic size distributions in Slingo and SchreckeBg)9The location and bandwidth
of the MODIS wavebands used to retrieve cloud optical pribgeiover ocean are also
indicated.

givenr, (for realistic values of. i.e. > 4um).

At intermediate wavelengths (1-2.m), the TOA radiance is a function of botly,,, and
r.. By combining a measurement from the visible and near irdthwavelengths, both
Taoua @Nd 7, can be inferred. The calculations that form the basis of do&-up tables
include the effects of Rayleigh scattering, gaseous alisarptolar zenith angle and the
viewing geometry of the satellite. However, the effect afosels are neglected due to the
large uncertainties in the spatial and temporal distrdsutf aerosol optical properties and

vertical structure.

AVHRR retrieval; The AVHRR algorithm employs the non-absorbing Q:68band in
conjunction with the water absorbing 3s7 band to determine,,., andr. (Hanet al,
1994, Platnick and Valero, 1995). The measured radianeas@uded in the International
Satellite Cloud Climatology Project (ISCCP) analysis of cloudperties (Rossow and
Schiffer, 1991).

MODIS retrieval; The MODIS algorithm uses the non-absorbing band at2:8@&ver
ocean and 0.6on over land. Different non-absorbing bands are used overmoeed
land to minimise the contribution of the underlying surfaelectance to that measured
at the TOA. These are combined with water absorbing bands6at 2.13, and 3//m
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Figure 4.3: Bidirectional reflectance for various as a function of,,,, for the a) non-
absorbing (0.63m) and b) water absorbing (3.#) wavelengths used in the AVHRR
retrieval of cloud properties. The same features would lidee in up-welling TOA radi-
ances. Figure maodified from Platnick and Valero (1995).

to produce three retrievals ef,., andr. (King et al., 2003, Platnicket al, 2003). The
MODIS Level-2 MODO6 cloud product includes daity,., andr, values derived from the
default 0.86/2.13m radiance pairs at a spatial resolution of 1km. Haywebdl. (2004)
adopt the nomenclature of; 43, 7.2.13, andr.3.7, to represent the cloud effective particle
radius derived from the 0.86/1.63, 0.86/2.13, and 0.8@/3.Tadiance pairs. In addition
to ther., 13, the particle sizes from the retrievals that use the 1.633an@dm bands are
reported as differences from the default value, e.gg3-7¢2.13, andr.3 7-r.2.13. However,
the difference in,,4 resulting from the three retrievals is small (Platnétkal,, 2003) and
so only the default retrieval is reported. The Level-3 MO@B8duct contains daily, eight
day, and monthly aggregated global 1x1 degree grids of tkee fdam the Level-2 1km
0.86/2.13um retrieval.

4.3 Theoretical calculations
An overview of the theoretical calculations detailed in Wapdet al. (2004) that form the
basis for the work in this chapter are given in this section.

The radiance version of the Edwards Slingo radiation codalvéEds and Slingo, 1996)

was used to model the up-welling radiances at the top of thegthere at the wavelengths
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‘)\ = 0.55um A =0.63um A = 0.86um A = 1.63um \ = 2.13um A = 3.7Tum
7‘)\‘ 0.5 0.39 0.35 0.05 0.04 0.02

Table 4.1:Wavelength dependent aerosol optical depth ificluded in the radiative trans-
fer model. Values listed are at 0/5% and the wavelengths used in the AVHRR and
MODIS (over ocean) satellite retrievals of cloud propextie

0.63, 0.86, 1.63, 2.13, and 3un, corresponding to those used in the AVHRR and MODIS
retrieval algorithms of cloud properties. A sea surfacegerature of 287K and cloud top
temperature of 300K was used for the radiative transfeutation at 3.7, and was typi-
cal of the C-130 aircraft measurements during SAFARI 2000. cimribution by thermal
emission to the TOA radiances at the other wavelengths ikgitdlg. Calculations were
performed using a SZA of 3Gand a nadir viewing angle. The surface albedo was assumed
to be Lambertian and have a constant value of 0.05 at all wagéhs. The biomass burn-
ing aerosol was included in the model between 500 and 900 Raaw,— 55, of 0.5.
The optical properties of the biomass burning aerosol hadasi wavelength dependence
to the aged biomass burning aerosol detailed in chapterdBwane such thatoy—o 55.m

= 0.91 andr, decreased rapidly with wavelength as indicated in table Bk cloud was
inserted between 950 and 980 hPa and the liquid water covaert so that;,.; ranged

from 4 - 20, and-, from 4 - 2Qum.

Analyses of the monthly meamn— ss5,..» from the MODIS satellite in chapter 5 show that
values ofry—g 55,,m» > 0.5 are common over the Namibian cloud sheet during the nafnth
September. Further, the analysis of different techniqueéstive the aeroseh— 55, from
aircraft measurements in chapter 3 resulted in a mg&agss,,, of 0.41 for the biomass
smoke component for flight a791. A similar analysis for flgh788 and a789 is presented
in Osborneet al. (2004). Although ther\—¢ 55, reported for these two flights is typically
lower than flight a791, values as large as 0.34 and 0.40 wénievedd for the biomass
smoke, with the most reliable technique for deriving. ss,.» (modelling down-welling
radiances in banked orbits) resulting in values at the tap @nthis scale. Therefore,
the inclusion of aerosol with @,—(55.,» = 0.5 is representative of the situation over the

Namibian cloud sheet during the dry burning season.

AVHRR retrieval; Figure 4.4 (a) shows the calculated radiance at /6%ersus that
at 3.7um for the range of cloud properties modelled. The black line@wsthe model

calculations excluding aerosol, which are representativthe look-up table used in the
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satellite retrieval, and the white lines include the oviadybiomass burning aerosol. The
inclusion of the partially absorbing aerosol leads to aificant reduction in the TOA up-
welling radiance at 0.63n, such that for a4 of 10 the look-up table would be retrieving

a value of 8 (point A), and for a4 of 20 a value of 14 would be retrieved (point B).
The error becomes larger ag,.q increases as a direct result of the cloud reflecting more
photons back through the absorbing aerosol layer. At:d.The aerosol optical depth is
only 0.02, and so the change in the up-welling TOA radianc®. &t when including
aerosol is slight. The effect of including the aerosol leds general overestimation in the

retrievedr, of < 2um, with the most noticeable error for clouds with largg,. andr.,.

MODIS retrieval; Figures 4.4 (b) to (d) show the modelled TOA up-welling rades
for the three radiance pairs used to determine the cloudeptiep which are subsequently
reported in the Level-2 MODO06 cloud product. The result aluling the aerosol on the
retrieval using the 0.86/3ufm radiance pair is similar to the AVHRR retrieval, with figure
4.4 (b) indicating that the retrieval algorithm would retw@7,,,, of 10 for a real value of
12 (point A), and ar,,q Of 14 for a real value of 18 (point B). The errorip again does
not exceed 2m. Figure 4.4 (c) shows the results from the default 0.86/2:13adiance
pair. The underestimation in,,,4 IS again evident with points A and B showing the same
errors as those from the 0.86/3 radiance pair. The errors i are fairly minor and do
not exceed -Am in the parameter space tested. The results from the 0.3@/h.6adiance
pair in figure 4.4 (d) again show similar errorsin,.q. However, marked differences in
the retrieved-. are apparent between the cases where aerosol is includedfed in the
calculations. Point A indicates that the look-up table usete retrieval would return a
Teouq Of 10 @and a-, of 7um for a real ofr,,,,.4 Of 12 and a-, of 10um. Furthermore, point B
shows that a4 of ~9 and ar. of ~5um would be returned for a real @f;,,,;, of 10 and a

r. of 10um. This fairly large underestimation in in the presence of an overlying biomass
burning aerosol layer results from a large reduction in #dtance at 0.86n (aerosolr

= 0.39) which shifts all points to the left, whereas the aeredfect at 1.63m is small
(aerosolr = 0.05). However, because the up-welling 1u68TOA radiance is sensitive to
changes in both cloud droplet size and cloud optical degthpants move to the left of the

look-up table the retrieval returns a lower

Over land the non-absorbing wavelength band used is ceat&&85.m where the aerosol
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Figure 4.4:Modelled radiances as used in (a) the AVHRR, and (b,c,d) the NBO&lrievals
Of T0uq (T in figure) and-, from Haywoockt al.(2004). The default MODIS retrieval uses
the 0.86/2.13m radiance pairs. The black (white) lines show results exoudinclud-
ing) the overlying biomass burning aerosol. A solar zenithla of 30 and a Lambertian
surface reflectance of 0.05 is used in the calculations.

optical depth is greater compared to at QuB6which is used over ocean and in the above
calculations. This implies that over land regions evendaggrors in the retrieved,;,.q
andr, are likely where a partially absorbing biomass burning sertayer exists above

low level cloud.

4.4 Results

The theoretical calculations of Haywoed al. (2004) have shown that for the range of
cloud and biomass burning aerosol properties modelledyitbBIS and AVHRR satellite
retrievals may be subject to systematic low biases as lar86/ain 7,4, and of up to om

in 7.1 63 @s a result of not accounting for aerosol scattering andrptsn. Because the
MODIS MODO06 cloud product only reports;,..q from the default 0.86/2.13m radiance
pair, it is not possible to look for evidence of an aerosoéetffon cloud optical depth.

However, by analysing the wavelength dependence in thetexpwalues of-.; g3, 7c2.13,
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andr.3.7, the following question can be explored;

Is there evidence of an aerosol related biag.im the MODIS cloud product?

4.4.1 \Vertical structure of r,

To address this question, the impact that the vertical strecof cloud droplet size has

on the MODIS retrieval of-. needs to be considered. Since water droplet absorption at
1.63m < 2.13um < 3.7um (see figure 4.2), the retrievals at the shorter wavelengths
will probe deeper into the cloud due to the increase in thé atgth of the photon. A
degree of vertical sampling of with the three MODIS retrievals is therefore possible.
Aircraft measurements of marine stratocumulus clouds gsheaivthey tend to be close to
adiabatic in nature (liquid water content increases lilye&ith height) and that the water
dropletr, is greater at the cloud top compared to at the cloud baseg(énal, 1982,
Garrett and Hobbs, 1995, Keil and Haywood, 2003). Theretbreedroplet size retrievals

of re1.63 < re2.13 < Tes.7 iN the absence of any aerosol effect.

The magnitude of this effect, termed ’parcel theory’, on M@DIS satellite retrieval is
modelled by Platnick (2000). For adiabatic clouds the d#ffiees are fairly small, with
Te1.63 — Te2.13 Values< -0.6 ym andr.37 — re2.13 < +0.9 um for the 7.,,4 range of 5

to 15. For modelled clouds that are subadiabatic at mid $evleé maximum differences
increased ta< -1.0 um and< +1.6 um iN 7oy g3 — re2.13 @NArez.7 — re.13 respectively. This

is a result of a larger gradient in near the cloud top in the modelled subadiabatic cloud

in comparison with the adiabatic cloud.

Platnicket al. (2003) analyse a data granule from the MODIS MODO6 cloud pcodff
the coast of Peru and Chile (18th July 2001, 15:30 UTC), whetleneke marine stratocu-
mulus boundary layer clouds were evident. For the liquidewatoud, ther.; 63 — 7e2.13
effective radius difference is generally withinwk, although values- -2.5um are appar-
ent in the broken stratocumulus region. In contrastythe—r.. 13 differences are typically
within +1um. These are in general agreement with the theoretical elonk of Platnick
(2000), and can thus be explained by the vertical structiickboad droplet size as there is

unlikely to be significant amounts of absorbing aerosol gmées
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Figure 4.5:Probability density functions of, g3 — 7.2.13 (White dashed) and.z 7 — r.2.13
(black dashed) for the MODIS granule analysed by Platetckl. (2003) off the coast of
Peru on the 18th July 2001.

The same data granule is analysed further in this study bstaeting probability density
functions (pdfs) of the.; g3 — re2.13 andr.37 — re2.13. The pdfs are constrained byj,.q
values between 5 and 25 and over oceanic regions in orderdorsestent with the statis-
tical analysis of the southern African cases in sectiord4 Bigure 4.5 shows the two pdfs.
A slight positive bias is evident in thes; — r.2.13, With the modal peak at +0.20m. A
larger negative shift (modal peak of -0.48:) in ther.; g3 — reo.13 IS Clear, with differences

of > -2.5um accounting for 1% of the data.

The presented differences in thein non absorbing aerosol influenced regions need to be
borne in mind when assessing whether a bias is evident in DBI® cloud retrieval of-,

off the coast of Namibia due to the presence of an overlyiogiaiss plume.

4.4.2 SAFARI 2000 case studies

The MODIS 1 km resolution MODO6 Level2 data is analysed for isdividual cases
off the coast of southern Africa, on the 5th, 7th, 10th, 11#th, and 16th September
2000. The locations of the MODIS granules in the analysissa@vn in figure 4.6 (a),
and were concurrent with the C-130 aircraft flights (a785,7a#¥88, a789, a791, and
a792). Biomass burning aerosol was observed to exist intely@lluted layers above

the MBL in all six cases, with the semi-permanent stratocusweloud sheet measured



Chapter 4. Impact of overlying smoke on satellite retrieediislouds 104

during SAFARI 2000 existing at levels below the smoke (Hayavebal., 2004). Thus, if
significant amounts of biomass smoke exist in the granustitying whether a theoretical

bias in the MODIS cloud product is possible.

Figure 4.6 (b) shows the MODIS quick-look, real-colour casipes of the granules that
are investigated. For all six cases, the images show extenrine stratocumulus clouds
off the coast of Africa. Land based clouds are evident in sofrike images, the extent of
which varies between cases. Areas of the sea surface whegelapreflection (sun-glint)
is large can be visually identified in the images by the daakgrearing regions over ocean.
Biomass smoke can be identified by the hazy conditions in tlag&® in regions free of
cloud. The biomass smoke and sun-glint is more difficult &idguish visually in cloudy

conditions.

4.4.3 ldentifying aerosol influenced data

A knowledge of the spatial location of the biomass smokeesmonding to the MODIS
data analysed is required in order to detect the effect oaénesol on the retrieved cloud
properties. Although the MODIS Level2 MODO4 aerosol prad@portsr—o ss.m, the
retrieval is limited to clear skies (Tamet al, 1997, Kaufmaret al, 1997). Analysis of the
MODIS optical depth data for the six cases showed that vevyétrievals were made due
to the large amounts of cloud present in the granules. Toexgthe Total Ozone Mapping
Spectrometer (TOMS) Aerosol Index (Al) daia used to detect the presence of the over-
lying absorbing aerosol layer. The TOMS Al has previouslgrbased to characterise the
temporal and spatial distributions of absorbing troposigleerosols in other studies (e.g.
Hsuet al. (1996), Hermaret al. (1997), Hsuet al. (2003)).

The Al is a measure of the wavelength dependent change in leigta scattered radi-
ance as a result of aerosol absorption and scattering, atedined so that positive values
generally correspond to absorbing aerosols and negaties/to a conservative scattering
aerosol. However, when the aerosol resides near the Eantlags 1.5 km), the TOMS

Al can be negative for partially absorbing aerosol at lowiagtdepths (Hswet al, 1999).

lavailable at http://toms.gsfc.nasa.gov/aerosols/atsdgml; last accessed 18/05/04.
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AT785, 05/09/2000, 10:15-10:20 GMT

AT787, 07/09/2000, 10:00-10:05 GMT

(a) The locations of the MODIS granules concurrent with th&30 flights that are
used in the analysis

A785, 05/09/2000, 10:15-10:20 GMT

A787, 07/09/2000, 10:00-10:05 GMT

A788, 10/09/2000, 10:35-10:40 GMT

(b) Quick-look images of the MODIS granules analysed. Ane@sre biomass
burning aerosols and sun-glint are visually apparent alieated.

Figure 4.6:The MODIS Level2 data granules for the six SAFARI 2000 cases.
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Figure 4.7:TOMS Al corresponding to the locations of the MODIS grantiegure 4.6.
The data has been linearly interpolated to regions not eo\By the swath of the TOMS
instrument.

The vertical profiles measured onboard the C-130 aircrafivdhat the majority of the
biomass smoke exists at altitudes~af.5-6 km (see chapter 3 and Haywostdal. (2004))
in the region of interest, and so positive values of the TOM$ak be used to identify the

spatial distribution of the aerosol.

A comparison of the TOMS Al to ground based sun photometeisorements of aerosol
optical thickness during the biomass burning season owghem Africa reveals an ap-
proximate linear relationship between the twQ_(, 3s,., «~ 0.8XAI) (Hsuet al, 1999).
By considering the wavelength dependence of the biomassesotical properties (see
chapter 3), this correspondstQg 55, ~ 0.4XAI (Haywoodet al, 2004). However, the
comparison is likely biased to measurements taken neacsoegions, where the aerosol
wWor=0.55um 1S likely to be lower than in the aged regional haze (Adiehl, 2003). There-
fore, the exact relation may not hold true for the aerosokathd off the coast of Namibia

and Angola, although larger values of Al will generally @spond to larger values of

TA=0.55um+
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Figure 4.7 shows the Total Ozone Mapping Spectrometer (TIOAéE0sol Index (Al) data
for the MODIS granules analysed. The data has been lingadypolated to 'data-missing’
regions that result from gaps between the swath of the TOMBument on successive
orbits. On the 5th, 10th, 11th, and 14th September, a cleghM8puth gradient is evident
in the TOMS Al, with values greater than 1.25 in all casgs( 55, exceeds~ 0.5) to the
North. The southern areas of the granules are comparatregpf biomass smoke. On the
7th September it is clear that biomass smoke influences tlodewhgion, with values of
TOMS Al in excess of 3.57—¢ 55,m» €xceeds~ 1.4). For the case on the 16th September
the TOMS Al is more patchy, and a low confidence is placed initkerpolation of the

TOMS Al to data missing regions due to the relative lack ohdat

4.4.4 Analysis of MODIS data

A detailed analysis is presented for the two cases on thendti@th September 2000. The
other four cases are less ideal due to a lack of aerosol imtfakepixels, excessive sun-
glint, sub-pixel cloudiness, or other cloud types that aeconsistent with the theoretical

analysis, although the results are discussed in brief suigsgly.

Qualitative analysis

7th September 2000Figure 4.8 (a) and (b) show the quick-look image and the TOMS
Al for the case on the 7th September. Figure 4.8 (c) and (dvshe MODIS retrieval of
Telouqa @NdAr, using the default 0.86/2.13n radiance pair. The area of sun-glint is readily
identifiable by the sharp transition to regions where claudkdserved to exist in the quick
look image, although a retrieval is not made due to additiopastraints placed on the
cloud-mask (Platnickt al,, 2003). This results in the screening out of optically tHouds

in areas where the effect of sun-glint on the measured TOAatgifhces is significant. The
majority of the stratocumulus cloud sheet shows 6., < 14, and 5< r.13 < 15.
This is in general agreement with values measured onboar@+h30 aircraft off the coast
of Angola, at a latitude o~ 15-17S (Keil and Haywood, 2003). Higher values®f,.4
andr, are evident to the North of the data granule, particularlgrdand regions. This is

indicative of deep convective cells with ice particles (inaxm r., 13 for water droplets is
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30um in the retrieval (Platniclet al,, 2003)).

The effective radius difference,s ; — r.2.13 is shown in figure 4.8 (e), with the majority of
the region showing values 1.m (green colours). This is in agreement with the theoretical
calculations which show that the biomass smoke has a smpadiahon the retrieval using
the 3.7um waveband. Positive and negative values to the North of thiemeare apparent
and are associated with the deep convective ice clouds tbed mot considered in the
theoretical calculations. Figure 4.8 (f) shows thggs — 70,13, With a negative bias (blue
colours) evident across the majority of the region. Biase2db -4 pm are common
(mid blue colours) over the low-level stratocumulus, witliues in excess of -bm (deep
blue colour) also apparent over large areas. This bias isistemt with the theoretical
calculations of biomass burning aerosol overlying cloud] & larger than that attributed
to parcel theory in the South American case where theretlis 6t no absorbing aerosol

present.

10th September 20Q@rigure 4.9 (a) and (b) shows the quick look image and TOMSoAI f
the case on the 10th September. The sharp gradient in the TRM&ween the polluted
area to the North-East, and the more pristine air to the Sallibws the impact of the
biomass smoke to be examined in both aerosol and non-aenfis@nced pixels within
the same MODIS data granule. Typical values.@f,; andr.,.13 (figures 4.9 (c) and (d))
are in the range, & 7.,.4 < 16, and 5< res 13 < 15 for stratocumulus clouds. Higher
values of bothr,,,; andr. 13 are evident in the bottom left of the granule 29S,12E),

and are again indicative of ice clouds.

Ther.37-re0.13 €ffective radius difference is shown in figure 4.9 (e). Praoiantly green
colours are evident across the granule corresponding tasadb 1.m, as with the 7th
September case. By examination of the TOMS Al andithes-r.0.13 (figure 4.9 (f)), a
typical bias in the range of -2 to -om (blue colours) is evident to the North-East of the
granule where the partially absorbing aerosol overlieddhelevel stratocumulus cloud.
In the regions free of both biomass smoke and ice clouds t&thuth of the granule, the
bias is significantly reduced, and is generally withimk (green colours). The spatial
correlation between the TOMS Al and the low bias in thgs; provides evidence for the
effect of overlying biomass smoke on the MODIS cloud retrleff the coast of southern

Africa predicted by theory. Further, it shows that the bissburning aerosol produces a
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Figure 4.8:7th September 2000; a) MODIS quick-look image. Obvious dimt gegions
and biomass smoke is indicated in clear-sky areas; b) TOMS)AVODIS 7,,.,4. The
area where sun glint influences the retrieval is indicate®)@DIS defaultr., 13 [um]; €)
Te37Te2.13 [Wm]; ) Te1.63Te2.13 [Hm].
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A788,10/09/2000, 10:35-10:40 GMT
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Figure 4.9:As figure 4.8 but for the case on the 10th September 2000.
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noticeable effect on the 1.3~ reflectance above that resulting from parcel theory in the

non-aerosol influenced pixels.

Other SAFARI 2000 casesThe 7th and 10th September cases show that the most sig-
nificant bias is apparent in retrieval of cloud droplet sizeng the 1.63.m reflectance.
Therefore,a brief discussion of thg g3 — r.2.13 for the less ideal cases (5th, 11th, 14th,
and 16th September 2000) shown in figure 4.10 is given. Alstocwed in figure 4.10 is

the TOMS Al to assist with the visual identification of aerasfluenced pixels. It is clear
that the number of pixels in which a retrieval is not made (e/areas) is far greater for the
less ideal cases than on the 7th and 10th September 2000y #melsatistical certainty of

any biases is reduced.

The case on the 5th September shows a small bias across thenmetion (-1 to -2um).
There is perhaps evidence of a more negative bias in aerdigdmced pixels around the
coastal areas where the TOMS Al, and thysis the greatest. However, the large amount
of sun-glint removes the majority of the pixels influenceddayosol making it difficult to

visually identify the bias predicted in the theoreticalotadtions.

On the 11th September, a negative bias to the North assoaiatie the biomass smoke
exists, and reaches values in excess ofixp. In the aerosol free regions, the data is
noisy and is the result of deep convective clouds,(; -~ 25). This makes it difficult to
ascertain if any bias in non-aerosol influenced pixels foudt that are consistent with

those modelled exists.

Broken stratocumulus clouds are persistent across the Igrémuthe case on the 14th

September, and the cloud amount is low leading to poor statis

The uncertainty in the interpolation of the TOMS Al as a resitilthe large amount of
'data-missing’ regions on the 16th September makes it probtic when looking for a bias
in aerosol influenced pixels. Therefore, although largsdsaup to -5um in the r.; 43
retrieval are apparent, it is difficult to determine whettiegse pixels are influenced by

biomass smoke.
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A785,05/09/2000, 10:15-10:20 GMT A789,11/09/2000, 09:40-09:45 GMT

N©
A792,16/09/2000,09:55-10:00 GMT
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Figure 4.10r .1 63-rc2.13 [um] for the cases on the a) 5th September, b) 11th September, c)
14th September, and d) 16th September. Also contoured (tiéck lines) is the TOMS
Al, shown in more detail in figure 4.7.

Statistical analysis

Probability density functions (pdfs) @f; ¢3-rc2.13 andr.3 7-r..13 Wwere constructed in both
aerosol and non-aerosol influenced regions in order to mé&terthe magnitude of the
aerosol effect on the MODIS cloud retrieval that is eviderthie spatial analysis presented

in figures 4.8 to 4.10. In determining the pdfs the followihgee conditions are applied;

1) 5 < Tuoua < 25; This removes low,,,4 Values that are likely to include sub pixel cloudi-
ness regions e.g. the pixel is classed as overcast in thé @tueval although clear regions

on the sub pixel scale will reduce the TOA up-welling radiateading to a low bias in
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Taoud (Platnicket al,, 2003). Highr,,,.q Values are screened out to remove large convective
clouds that whilst important, are not considered in the tiécal calculations of Haywood

et al.(2004). Furthermore, the range®f,.; considered is broadly consistent with the the-
oretical calculations(,,.,,=4 - 20) and the ISCCP classification of stratocumulus clouds
(Tetowa=3.6 - 23).

i) Pixels over land areas are screened ;0Aircraft measurements over land show that
the biomass burning aerosol tended to be well-mixed througthe boundary layer (see
chapter 2, Haywoodt al. (2003a), Maget al. (2003)). Furthermore, the vertical profile at
Otavi in chapter 2 showed evidence of cloud at the top of thmbary layer. It is therefore
uncertain if significant amounts of biomass burning aeregdt in elevated layers above

low level cloud over land areas.

iii) TOMS Aerosol IndexA pixel is defined as being influenced by the biomass burning
aerosol if the TOMS Al> 0.25. For values of AK 0 the pixel is classed as being non-
aerosol influenced. To remove the effects of any misclaasibic of aerosol and non-
aerosol pixels around the edges of the biomass plume, iatkate values of the TOMS Al

(0 < Al < 0.25) are classed as being indeterminate. This misclestsiiicmay arise due

to advection of aerosol between the time of the TOMS and MCfal8llite overpass, or as

a result of the coarser spatial resolution of the TOMS data.

Once again, the cases on the 7th and 10th September 2000sausstd in detail, re-
sults from the less ideal cases are summarised in table ®@reM4.11 shows the aerosol
and non-aerosol pdfs for the cases on the 7th and 10th Septe?@00. Biomass burn-
ing aerosol was persistent across the whole granule anbtyséhe 7th September as has
been identified by the TOMS Al, thus the pdfs contained no aerosol influenced pix-
els, approximately 735,000 aerosol influenced pixels, €@ indeterminate pixels with
the above screening procedure applied. A large negativeibithe aerosol influenced
re1.63 — Te2.13 PAf is evident, with a peak at -2.48: (54% of pixels > -2.5um). This shift

is much more significant than that which can be attributecatogd theory, with the results
in section 4.4.1 indicating a low bias of -0,73 (14% of pixels > -2.5um) in the case off
the coast of South America. This additional negative biafiénaerosol influenced pdf is
entirely consistent with the theoretical calculationshat,; ¢3 retrieval in the presence of

an overlying biomass plume. The aerosol influencgd — r..13 pdf has a modal peak
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Figure 4.11:Probability density functions of; g3 — re2.13 (White) andr.s ; — res.13 (black)
for the MODIS granules off the coast of Namibia on a) 7th Seybter 2000; b) 10th Sep-
tember 2000. Solid lines represent pdfs for aerosol inflaérand dashed lines for non-
aerosol influenced pixels.

at +0.45:m, a result that perhaps indicates a slightly more positias than the value of

+0.2Qum in the South American case.

The strong North to South gradient in the biomass smoke oAQte September allowed
both aerosol and non-aerosol pdfs to be constructed, whoapnately 705,000 aerosol,
490,000 non-aerosol, and 115,000 indeterminate pixetgjlassigned. There is no statis-
tical difference in the modal peak of the; ; — r...13 aerosol (-0.14m) and non-aerosol
(-0.22um) pdfs. However, the modal peak in the aeraseks; — 2.3 pdfis -1.93:m (32%

of pixels> -2.5um), and -0.4@m (16% of pixels> -2.5um) in the non-aerosol influenced
pdf. Thus, by delineating the MODIS pixels that are influehbg the overlying biomass

plume from the aerosol-free pixels, the negative bias irrthg; retrieval is apparent.

The TOMS Al (and thus,—¢ 55, ) in typically lower on the 10th September than the 7th
September. This would act to reduce the probability that @qhwill be absorbed by
the overlying aerosol layer. Therefore, the negative athe r.; ¢3 retrieval would be
expected to be less on the 10th September, as is evidenthintmmodal peak and in the

percentage of pixels with a bias in excess of 4225 in the aerosol influenced pdfs.

Table 4.2 summarises the modal peak in the aerosol and moeehedfs for the other four

cases concurrent with the C-130 flights. The; —r.2.13 pdfs show a small negative bias in
the non-aerosol influenced pixels, with the aerosol pixelagpmore positive or negative.
With the exception of the case on the 14th September where ighsignificant amounts of

broken stratocumulus, the peak in thegs — r.o.13 pdf in non-aerosol regions is negative,



Mode of pdf (um)

aerosol

non-aerosol

Approximate number of pixels x1000

Region Flight Date 7.1.63 — Te2.13 Te3.7 — Te2.13 Tel.63 — Te2.13 Te3.7 — Te2.13 aerosol indeterminate  non-aerosol

southern Africa A785 05/09/00 -1.14 -0.15 -0.58 -0.31 425 450 460
southern Africa A787 07/09/00 -2.78 +0.45 N/A N/A 735 20 0

southern Africa A788 10/09/00 -1.93 -0.17 -0.40 -0.22 705 115 490
southern Africa A789 11/09/00 -1.02 -1.04 -0.04 -0.62 130 55 295
southern Africa A791 14/09/00 -1.68 -1.40 +0.74 -0.86 185 85 330
southern Africa A792 16/09/00 -1.32 +0.25 -0.10 -0.32 380 180 140
South America N/A 18/07/01 N/A N/A -0.73 +0.20 N/A N/A 1120

Table 4.2:Modal effective radius difference from the constructedsp@fating to aerosol and non-aerosol influenced pixels Qs — r.2.13 and
Tesr — Te2.13.- A SUmmary of the approximate number of 1km cloud data pitteds were classed as aerosol, non-aerosol, or indeteeranatalso

tabulated. Results are shown for the six cases off the coa&mibia, and for the granule analysed by Platréthkl. (2003) off the coast of Pert

and Chile.
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in agreement with parcel theory. Broken stratocumulus ddwave been shown to produce
spurious results in the MODIS data (Platnetial., 2003). The results faf,; g3 —r.o.13 pdfs
are always more negative in aerosol influenced regions wbeapared to the non-aerosol
influenced regions, in agreement with the potential low Ipeedicted in the theoretical
calculations. Further, for all six cases the bias.ifs; — r.2.13 in aerosol influenced pixels
is greater than that observed in the granule off the coasbafifSAmerica, where little

absorbing aerosol is present.

4.5 Summary and discussion

The theoretical calculations of Haywoetial. (2004) show that a potential low bias of up
to 30% in the MODIS and AVHRR retrievals of,,; may occur when biomass burning
aerosol €y—o.55.m = 0.5) overlies low-level cloud. Furthermore, low biasedage as

-5um may occur in the MODIS retrieval of, that uses the 1.63n reflectance.

Both the MODIS and AVHRRr,.c (and AVHRR r.) products are only reported from
the retrieval that uses the default radiance pairs. Thuditiadal independent informa-
tion would be required such as detailed in-situ aircraft sneaments co-ordinated with
the satellite overpass to determine whether a bias is prestwever, the MODIS-. is
reported in the MODOG6 cloud product for all three retrieyalfowing the identification of

any wavelength dependent biases to be examined.

Previous analyses of the MODIS MODO06 cloud product off thastamf South America
have shown that that.; 3 < re2.13 < 7e3.7 IN regions where there is little or no partially
absorbing aerosol (Platnioit al, 2003), a result that is consistent with the photons at
shorter wavelengths penetrating deeper into the cloudevter cloud effective radius is
typically smaller (Platnick, 2000). A statistical analysif the same data granule in this
study revealed a modal biasin g3 — re0.13 Of -0.73 um, with 14 % of the pixels having a
negative bias--2.5um. Thus, the effect of aerosols on remote sensing retrievaisraust

be considered in addition to this effect.

The C-130 aircraft measurements from SAFARI 2000 off the colldamibia and Angola

show that biomass smoke existed in an elevated polluted &yave the MBL, and that
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the semi-permanent stratocumulus cloud sheet is sepdratadhe overlying aerosol by
a clean air slot, thus minimising cloud-aerosol interawti¢gsee chapter 3). By analysing

MODIS granules that are concurrent with the observatidns,shown that

i) spatial distributions of negative biasesrin g3 — r.2.13 €xist that appear to be correlated

with absorbing biomass burning aerosol as identified froeni®@MS Al.

i) a modal bias inr.; g3 — re0.13 a@s large as -2.7@m, with 54% of pixels >-2.5um in

aerosol influenced regions, a result that is larger tharetttialbuted to parcel theory.

i) @ more negative bias im.; 63 — r.2.13 IN aerosol influenced pixels compared to non-

aerosol influenced pixels.

This under estimation in.; g3 observed in the MODIS data in regions influenced by bio-
mass smoke is entirely consistent with the theoreticaltations. The result suggests that

a simultaneous low bias in,,..; from spaceborne retrievals that are based on measuring the
cloud top reflectance is likely. Furthermore, in identifyioloud modification by aerosol
particles (the indirect aerosol effect) from satellite @tsitions of cloud optical properties

in the presence of a surrounding aerosol, studies need tmakctor the reduction in the

r. due to any overlying partially absorbing aerosol if the L&3reflectance is used. The
impact of the potential low bias in the MODIg,,,; andr, on the modelled direct radiative

effect of southern African biomass burning aerosols isstigated in chapter 5.

Biomass burning aerosols are likely to overlay low-leveluds in other regions of the
world. Similar biases in satellite retrievals of cloud optiproperties as over the Namibian
cloud sheet may therefore be apparent. For exampleeHsli(2003) find that the impact
of smoke aerosols from burning activities in Southeast Agjaificantly reduced the out-
going solar irradiance at the TOA by as much as 100Wduring March 2000 (a positive
radiative forcing), and that the reduction in spectral gty of clouds due to the over-
lying smoke is similar to the theoretical calculations ofgiwoodet al., 2004). Further,
other partially absorbing aerosols such as Saharan dustbaerved to be transported in

elevated polluted layers (Tanet al., 2003) and may therefore exert similar biases.

Satellite based retrievals of clouds potentially contailugble information on the proper-

ties of any overlying partially absorbing aerosol. In pautar, the magnitude of the bias
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in the MODISr.; g3 and7.,.q4 IS primarily sensitive to the, andwg, of the aerosol. An
increase in the aerosol absorptionudy) or in ther, will enhance any bias evident in the
retrieval. By combining the 1.63n reflectance with that from other MODIS wavebands
in the spectral range 0.4-0.7bn (MODIS has 11 bands in this range) and building up
detailed look-up tables based on radiative transfer caficuls that include both aerosol
and cloud models, retrievals of aerosols above cloud mayolsilple. In practice, this
may be difficult due to the temporal and spatial variabilityhe aerosol and cloud vertical
structure and optical properties. However, additionabrimfation from future spaceborne
instruments, such as the Cloud Aerosol Lidar and Infrareldffpaer Satellite Observations
(CALIPSO) (Winkeret al., 2003) satellite which is due to fly in formation with the MCB®I

Aqua satellite, has the potential to provide such infororati



Chapter 5

Modelling the regional direct radiative
effect of southern African biomass

burning aerosol

5.1 Introduction

Previous attempts to model the direct radiative effect ofriass burning aerosol on re-
gional and global scales have either used detailed in-sitasorements to determine the
forcing on a local scale and then estimated a large scalecinfpay. Penneet al. (1992),
Chylek and Wong (1995), Hoblket al. (1997)), or have used modelled distributions of
aerosols in sophisticated general circulation models (GQklg. Penneet al. (1998),
Grantet al. (1999), lacobelliet al. (1999), Takemurat al. (2002), Myhreet al. (2003)).
The conversion to a large scale forcing using the former ateth inherently uncertain,
whereas the uncertainties in the burden, optical proedied vertical structure of aerosol
included in different models with the latter method is largéne impact of these uncer-
tainties are highlighted by the wide range of estimates englobal annual mean direct
radiative effect of biomass smoke determined from the GCMis#y with values ranging
from -0.74 Wn1? (lacobelliset al, 1999) to -0.01 Wm? (Takemuraet al, 2002). These
uncertainties need to be addressed before a degree of ca#idan be placed in the GCM

model results.

119
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In this work a multi-column radiation code is used to calteithe direct radiative effect of
biomass burning aerosols over the southern African redibe.aerosol optical properties,
and the aerosol and cloud vertical structure are consttdgehe airborne measurements
presented in chapters 2 and 3. Satellite and GCM data are agstirate the horizontal
distribution of aerosol. Satellite retrieved fields of adisuand land surface albedo are also
incorporated into the model. Sensitivity tests, such as "Wimgact does the potential
error in the MODIS retrieval of cloud optical depth and effee droplet radius presented
in chapter 4 have on the direct aerosol effect?” are theropedd, in order to assess the
most important parameters that need to be targeted by fatesesurement studies and

captured in the more detailed GCMs.

Section 5.2 describes the experimental set-up and givesaipigon of the model, with
the results from the model calculations presented in se&i8. A comparison with other

studies and concluding remarks is given in section 5.4.

5.2 Experimental setup

5.2.1 Multi-column radiative transfer model

The single-column 2-stream version of the Edwards Slingg6I@diation code (Edwards
and Slingo, 1996) was reconfigured to an independent mailinen version. Whilst the
spectral file used in the single-column version is retaieahaintain the codes flexibility,
the user can now prescribe 3-D fields of any radiatively aaj@seous absorbers, aerosols,
and clouds. A 2-D surface pressure and Lambertian albedsgity field can also be
included. The model can be run over the whole of the Earthiasairor the user can
specify a box with a set longitude and latitude range. Thezbatal resolution can then
be specified by the user. The vertical resolution of the maglsbecified in the same
manner as the single-column version. The user can speeifstént/end time and date and
the time-step required for each call to the radiation codge iicoming insolation at the
top of the atmosphere (TOA) and solar zenith angle (SZA) tisexlculate the fluxes at
each time-step are determined using the scheme employlee Mét Office Unified model

(Ingramet al,, 1997). The output model fluxes are then averaged over thkertober of
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time-steps.

For this study the long-wave effect of the biomass burningsa is neglected and is likely
to be small due to the strong wavelength dependence of the@extinction coefficient in
the biomass smoke (see chapter 3). For the short-wave aatmd the spectral resolution
was set at 220 wave-bands in the wavelength range Q:2:Mith the majority of wave
bands situated in the visible and near infra-red part of fleetsum. The vertical resolution
of the model was set at 33 levels. The vertical profiles of erafure, pressure, and gaseous
absorbers were held constant at every grid box. The troplocahtology of McClatchey
etal.(1972) was used for temperature;,,@nd HO(g). Other greenhouse gases included in
the model were DO, CH,, CO,, and Q. The mixing ratio data for these gases were taken
from Coferet al. (1996) and IPCC (2001) and were assumed to be well mixed thouig
the atmosphere. The distribution of biomass burning aéragmud, and surface albedo

included in the model is discussed in subsequent sections.

5.2.2 Horizontal distribution of aerosol

The horizontal distribution of biomass burning aerosolras@uthern Africa is estimated
from two independent sources; i) General circulation medétulations that utilise trans-
port models of various aerosol species (Tegeal., 1997); ii) the MODIS satellite retrieval
of aerosol optical depth (Kaufmagt al,, 1997, Tane et al, 1997, Ichokuet al.,, 2003).

Model estimate of aerosol optical depth

To simulate the spatial distribution of biomass burning kenover southern Africa the
GCM model results of Tegeet al. (1997) are uséd The data consists of a global distri-
bution of monthly mean averaged. 5., at a horizontal resolution of 4%5or several
aerosol species based on transport models of soil dust rfTage Fung, 1995), sea salt
(Tegenet al, 1997), sulphate (Chiet al,, 1996), and organic and black carbon (Liousse
etal, 1996) aerosols. Implicitin the GCM calculations is thatitidividual aerosol species
are externally mixed. Therefore the total column integtaiptical depth is given by the

sum of the optical depths from the individual aerosol congds.

ldata available at http://gacp.giss.nasa.gov/transpast/accessed 29/06/04


http://gacp.giss.nasa.gov/transport
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For the transport of the carbonaceous aerosol (OC+BC) the GCkraes climatolog-
ical meteorology and uses monthly averaged emission ralé& emission inventories
used characterise aerosols emitted from natural soura@gsdeect emission of OC from
plants), fossil fuel burning, domestic fires (e.g. woodrcbal/dung), agricultural fires (e.qg.
wheat/corn/rice), and savanna and forest burning. Reméearosol from the atmosphere
due to both dry and wet deposition is parameterised in the G&ivithis study the contri-
bution by biomass burning aerosols to the carbonaceousaaenp over southern Africa
during the dry season are assumed to dominate over emigsiomsiatural and fossil fuel

sources allowing the spatial distribution of the biomasslgrto be determined.

A climatology of ground based observations from the AERON{tii photometer net-
work (Holbenet al,, 1998) over southern Africa is compiled to assess the acgwfthe
the GCM calculations. The cloud screened, calibrated andialigninspected Level 2.0
AERONET daté covering the time period of June 1995 - September 2003 is. uged
daily averaged, is initially compiled at each sun-photometer site and thenrhonthly
mean computed. Only days where at least three individuasurements are available
are included in the climatology. This process resulted intal tof 4857 daily and 268
monthly averaged values covering the 22 AERONET statioatsitad data available in the
observation period considered, the location of which adecated in figure 5.1. Table 5.1
summarises the observational statistics for each month.orfe metailed overview of the
climatology at each AERONET station is given in appendix Bs ktlear that August and
September contain the greatest number of observations.igairesult of some temporary
stations only taking measurements during the intensiveAF\R000 field campaign. The
spatial distribution of observations is poorest for Apritwonly 6 stations included in the

climatology.

To allow for a direct comparison with the GCM results the AEREINdata is interpo-
lated to 0.5%m from the reported wavelengths of 0.34, 0.38, 0.44, 0.507,006887, and
1.02um. This was achieved using a quadratic fit of foym= a + bx + cz?® + da®. For all

months and stations the coefficient of determinatig#) for the fit was> 0.95. Figure 5.2
shows a comparison of the total column integrated opticptld&éom the six AERONET

stations that have data for at least 11 months of the yearthwtfGCM data in the grid

2data available at http://aeronet.gsfc.nasa.gov/; lastissed 29/06/04


http://aeronet.gsfc.nasa.gov
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Figure 5.1:AERONET Sun-photometer stations in southern Africa thatesed to build up
a climatology of monthly mean aerosol optical depth. ApmeBdsummarises the monthly
Tr=0.55,m @nd observational statistics for each station.

\Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Statonsf 7 8 7 6 8 13 11 18 20 13 10 9
Months |16 18 17 14 17 23 22 34 36 27 25 19
Days |281 258 260 287 373 445 435 685 706 461 367 299
Factor |2.7 3.1 25 22 13 09 11 18 25 34 18 22

Table 5.1: Summary of the number of sun-photometer stations, montigsdays in the
observation period June 1995 - September 2003 includeceiABERONET climatology

for each month of the year. Also shown is the factor that thel tmerosol optical depth

in the GCM of Tegeret al.(1997) needs to be increased to obtain a reasonable agreemen
with AERONET measurements.

box co-incident with each sun-photometer site. The surtgrheter data at Ascension Is-
land, some 2500km off the coast of southern Africa has a pe#&ugust indicating that
significant amounts of biomass burning aerosol are tratspdarge distances over the
southern Atlantic Ocean during the dry season as was mebsaob®ard the C-130 aircraft
during SAFARI 2000 (Haywooet al, 2004). The other stations on the southern African
continent show large increasesify 55,,» from the background values for the period of
August to October when biomass burning is prevalent. Itéarcthat the GCM results
severely under predict the—( 55, at all stations, especially in the dry season. This is
consistent with the analysis of Rengdral. (2002a) and Kinnet al. (2003), who find that
the same GCM model under estimates biomass burning aerascdlogepth over south-

ern Africa. The discrepancy between the GCM and observatitmsbe due to errors in
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the model source strength or transport of aerosols. For gbearthe source inventory of
carbonaceous aerosols used in the GCM (Liowdsd., 1996) contains an annual global
value of 45 Tg yr! of organic matter and 5 Tg yt of BC produced by biomass burning,
whereas the study of Scholes and Andreae (2000) predicevaifi80 and 9 Tg yr'. It
also appears that the model initiates the biomass burniagpsetoo early (May - June)
whereas the observations suggest it occurs closer to Jhlg.ig likely to result from the
seasonality in biomass burning fires in the source invenflagusseet al., 1996), which

imposes a similar pattern in the GCM calculated aerosol apdiepth.

In order to quantify the underestimation in the model optdampth, a correction factor
specific to each month is derived from a linear fit of the GGM, s55,..,, to that measured at
the AERONET stations using all of the data in the climatolofgble 5.1 lists the correction
factors for each month. The model appears to predict theraointegrated optical depth
to within £10% in the months of June and July, although this may be due todhg e
initiation of the biomass burning cycle. During the burngggason the model under predicts
the 7\—0.55,» by @ factor of 1.8 to 3.4, with the largest error in Septemlyet @ctober.
Figure 5.2 also includes the GCM data multiplied by the derim@rrection factors and the
MODIS satellite data for September. The improvement in tloeleh data with respect to
the AERONET and satellite observations in both the mageitand the seasonal cycle of

the 7\—o.55,.m IS evident, suggesting that the correction factors aresteal

However, to model the radiative impact of the biomass smkeeathe fraction of aerosol
in the column that is attributed to the background aerosetiag¢o be removed. Following
the methodology of Remet al. (2002a), it is assumed that the GCM of Tegt@al. (1997)
models the background aerosol components (sea salt + svi+dulphate) well in the dry
season and that the underestimation in the column intebogttcal depth is entirely due
to the model producing low amounts of biomass burning aérdsmcompensate for the
underestimation of the biomass burning aereso) ss,., in September the smoke compo-
nent in the GCM data is boosted by a factor of 4.4 to reach agreewith the AERONET
climatology. This translates to a mean and standard dewiablumn fraction of biomass
smoke of 84-12%. The derived column fraction is in agreement with the C-1306raft
measurements over the south Atlantic (see chapter 3 and@s#tal. (2004)). However,

the assumption that the background aerosol is modelledinvéie GCM is highly uncer-
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Figure 5.2: Comparison of the monthly mean column integrated aerosataadepth at
0.55:m from the GCM of Tegemt al. (1997) with values measured at 6 AERONET sites.
The years where the AERONET data was obtained is indicatéfibandividual plots. Also
shown is the monthly mean value with a correction factor igojadb the GCM data derived
from a linear fit to the AERONET measurements (see table &rg,the mean MODIS
aerosol optical depth for September (2000-2003 averag&joudent with the AERONET

site.
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tain, especially when the GCM also underestimates{hgss,.., in months where biomass
burning is uncommon (e.g. by a factor of 3.1 in February).ilgswbal aerosol models can
adequately reproduce observed distributions of aerostnating the column contribution

of aerosol by type is problematic.
MODIS retrieval of aerosol optical depth

The monthly mean column integrated aerosol optical deptlséptember (2000-2003 av-
erage) retrieved with the MODIS instrument onboard the a&satellite and reported in
the MODOS8 Level-3 global atmospheric prodtiat a wavelength of 0.56n is also used
to estimate the spatial distribution of the biomass burr@agpsol. The monthly aerosol
product results from an average of the daily Level-2 MODO0®1T0km resolution aerosol
product aggregated to a spatial resolution of°1(ling et al., 2003). A brief overview of

the retrieval algorithm is now given.

The underlying assumption in the MODIS aerosol retrieviiad the up-welling reflectance
measured at the TOA is given by the sum of the surface and ptreds components in
the solar wavelength range. The atmospheric componentle€t@ce contains informa-
tion about both molecular scattering, clouds, and aerosasthe aerosol retrieval, cloud
pixels are screened out using the MODIS cloud mask (Platic. 2003) and aerosol
properties are determined only in clear skies. To removsuinice contribution, different
procedures are then applied when retrieving aerosol piiepayver land and ocean as a
result of the more complex characteristics of the land serfaflectance. Over ocean the
surface contribution to the TOA reflectance is relativelyairand is parameterised in the
operational retrieval algorithm (Icholket al., 2003). Over land the surface reflectance is
estimated using the 2.L3: channel which is largely transparent to anthropogenicsmro
(large coarse mode particles are likely to degrade the acgyr This is then used to es-
timate the surface reflectance in other channels. Howdverempirical relation used to
estimate the surface reflectance at other wavelengthsyisapplicable to dark dense vege-
tation or dark soils (Kaufmaat al, 1997) and aerosol retrievals over bright surfaces such

as deserts are not made.

Once the surface characteristics are determined theuvadttieen uses look-up tables based

3data available at http://daac.gsfc.nasa.gov/MODISt;dasessed 25/04/04


http://daac.gsfc.nasa.gov/MODIS
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on detailed radiative transfer calculations that includeabler,, SZA, satellite viewing
angles, and various aerosol models to obtain agreemenebéetthe measured and mod-
elled reflectances. Nine aerosol models are used in the @garithm (4 fine modes, 5
coarse modes) and are not restricted to geographical doc@fane et al., 1997), whereas
the operational land algorithm contains only 3 aerosol n®(2 fine modes, 1 coarse
mode), of which an a-priori assumption of any fine mode cbuation is determined solely
on geographical location and season (Kaufraaal., 1997). During the biomass burning
season over southern Africa, the aerosol model used assuimedractionv, of 0.90. This
is in agreement with the C-130 aircraft measurements takémeiaged regional haze but
significantly higher than the measurements taken near sagagions (Abekt al,, 2003).
The lowerw, near source regions is likely to lead to an underestimatiothé MODIS
retrieved optical depth in southern Africa (Ichoktial, 2003). However, the prelaunch
estimates for the retrieval accuracy &af- = +0.05 + 0.057 at a wavelength of 0.5bn
over ocean (Taiet al,, 1997) andA 7, = +0.05+0.207, over land (Kaufmaret al., 1997)

have been shown to be reasonable (Ehal, 2002, Remeet al,, 2002b).

In constructing the 4 year average MOD1$. 55,.,,, distribution for this study, the data
were linearly interpolated to 'data-missing’ regions ok&rd where the surface reflectance
is too high for the retrieval algorithm. The data were thegragated to the same resolution
as the GCM and multiplied by the biomass smoke column fracti@4% derived from the
GCM distribution. As discussed previously, estimating tbetdbution of biomass smoke
is highly problematic and the errors associated with thaevaf 84% need to be treated as

an additional uncertainty in the presented model calcuiati
Comparison of the GCM and MODIS aerosol optical depth

Figure 5.3 shows the spatial distribution of the monthly meg. s5,., for September
from the a) uncorrected OC+BC component in the GCM results oeiTegal. (1997); b)

the OC+BC component boosted by the correction factor of 4.&elkfrom the compari-
son with the AERONET climatology; c) the MODIS total colummeagrated value; d) the
MODIS data multiplied by 8% to estimate the biomass burning aerosol component and
aggregated to the GCM resolution. The transition betweendban and land retrievals of
aerosol in the monthly mean MODIS data is reasonably cardistven though significant

differences exist between the retrieval algorithms oved land ocean.
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Figure 5.3:Monthly mean aerosol optical depth for September at a wagéeof 0.55m

for a) OC+BC component in the GCM; b) OC+BC component in GCM incredsea
factor of 4.4 as derived from comparison with AERONET meaments; c) MODIS to-
tal column (2000-2003 average); d) MODIS data aggregatélaket@ CM resolution and x
0.84 to estimate the biomass burning aerosol fraction. TB®M data is linearly interpo-
lated to missing data regions over arid land areas wherautfface reflectance exceeds the
threshold value required for the aerosol retrieval.

The under estimation of the aerosol optical depth in the uected GCM data is evident
with values over southern Africa being significantly loweam in the MODIS satellite
retrieval. Correcting the GCM data with the factor derivedrirthe AERONET climatol-
ogy brings the spatial pattern into much better agreemetfit the MODIS distribution.
In the region of outflow off the coast of Namibia and Angolanfrthe southern African
anticyclone, a North-South gradient in aerosol opticaltdep evident in both the GCM
and MODIS derived climatologies, and is consistent witht #taown for the individual
cases studied in chapter 4 (see figure 4.7). However, whénees is a single peak off
the western coast of southern Africa in the model data, thebDMBdata has a secondary
peak inland. Over oceanic regions the corrected GCM distabuends to produce higher
values of aerosol optical depth than the remotely sensea] dapecially off the eastern
coast of Africa. The higher values may be the result of thegited AERONET climatol-

ogy being biased to locations over land (only a single siteobthe 22 was over oceanic
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regions), and so the derived correction factor of 4.4 is geshmore representative of sites
closer to the source regions. The sensitivity of the ragédorcing of the biomass burning
aerosol over southern Africa to the two spatial distribogi@f smoke (figures 5.3 b) and

d)) is examined in section 5.3.1.

5.2.3 Aerosol optical properties

The aerosol optical properties in both fresh biomass bgrpiomes and in the aged re-
gional haze have been discussed in chapters 2 and 3 regbeciio include the aerosol
in the multi-column radiative transfer model the wavelénd¢pendent properties derived
from three log-normals fitted to the measured PCASP sizeilaliston and suitable re-
fractive indices are used. In this study the aged regionzé I modelled with the size
distribution measured on flight a791 (see chapter 3) andraatéfe index of 1.54-0.018
at a wavelength of 0.5bn, which results in avyy—55.» 0f 0.89. For the fresh aerosol
the log-normal fit to the size distribution measured in thav®plume of Haywoockt al.
(2003a) is used with a refractive index of 1.54-0.038ta wavelength of 0.5bn for all
three modes, which results inu@x—o ss.» 0of 0.84. This is in agreement with the direct
measurements of aerosol scattering and absorption giaadt the fire (Abekt al., 2003).
The effect of hygroscopic growth is neglected as the effat¢he optical properties is min-
imal (Magi and Hobbs, 2003) and so the measured quasi-dogalewptical properties are

used.

To identify the most active regions of burning over south&frica the multi-year active
fire dataset derived from the Visible and Infrared Scann@R8) instrument on the Trop-
ical Rainfall Measuring Mission (TRMM) satellite is usedThe strong emission of mid
infra-red radiation from fires is exploited to detect a firenfr the VIRS instrument and
a detailed description of the retrieval algorithm and permi@ance is given in Gigliet al.
(2003). Figure 5.4 shows the mean fire counts for southeritafn September (1998-
2002 average). It is clear that the majority of fire activitySeptember occurs in a band

between latitudes of -2 and -18 degrees North, although &s¢ ébast of southern Africa

4data available at http://daac.gsfc.nasa.gov/CAMPAIBBICS/hydrology/TRMMVIRS_Fire.shtml;
last accessed 25/04/04


http://daac.gsfc.nasa.gov/CAMPAIGN
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undergoes significant burning at latitudes below this. Agbcated in figure 5.4 are the
GCM grid boxes where the total fire count exceeds 500, indiigdtie areas where biomass
burning is most prevalent and the optical properties ofhfi@emass burning aerosol are
likely to dominate over the aged regional haze and shoulddeaded in the multi-column
radiative transfer model. Abet al. (2003) show a rapid evolution of the aerosol properties
as the plume travels away from the fire source and by the timaéhosol is advected away
from the burning region the optical properties measurethénaged regional haze will be
more suitable. This is supported by AERONET measurementg &fom SAFARI 2000
that show values of 0.84 to 0.85 in the areas where local l8erbarning is common, with
higher values in areas away from the source regions @Eek, 2003). It should be noted
that the threshold of 500 fires in a grid box to define the aratts gveatest fire activity
and thus where fresh aerosol properties are used is somarvtditaary, especially since the
fire count data used is likely to underestimate the total remobfires (Giglioet al.,, 2003).
However the sensitivity of the direct radiative effect ogeuthern Africa to variations in

the threshold value is investigated in section 5.3.3.

5.2.4 Horizontal distribution of cloud

Monthly mean data from the MODIS Terra satellite is employ@thclude cloud into the
multi-column radiative transfer model using the MODO08 Le¥global atmospheric prod-
uct. The monthly mean value results from an average of the dalel-2 MODO6 cloud
products discussed in chapter 4 aggregated to a spatiadtiesmf 1x1° (King et al,, 2003,
Platnicket al., 2003). Figure 5.5 shows the horizontal distribution arstdgrams of the
water cloudr,,,; andr. derived from the default 0.86/2.48: (ocean) and 0.65/2.1i3n
(land) radiance pairs for September (2000-2003 mean). gtiswn are the water and ice
cloud fractions over the southern African region. It shoodédnoted that the water cloud
Taoud @Ndr, are averaged over data points where the water cloud fraigreater than
0%.

The spatial distribution of the water clougd,., (figure 5.5 (a)) shows values ranging from

approximately 6-13 off the coast of Namibia and Angola int8eyber, where values of

Sdata available at http://daac.gsfc.nasa.gov/MODISt;dasessed 25/04/04


http://daac.gsfc.nasa.gov/MODIS
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Figure 5.4: Fire pixels for September (1998-2002 average) retrieveth fthe Visible
and Infrared Scanner (VIRS) instrument onboard the TrogRahfall Measuring Mis-
sion (TRMM) satellite. The data has been corrected for mleltgatellite overpasses and
missing observations (Gigliet al, 2003). The black squares show the grid boxes used in
the modelling work in this study where the most frequent mgmccurs (total fire counts

> 500).

Teoud YaNQing from 1-12 were inferred from the C-130 aircraft measents of cloud
liquid water path and. (Haywoodet al, 2004). Higher values occur when cloud forms
over land. The histogram reveals a peak value of 8 (mea®=3) over the whole of the

southern African region.

The histogram of water clougl. (figure 5.5 (b)) peaks at 13n (mean=14m, oc=3um).
This value is somewhat higher than that measured on the Cil@@faduring SAFARI
2000, with Keil and Haywood (2003) reporting a cloud tQmf 7.44+3.6um, 7.4+3.1um,
and 7.8:1.1um for three flights off the coast Namibia and Angola. It is als@er than the
value of 1Qum used for low-level clouds in the Oslo GCM when modelling theiative
effect of biomass burning aerosols during SAFARI 2000 (Myétral., 2003). Therefore
the cloud included in the modelling work in this study is gexly less reflective than the

work of Myhreet al. (2003) as a result of the larger water droplet size.
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The water cloud fraction (figure 5.5 (c)) histogram peaks&% 3mean=4%, 0=21%),
although much larger values in excess-060 — 70% can be seen off the coast of Namibia
and Angola where a semi-permanent startocumulus cloud shpeesent. Furthermore,
it is clear from the spatial distribution plot that the matpiof the land mass in southern
Africa is persistently cloud free during September, witk #xception being near some

coastal areas.

The ice cloud fraction (figure 5.5 (d)) shows a very differdistribution to the water cloud.
The histogram peaks atO(mean=8c, 0=10%). Itis clear from the spatial distribution that
ice cloud is uncommon over the majority of the southern Afnicegion in September. For
the purpose of this study ice clouds are not included in thiéi+oolumn radiative transfer
code. The presence of high ice clouds would act to reduce #gnitude of the direct

radiative effect of any underlying biomass burning aerosol

The theoretical calculations of Haywoed al. (2004) discussed in chapter 4 suggest that
the MODIS retrieval ofr,.q is subject to low biases of up to 0in the presence of an
overlying biomass burning aerosol layer withra. 55,, of 0.5. A value of 0.5 is not
uncommon off the coast of Namibia and Angola during Septer(dee section 5.2.2). A
potential low bias in-, of several microns was also evident, although the effeckéy

to be< 1um in the default 0.86/2.13n retrieval used in the monthly mean data product.
The sensitivity in the radiative impact of the biomass bagréierosol to the potential low

bias in7.,,q andr, in the MODIS cloud retrievals is explored in section 5.3.4.

The effect of the diurnal variation of cloud amount and agdtjgroperties in the southern
African region in September is also investigated. The nigjof this work uses a four year
mean cloud field derived from the Terra satellite, the orbivbich passes from North to
South across the equator in the morning. The cloud field dedun the model is therefore
biased towards clouds present during the morning. The tedelition of the MODIS Aqua
satellite with an orbit that overpasses the equator fronitsSmuNorth in the afternoon will
dramatically increase the ability to monitor the daily ednility of the atmosphere. Figure
5.6 shows the percentage change from the Terra (morningpas®y to Aqua (afternoon
overpass) data of.,.4, 7., and water cloud fraction for September (2002-2003 avgrage
A positive value represents an increase during the day idilegative value represents a

decrease. ltis clear that thg,,; and cloud fraction tends to decrease over oceanic regions
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Figure 5.5:MODIS Terra cloud products over southern Africa at 1xdsolution for Sep-
tember (2000-2003 average). The spatial distribution astddgrams are shown for a) water
cloud optical depth; b) water cloud droplet effective radjum]; c) water cloud fraction
[%]; d) ice cloud fraction %]. The cloud optical depth and effective particle radius are
averaged over data points where the water cloud fractioreater than %.
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Figure 5.6: The diurnal cycle of water cloud properties from the MODISr&gmorning)
and Aqua (afternoon) measurements in September (2002-2@38ge). Positive values
indicate an increase from morning to afternoon and negaéltees a decrease.

during the day. This decrease is consistent with visualwbsens of the stratocumulus
cloud sheet off the coast of Namibia and Angola from the C-Ii8faft during SAFARI
2000. It is also in agreement with ship based observatiomaasfne stratiform clouds
(Rozendaaét al, 1995) and is likely a result of the increase in solar heatimgng the day
tending to 'burn-off’ the low-level cloud (e.g. Johnsenhal. (2004)). Over land regions
increases in the,,.; and cloud fraction during the day are evident. This is pdgshe
result of an increase in convective activity. Differencesneen the Terra and Aqua mea-
surements of. are fairly small over both land and oceanic regions. To testrnpact of
the cloud diurnal cycle on the radiative forcing, model rans also performed using the

two year mean cloud field derived form the Aqua satellite ctisa 5.3.4.

5.2.5 Water cloud optical properties

The Edwards-Slingo 1996 radiation code adopts the paraisegion of Slingo and Schrecker
(1982) to determine the optical properties of cloud drapéet a function of,;,,.; andr. in
order to negate the need of computationally expensive Mierth The parameterisation is

of the form;

b
Totouds = LW P <aA 1 i) (5.1)

Te

Wox = 1— (C,\ + d,\Te) (52)
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gr = ex+ fare (5.3)

where LW P is the cloud liquid water path ang,, b,, c,, d\, e\, and f, are fitting pa-
rameters as a function of wavelength derived from a leasaregufit to Mie scattering
calculations for water droplets covering a range of raal&te distributions. For the pur-
pose of this study, Mie scattering calculations for stoatif water droplets were performed
using log-normal distributions with the modal radius apaf the eight drop size distribu-
tions detailed in Slingo and Schrecker (1982) and the rasadex of Hale and Querry
(1973) to 2um, thereafter that of Palmer and Williams (1974). The fittirggmeters were

then calculated for the 220 wavebands used in the radiatida.c

The inclusion of cloud at each grid box in the model requihesdloud liquid water mass
(LW M), r., and cloud fraction at each model level. Theand cloud fraction in this study
are simply taken from the monthly mean MODIS data discuseeskection 5.2.4. The
LW M is calculated by initially deriving thé& W P from the monthly mean,,,,, retrieved
from the MODIS satellite using equation 5.1 with values.9fandb,, at 0.65:m over land
and 0.8@um over oceanic regions to correspond with the wavelengthg unsthe MODIS

retrieval (see chapter 4). THdV M is then calculated from theW P using,

dp;
g

LWP = / LW M, (5.4)

i

wheredP is the pressure interval for model levehndg is the acceleration due to gravity.

5.2.6 Vertical distribution of aerosol and cloud

The vertical profiles of biomass burning aerosol measurethernC-130 aircraft during
SAFARI 2000 show that the aerosol tended to be well mixed irctirginental boundary
layer over land € 4.5 km AGL) due to strong dry convection (chapter 2 and Hayohedal.
(2003a,b)), whereas over oceanic regions the aerosokédxistan elevated polluted layer
(1.5-5.5 km ASL) above a shallow marine boundary layer (tvap, Keil and Haywood
(2003), Haywoocket al. (2004)). Similar vertical structures of biomass burningoael
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over land and oceanic regions have been measured with otenment platforms in the
southern African region (Andersaet al., 1996, Kaufmaret al., 2003, Magiet al,, 2003,
Schmidet al,, 2003). Furthermore, the Oslo CTM reproduced similar vattofiles of
biomass smoke for September 2000 (Myéteal., 2003).

In this study the cloud is only included in one model levelattegrid box, although this
level can change depending on whether the cloud is over landean. The justification
for using one grid box in the vertical is that it is the quanbf the aerosol above the top
level of the cloud that is important in accurate determorabf the direct effect. Aerosol
within or below cloud exerts a radiative forcing that is @ds negligible (Haywood and
Shine, 1997). Therefore the exact details of the underlgiogd are not relevant although
it is recognised that these factors may be important in deteng the indirect and semi-
direct aerosol effects. The C-130 aircraft measurements #iat over oceanic regions the
low-level cloud tends to form at the top of the MBL below thevalied biomass plume
(chapter 3 and Haywooet al. (2004)). Over land the cloud was observed to form at the
top of the continental boundary layer (J Haywood, persooairaunication 2004). Figure
5.7 shows the vertical structure of aerosol and cloud iredud the multi-column radiative
transfer model. The land vertical profile is used at grid where more than 50 of the
area within the relevant grid box is situated over land. Aet@articles and cloud droplets
are assumed to be externally mixed when they exist in the saodel layer and changes
in the aerosol optical properties with adsorption of wateamy aerosol indirect effect on

the cloud properties is neglected.

In section 5.3.5 the impact of changing the vertical profitettee direct radiative effect of

the biomass smoke is investigated.

5.2.7 Surface albedo

Determination of the magnitude and sign of the aerosol tadiaffect on climate is highly
sensitive to the prescribed surface albedo (e.g. HaywoddSirne (1995), Rosst al.

(1998), Myhreet al. (2003)). A large number of GCMs currently adopt a land covas-<l
sification scheme for the parameterisation of the surfdeedal which in turn requires an

accurate representation of the soil and vegetation system $elleret al. (1996)). How-
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Figure 5.7: Vertical profile of the biomass burning aerosol (solid liagy cloud (dashed
line) included in the model over oceanic and land regionse Vdrtical profiles are based
on the in-situ aircraft measurements detailed in chaptersi3.

ever, recent advances in satellite based retrievals allmmgterm consistent global and
high spatial resolution data set of surface albedo to beekkrin this study, the sensitivity
of the direct radiative effect of southern African biomassring aerosol to the surface
albedo derived from the AVHRR and MODIS satellites is invgatid.

Both the AVHRR and MODIS satellites follow a similar methodpjao convert the mea-
sured clear-sky up-welling reflectances at the top of th@aphere to a land surface albedo.
The method involves converting the measured directioriééatances to a hemispheric
albedo by utilising models of the land bidirectional refeeate functions (BDRF), an at-
mospheric correction to account for aerosol and water vapffacts, and a narrow to

broadband spectral conversion.

The current operational MODIS surface albedo algorithmssuksed in detail in Jiet al.
(2003a,b). The retrieval outputs seven spectral narrod/biredos X =470, 555, 648, 858,
1240, and 2130 nm) and three broadband albedos, one in thie\{i3.3-0.7:m), one in the
near infra-red (0.7-5/0n), and one covering both the visible and near infra-red r§0ge
5.0um). Furthermore, both black-sky and white-sky albedos goented at each spectral
resolution. The black-sky albedo refers to the case whersufface is only illuminated by
the direct component of the radiation whereas the illunmgatadiation field in the white-
sky albedo represents the diffuse component. These arertiotisic albedos that depend

on the reflectance properties of the surface. The actuatlaltieat occurs in nature is a
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Figure 5.8: a) MODIS black-sky albedo at 0.25esolution for the period 14th - 29th
September 2001 and b) AVHRR albedo at 0.&%so0lution for September averaged over a
five year period (1985-1987,1989-1990). White pixels in bitdla sets represent missing
data values.

combination of the two and is dependent on the atmosphduimiihation conditions. At
the time of this study a long term data set of the MODIS surdbedo product was not
available and so the 0.2Besolution MOD43 16 day average productvering the period
from the 14th - 29th September 2001 is used. However, immusi the MODIS data into
the multi-column radiative transfer model allows the effd@t the increase in spectral
complexity of the surface has on the radiative impact of ibenlass burning aerosols to be

investigated.

A detailed description of the AVHRR retrieval is given by Gatnet al. (1995) and Csiszar
and Gutman (1999). The data set usiechis study reports five year averaged values (Sep-
tember 1985-1987,1989-1990), and contains the direct oaeg of the albedo (similar to
the MODIS black-sky albedo) in a broadband covering thetsple@nge 0.35-3,0m at a
resolution of 0.25. A comparison with the MODIS broadband albedo will give gigiinto

the effect that differences in the two retrievals, and peshehanges in the surface albedo

with time have on the radiative transfer calculations.

Figure 5.8 compares the broadband MODIS black-sky albedo e southern African

region to the broadband AVHRR albedo. Similar spatial patién the different retrievals

Sdata available at http://edcdaac.ugs.gov/; last acc&x%66/04
‘data available at http://islscp2.sesda.com/ISLSTRP2mLpages/groups/veg.html; last accessed
02/06/04


http://edcdaac.ugs.gov
http://islscp2.sesda.com/ISLSCP2
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Figure 5.9:Histograms of land surface albedo at 0.B8solution for southern Africa for the
MODIS black and white-sky, and AVHRR albedo retrievals. Thedize in the histogram
is 1.2%.

of the direct component of the land surface albedo are etiithowever, significant differ-
ences in the two retrievals can be seen by examination ofist@gnams in figure 5.9, with
the albedo from the MODIS retrieval being larger in generais is consistent with the re-
sults of Jinet al. (2003b), who compare the two albedos over the whole globatridute
the difference to i) the direct component of the albedo gahebeing higher as the solar
altitude increases due to the reflectance properties ofutiace (the MODIS black-sky
albedo is normalised to local-solar noon whereas the AVHRIRdD is normalised to an
overhead Sun); ii) a possible residual aerosol effect inAidRR data due to an under-
estimation of the aerosol amount in the retrievals atmaspleerrection procedure; iii) a
change in the land cover from the historical AVHRR data-seéh&éomore recent MODIS
observations. Differences may also arise from the broatibetnievals of the two satellites
covering different spectral ranges. The possible expiangatare not investigated here,
rather it is the resulting uncertainty in the modelled direcliative effect to the different

satellite retrievals of surface albedo that is of interest.

It is also clear in figure 5.9 that the MODIS white-sky albedifopic illumination)>

MODIS black-sky albedo (direct illumination). The highdibedo results from an increase
in the path length of a photon through the atmosphere andftitera greater probability
of multiple surface-atmosphere scattering with isotrdfpisnination compared to direct

illumination at local solar noon.



Chapter 5. Model calculations of the direct radiative eftaar southern Africa 140

Figure 5.10 shows the different spectral complexities laisée in the MODIS retrieval

for a grid box that is spatially coincident with low level miperformed by the C-130
aircraft during SAFARI 2000 (flight a790, see chapter 2). Ténes spectral narrowband
retrievals show that there is an increase in the land suddtoedo with wavelength to

« 2um, highlighting the strong spectral dependence of the lamthea reflectance. A
220 band spectral albedo is constructed at each grid box thgrpeng a quadratic fit to
the seven spectral measurements in the wavelength rangd.3:m. Outside of the
wavelength range covered by the retrieval the albedo ispatated at a fixed value. Also
indicated are the three different broadband retrievalsetition 5.3.6 the effect of including
either the broadband (0.3-%.0:), the visible and near infra-red broadbands, or a 220 band

spectral albedo to the radiative forcing of the biomass sni®kxplored.

The average broadband albedo (0.3+34) across the MODIS grid box determined from
the measured up and down welling BBR irradiances onboard th80Caicraft is also
shown in figure 5.10 for comparison. The C-130 measuremen?%fi% in reasonable
agreement with the MODIS white-sky (0.3-p:@) albedo of 15¢, although it should be
stressed that the measured values are from the previousieaever, this type of com-
parison highlights the fact that in-situ aircraft measusats of land surface albedo can and

should be used for validation studies of satellite basetrets.

In the multi-column radiative transfer model both diffusedadirect components of sur-
face albedo can be included. The ratio of the downwellingdidiffuse radiation to the
total downwelling radiation at the surface in the model isdugo weight the individual
direct/diffuse albedo components respectively. The siolu of cloud or aerosol in the
atmospheric column will therefore increase the relativeghiing of the diffuse albedo.
It should be noted that for the AVHRR albedo only a single ditroadband retrieval is
available and so the diffuse component is set equal to tleetdiomponent. Interpolation
to data missing regions in the MODIS data-set over land duetoclear sky conditions
is performed before inclusion into the model. Over oceaegians the surface albedo is
set equal to % at all wavelengths in both data sets and is in agreement WihCt130
aircraft broadband measurements of Gehval. (2004) for the relevant monthly mean solar
altitude over southern Africa. The strong SZA dependenchesea surface reflectance is

not accounted for in this study.
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Figure 5.10: MODIS white-sky albedo as a function of wavelength for Septer 14th-
29th 2001 for the 0.25grid box centred at -19.62Bl, 17.375E. Shown are the three
broadband retrievals at 0.3-@:7, 0.7-5:m, 0.3-5um, and the spectral dependent albedo
derived from seven of the MODIS wavebands. Also indicatethésspectral albedo in-
cluded in the model using least squares fitting with a quadoéthe form y=a+bx+ckto

the spectral measurements\at 0.47—2.13um, and extrapolated at a constant wavelength
outside of this range. The measured albedo from the C-13€n#igpatially coincident
with the MODIS data (13th September 2000) is shown for corspar

5.3 Results

Base case calculations were performed with both the MODISG@M derived distribu-
tions of aerosol optical depth. Each model run included theif aerosol optical properties
(wor=0.55,,=0.84) at the GCM grid boxes where the total number of fire corE00
and aged regional haze optical properties Lo 55,.,=0.89) elsewhere, MODIS broadband
(0.3-5.Qum) direct and diffuse albedo, MODIS water cloud propertied gpatial distrib-
ution from the Terra satellite, and the vertical profile megad onboard the C-130 aircraft
over land and oceanic regions. The input parameters wenevdréed from the base case
and the sensitivity of the radiative forcing to each parandetermined, where the radia-
tive forcing is defined as the instantaneous change in thieraditance caused by the direct

aerosol effect.

The horizontal resolution of the model was set at the reswoludf the GCM aerosol data
(4x5°). The finer resolution of the other data sets were aggredgati coarser resolution

of the GCM for the majority of model runs. This allowed a direcmparison of the results
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from both of the aerosol distributions. However, calcalas were also performed using
the MODIS data-set at a resolution of Ixincreasing the number of columns over the

southern African region from 150 te 3000.

For the majority of the work in this study a monthly time-stegs selected. Therefore, for
each model run the SZA and incoming TOA insolation is avellageer the whole month

at each grid box and the radiation code called once. Seihsitasts were performed by
selecting a daily time-step (30 calls to the radiation cdddgst the impact of variations
in the daily mean SZA and insolation during the month of Seybier, and using an hourly
time-step for the middle day in September (24 calls to thétemh code) to test the sensi-

tivity to the daily SZA variation not accounted for in the ntbly time-step.

5.3.1 Base case; sensitivity to aerosol spatial distribution

Figure 5.11 shows the radiative forcing at the top of atmesplifA o 4) for model runs
with clouds not included (clear-sky) and with the inclusadrclouds (whole-sky) over the
southern African region using the base case with the MODI&°(And 4x5) and GCM
(4x5°) derived horizontal distributions of biomass burning @eto The clear-skyA Frro 4
is negative everywhere and the spatial pattern is similéinéaerosol optical depth distri-
bution included in the model, with the exception over the isard regions to the South
where the higher surface reflectance reduces the net ogtfjamat the TOA compared
to areas with a lower surface albedo. The whole-sky moded simow a positive\ Fro 4
off the coast of Namibia and Angola where the partially absay aerosol overlies low-
level cloud and is negative elsewhere. The region of pasfwcing is in agreement with
that predicted from the calculations of Keil and Haywood(Q20 Also shown in figure
5.11 is the whole-sky radiative forcing at the surfad&{,, s...) with large negative values

evident over the whole of the southern African region.

Table 5.2 shows the averageFro, and AF,, ¢, diagnosed from the different spatial
distributions of biomass smoke across the whole regiord fa@rels only, and sea pixels
only. The average regional clear-skyF’ro4 ranged from -9.0 to -10.8 Wnd, and the
AFyyu face from -20.5 to -24.3 Wm? for the different aerosol distributions. In the absence

of clouds the radiative impact at the surface~i®.3 times greater compared to at the TOA



Chapter 5. Model calculations of the direct radiative eftaar southern Africa 143

i) Biomass burning aerosol = MODIS derived (1x1°)
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ii) Biomass burning aerosol = MODIS derived (4x5°)
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iii) Biomass burning aerosol = GCM derived (4x5°)
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Figure 5.11: Radiative impact over the southern African region using thsebcase (see
text for details) with the biomass burning aerosol spatisiribution derived i) from the
MODIS satellite at a resolution of 1x1ii) as i) but aggregated to a resolution of 4xand
iii) from the corrected model results of Tegetal.(1997) at 4x5. Panels show a\ Frro s
under clear-sky conditions; By Fro 4 with clouds included (whole-sky); @ F,, race With
clouds included (whole-sky). The dashed line indicategrdmesition between positive and

negative radiative forcing. The colour scale changes batwBeAFro, andAFg,, fac.
plots.
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over the region, and is typical of other studies over soutidrica (Ichokuet al., 2003) and
the Indian Ocean (Satheesh and Ramanathan, 2000). Thetktodrige mean clear-sky
AFro4 over land is greater than that over the sea with the MODISsatfeeld, and less
with the GCM derived distribution. However, the MODIS and GCiaged results are
in good agreement over the land. The impact of the biomasgesmeer the sea is perhaps
over estimated with the GCM distribution, which containeghtar values of aerosol optical
depth than the remotely sensed data, particularly off tis¢éeea coast of southern Africa

(see figure 5.3).

The averaged regiondl F;rp 4 for whole-sky conditions ranges from -3.5 to -4.2 Win
and theAF,, o from -15.7 to -18.6 Wm? depending on the aerosol distribution used,
with the strongest radiative impact from the GCM derived agdtidepth. This is again
due to the excess aerosol over oceanic regions in the GCMbdistn. The magnitude

of the regional forcing is~ 4.4 times greater at the surface compared to the TOA. This
is a direct consequence of the large amount of solar radiatisorbed by the aerosol in
the atmosphere which is given BYFro4 - AFgur race, f€Sulting in average values of 12.1
and 14.4 Wm? for the two cases. This is similar to the value of3'Wm~2 reported for
the Indian Ocean region during the dry season where largeiaisof partially absorbing
aerosol are persistent in a heavily polluted haze layer (Ratharet al., 2001a). By com-
paring the clear-sky to the whole-sky runs it is clear thatidk reduce the direct radiative
impact of biomass burning aerosol in the southern Africayiare during September by a
factor of -~ 2.5 at the TOA and- 1.3 at the surface. However, the effect is more significant
over the sea due to the increased presence of clouds (fdctod ® at the TOA and 1.4 at

the surface).

Model runs were also performed using the uncorrected GCMsakrbstribution. This
resulted in a large weakening of the modelled radiativeifigr@as a result of the large
under estimation in the amount of aerosol. The impact waedaae the average whole-
sky AFro4 to -1.1 Wnm? and theAFy,, foce 10 -4.5 WnT?2, corresponding to changes
from the base case of -74and -76% for the TOA and surface forcings respectively. This
highlights the large potential errors that more detailed G€&l¢ulations will make if the

characterisation of aerosol emissions and transport acgrgct.

The effect of reducing the MODIS spatial distribution froxill to 4x5 has a very small
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Aerosol Clear-skyAFroa Clear-skyA F; face
distribution AF,ey Range AFjuuq AFseq AFey Range AFjng AFse,
MODIS x 84% 1x1°| -9.0 -2to-34 -9.7 -86 -20.6 -5to-75 -27.6 -17.0
MODIS x 84% 4x5°| -9.0 -4to-26 -10.0 -85 -205 -9to-65 -27.5 -16.9
GCM x 4.3778 4x58| -10.8 -4t0-29 -10.0 -11.3 -24.3 -10to-64 -27.5 -22.6

Aerosol Whole-skyA Frro 4 Whole-skyA Fyyr face
distribution AF,.; Range AFjgng AFseq AF.ey Range AFjgng AFseq
MODIS x 84% 1x1°| -3.5 11t0o-18 -6.8 -1.8 -15.7 -5to-55 -23.2 -11.8
MODIS x 84% 4x5°| -3.6 6to-16 -7.0 -1.8 -157 -6to-45 -23.1 -11.8
GCMx4.3778 4x8| -4.2 8to-12 -7.2 -25 -186 -7to-44 -23.4 -16.0

Table 5.2: September monthly mean surface and top of atmosphere dadietive effect
[Wm~—2] averaged over the southern African regid¥.,), land only \F,,.,..), and ocean
only (AF,.,). The maximum to minimum range [Wr#] in the forcing over the whole
region (Range) is also included. Clear-sky and whole-skylteate shown for model runs
including the spatial distribution of biomass smoke dativi®m the MODIS satellite at
1xI° and 4x5 resolution and from the GCM data at 4x®solution.

impact on the average radiative forcing (&t the TOA and<1% at the surface). Be-
cause the impact of the higher resolution runs does not ivegdice calculation of the mean
forcing across the region, the following whole-sky semgitiruns are all performed at a

resolution of 4x8 to reduce the computational time.

Tables 5.3 and 5.4 summarise the average, minimum, maxiemuathe percentage change
from the base case in the radiative impact of the aerosokeal @A and surface from the
various model runs using the MODIS and GCM optical depth ithistions respectively,
whilst figures 5.12 and 5.13 show the spatial distributiothefA Frrp 4 and A Fy,,; face for

a selection of model runs using the MODIS aerosol distrdsuti Identical features are
evident in theA Frrp4 andAFy,, rqcc 10 changes in the model input with the GCM aerosol

distribution.

5.3.2 Sensitivity to model time step

The sensitivity of the radiative forcing to daily variat®m SZA and the TOA insolation
was examined by selecting a daily time step in the model fertise case setup. This

resulted in negligible changes in the radiative forcing:df % at both the TOA and surface.
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Haywood and Shine (1997) show that the magnitude of thetdweosol effect has a high
dependence on variations in solar altitude. Running the hfodéhe middle day in Sep-
tember and selecting an hourly time-step allows the sgitgito daily variations in the
SZA to be explored. Figure 5.12 and 5.13 b) show that accoegifitr the change in SZA
resulted in a weaker radiative impact over the region at & &nd surface when com-
pared to the base case (figures 5.12 and 5.13 a)). The avaffegertte in the regional
AFroa and AFy,, s from the base case was “44and -9 respectively. The reduc-
tion in both the maximum and minimum values at the TOA indidain tables 5.3 and 5.4
shows that the weakening occurs for regions of both positivi negative radiative forc-
ing, although the effect is most significant in the land @xalNhilst this result shows that
the magnitude of the radiative impact of the biomass smokebeiover estimated when
choosing a monthly mean SZA instead of accounting for thly dariation, the aim of this
study is to test the sensitivity to model inputs of aerosiolid, and surface reflectance. It
is therefore not an exact value that is required, rather iffereince resulting from perturb-
ing the model inputs. Therefore the systematic bias thafiteefom the assumption of a

monthly mean SZA is treated as an additional uncertainthiéraiosolute values.

5.3.3 Sensitivity to aerosol optical properties

To assess the sensitivity in the radiative impact of the snfoim including one aerosol
type in the model (fresh or aged) instead of identifying oegi of persistent burning and
including two types as in the base case, model runs wererpsztbwith the aerosol optical
properties measured at the source and in the aged regiomalpnescribed to the whole

region.

The AFroa and AFy,, rq.. averaged over the whole region were found to be highly sen-
sitive to the aerosol properties, with differences-e80% at the TOA and-~25% at the
surface between the fresh and aged aerosol only runs. Hovileeeged aerosol case had
differences of< +3% at both the TOA and surface when compared to the base case. The
largest difference from the more detailed base case aniegs the assumption of fresh
aerosol everywhere. Figure 5.12 d) shows that the inclusidine fresh aerosol at all grid

boxes results in a larger region of positix& o4 over the southern Atlantic Ocean due to
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the presence of a more absorbing aerosol overlying theyhrgfiective cloud layer when
compared to the base case. This results in a significant waakan the magnitude of the
net regional impact of the biomass smoke at the TOALQ0% over ocean and 2f over
land). In contrast the excess absorption of the aerosot@éwsther reduce the flux reach-
ing the Earth’s surface and therefore strength®#f3,, r,.. when compared to the base case

as shown in figure 5.13 d).

The sensitivity to variations in the threshold value regdito assign fresh aerosol prop-
erties to a grid box based on satellite fire counts is reduse&00 from the base case of
500. This increases the surface area of the southern Afragion covered by fresh bio-
mass smoke in the model from approximately 5 4 @nd results in a small weakening in
the landA Fro4 by 3%. This suggests that the added complexity of including bk
aerosol where burning is prevalent, and aged aerosol pgrepetsewhere does not signif-
icantly improve the estimation ak Frrp4 and AFy,, r4.. ON a regional scale compared to

when using aged properties everywhere (8¢-depending on the threshold value).

5.3.4 Sensitivity to cloud optical depth and optical properties

The effect of the potential low bias in the MODIS satellitg,,; andr, retrievals as a direct
result of the overlying biomass plume is considered. WhHilsttheoretical calculations of
Haywoodet al. (2004) suggest that the bias in therom the default MODIS retrieval used
in this study is<-1 um, the analysis of the MODIS cloud product in chapter 4 present
evidence that a modal low bias as large agr3s evident off the coast of southern Africain
the presence of an overlying biomass burning aerosol lapenwsing the retrieval based
on the 0.86 and 1.6@m radiance pairs. To assess the impact that any underestimati
the cloud droplet size has on the radiative forcing of theraiss smoke, model runs were
performed with the-. increased by 1 to 3m across the whole region, thus representing
the possible uncertainty in from the default 0.86/2.13m and the 0.86/1.63m retrieval.
The theoretical calculations also indicate that a potelatiabias of up to 306 in 7., may
occur in the default retrieval as a direct result of the pélytiabsorbing biomass smoke. To
test the sensitivity to the uncertaintyin,.q, runs are carried out by correcting the MODIS

data for a 106 (7¢101a/0.9) and a 3% (7.,.4/0.7) underestimation in cloud optical thickness
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across the whole region.

Increasing the-, of the MODIS data decreases the cloud reflectivity. Henaerakiative

impact of the aerosol over land increases as more solatti@tdj@asses through the cloud
to the underlying aerosol, and over oceanic regions thdipegorcing decreases due to
a smaller probability of multiple scattering between theoael and cloud. The impact on
the radiative forcing to the uncertaintiespis only significant over the ocean, due to
the greater cloud coverage than over land in the dry seasenfigure 5.5). The ocean
averaged\ Frp 4 is strengthened by 3 to ¥Q whereas over land the changes &€/ for

an increase im, of 1 to 3m. Changes in thé&\ Fy,, r,.. are<1% over both land and sea.

An increase i, leads to a greater probability of a photon being scatterel bat of
the cloud top, and so the impact on the forcing is of the ofp@sgn to an increase in.
Figure 5.12 f) shows that the positive region®f’-, 4 over the southern Atlantic Ocean
expands significantly compared to the base case with the MGR),,/0.7 inserted into
the model. The net effect is to decrease the average reglohigh 4 by 7 to 25% when
compensating for a 10 to 3@ low bias in cloud optical thickness, although the impact
is more important over oceanic regions with a decrease 607%. The sensitivity at the
surface is less, with regional changes ranging from -1 tt-5The potential low bias in
Taoud IN the MODIS satellite retrieval could lead to a significaméestimation of the direct

radiative effect over the southern African region in thisdst

The effect of the diurnal cycle of clouds on the radiativeseffof the biomass smoke is
investigated by replacing the water cloud spatial distiisuand optical properties derived
from the MODIS Terra satellite (morning overpass) used @rttajority of this study with
those derived from the MODIS Aqua satellite (afternoon pess). Figure 5.12 g) shows
that the general reduction in both cloud cover angl,; over oceanic regions results in a
reduction in the positivé F'o 4 of the overlying biomass smoke, strengthening the ocean
only averaged\ Frro4 by 42%. Over land regions thé -4 becomes slightly weaker
by 2% due to an increase in cloud at the top of the biomass burnirgsaklayer. The
impact of the cloud diurnal cycle is clearly weaker than oweeanic regions due to the
lower cloud fraction. The net effect is an increase of 13 tth 18 the AFrp 4, and of 2%

in the AFy,, rocc @cross the southern African region using the MODIS and GCMsaér

distributions.
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5.3.5 Sensitivity to the vertical structure of aerosol and cloud

The sensitivity to the vertical structure was examined bygoming calculations with both
the oceanic profile (aerosol above cloud level) and the lanflie (aerosol in and below

cloud level) applied to the whole region.

The average land Frp 4 decreased by 40 to 4% with application of the oceanic vertical
structure for the two aerosol distributions included in thedel. Figure 5.12 h) shows
that this is the result of the region of positive forcing d¢fétWest coast of southern Africa
extending into land regions around the coast where cloudeigapent. The magnitude of
the forcing is also weakened further inland where the clondunt is not large enough to

result in a positive\ Frrp 4.

Substituting the vertical profile measured over land to thele region resulted in an in-
crease in the\ o4 of 143 to 160% over the oceanic regions. It can be seen in figure
5.12 i) that the presence of cloud at the top of the aeroseflalyminates all of the areas
of positive AFro4, and so the impact of the biomass burning aerosol is to iserdae

outgoing flux at the TOA throughout the southern African oegi

In contrast, the\ Fy,, r.. iS Not sensitive to the vertical profile, with differencesrfr the
base case of1% for both oceanic and land profiles. This is because the doeliing flux

at the surface is mainly sensitive to the transmission obtreglying atmosphere which is
largely independent on the vertical structure, whereafliiies at the TOA are sensitive to
the radiation incident on the aerosol layer and the undeglyéflectance. These in turn are

highly dependent on the aerosol and cloud profile.

5.3.6 Sensitivity to the land surface albedo

The inclusion of the AVHRR broad-band land surface albedaéd.12 j)) resulted in a
strengthening of the land averagé&d o4 by 4% when compared to the MODIS broad-
band albedo used in the base case, and is the result of a loalealplity of multiple
surface-aerosol scattering due to the less reflectiveitéading to less aerosol absorp-

tion. Changes ok1% in the radiative impact were evident at the surface. It sthdnd
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noted that small differences between the ocean averaged  and theAF,, s,.. OCCUr
when using different land surface albedos in the model sratithe grid box averaging

around the coastline.

Application of the more detailed spectrally varying alb€@80 bands) derived from the
polynomial fit to the seven wavelengths in the MODIS sateldtrieval resulted in a larger
strengthening of the land Frp4 and theAFy,, rq.. by 13 to 14% and 3% respectively.
This increase is a direct result of the high spectral depsrelef the aerosol optical prop-
erties. Because the land surface albedo tends to be lowee wmdible wavelength range
(where the aerosol extinction coefficient is the largesthtat longer wavelengths, the sur-
face is effectively less reflective than in the broad-bardenal and therefore leads to less
aerosol absorption in the atmosphere and a greater outflam@t the TOA (see figure
5.12 k)). The inclusion of the MODIS visible and near infedibroadband albedo resulted
in small differences 0k 3% in the landA F7o 4 compared to using the more detailed 220

band version.



Aerosol spatial distribution = MODIS
Top of atmosphere
AFreg 57‘&9(%) Rangeeg AF’land 6land(%) AF‘sea 55@(1(%)

Surface
A-Fland 5land(%) AF‘sea 5sea(%)

Difference from base ca%e

AF‘reg 57”69(%) Range@g

None -36 NA 6.1to-160 -70 NA -1.8 NA -15.7 N/A -6.4t0-449 -23.1 NA -11.8 N/A
Model time step

Daily -36 <1 6.1t0-160 -70 <1 1.8 <1 -15.7 <1 -64to-449 -231 <1 -118 <1
24 hour (mid September) -31 -14 51to-131 -58 -17 -1.7 -8 -144 -8 -59to-435 -21.1 -9 -10.8 -8
Aerosol optical properties

wo=0.89 everywhere -3.7 +3 6.1to-16.0 -7.3 +4 -1.8 0 -154 -2 -6.4t0-449 -221 -4 -11.8 0
wp=0.84 everywhere -20 -46 144t0-132 -58 -18 0.0 -103 -19.3 +23 -8.1to-55.6 -27.7 +20 -14.9 +26
wp=0.84 (fire counts-300) -3.6 -2 6.1t0o-145 -6.8 -3 -1.8 0 -16.0 +2 -6.4to-54.4 -239 +3 -11.8 0
Cloud optical properties

Cloudr. ¢ + 1lum everywhere -37 +1 58t0-16.0 -7.0 <1 -1.9 +3 -158 <1 -6.4t0-450 -232 <1 -118 <1
Cloudr ¢ + 3um everywhere -38 +4 54t0-16.0 -7.1 +1 -2.0 +10 -158 +1 -6.4t0-452 -232 <1 -119 +1
Cloud /0.9 everywhere -34 -7 75t0-159 -6.9 -1 -15 -18 -155 -1 -6.2t0-445 -229 -1 -116 -2
Cloud /0.7 everywhere -2.8 -23 10.7t0o-15.6 -6.7 -5 -0.7  -60 -150 -5 -59t0-43.6 -225 -3 -11.0 -7
Cloud diurnal cycle

AQUA cloud field -41 +13 26t0-13.9 -6.9 -2 2.6  +43 -16.0 +2 -6.9to-457 -229 -1 -12.4  +5
Vertical structure

Aerosol and cloud land profile -54 +50 -2.4t0-16.0 -7.0 0 -4.6 +160 -15.7 <1 -6.3t0-449 -231 0 -11.8 <1
Aerosol and cloud oceanic profile -25 -30 13.4t0-13.8 -3.9 -45 -1.8 0 -156 -1 -6.4to-445 -229 -1 -11.8 0
Surface albedo

AVHRR broadband surface albedo  -3.7 +3  6.1t0-16.0 -7.3 +4 -1.9 +1 -158 <1 -6.4to-44.7 -23.3 +1 -11.8 <1
MODIS spectral surface albedo -40 +9 6.0t0o-176 -8.0 +13 -1.9 +1 -16.0 +2 -6.4to-46.1 -23.8 +3 -11.8 <1
MODIS VIS and NIR albedo -40 +11 6.0to-18.2 -8.1 +16 -1.9 +1 -16.0 +2 -6.4t0-46.7 -239 +4 -11.8 <1

Table 5.3: Surface and top of atmosphere direct radiative effect fAJnfor the series of model runs described in the text. Averaggubnal
(AF..,), land (AF,.,q), and oceanicXF..,) values for September are presented. The percentage cfrangthe base casé,(,/ianq/seq) and the
range in the regional average (Rapgpare also showrf.base case uses MODIS aerosol optical depth distributioB4 @resh aerosol propertie

(wy=0.84) where TRMM fire counts 500, aged aerosolv{=0.89) everywhere else, MODIS spatial distribution of watldud optical depth,

effective radius and cloud fraction, MODIS broadband stefalbedo, cloud and aerosol vertical profile measured adhtiba C-130 aircraft over

land and ocean.
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Aerosol spatial distribution = GCM

Difference from base ca%e

Top of atmosphere

S

urface

A-Freg 67“69(%) Rangeeé]
N/A  8.1to-12.4

None

Model time step

Daily

24 hour (mid September)
Aerosol optical properties
wp=0.89 everywhere

w=0.84 everywhere

wo=0.84 (fire counts-300)

Cloud optical properties
Cloudr. s + 1lum everywhere
Cloudr s + 3um everywhere
Cloud7/0.9 everywhere
Cloud7/0.7 everywhere

Cloud diurnal cycle

AQUA cloud field

Vertical structure

Aerosol and cloud land profile
Aerosol and cloud oceanic profile
Surface albedo

AVHRR broadband surface albedo
MODIS spectral surface albedo
MODIS VIS and NIR albedo

-4.2

-4.2

-3.6

-4.3
-2.1
-4.1

-4.2
-4.3
-3.9
-3.1

-4.8

-6.5
-3.2

-4.3
-4.5
-4.6

<1
-14

+15

+57
-24

+3
+9
+10

8.1to-12.4
7.0t0-10.8

8.1t0-13.3
16.5t0-11.1
8.1to-12.4

7.8t0-12.5
7.3t0-12.6
9.5t0-12.3
12.6t0-12.1

3.5t0-12.9

-2.1t0-14.0
11.4to-12.4

8.1t0-12.9
8.1t0-13.8
8.1to-14.2

-7.2

-7.2
-6.0

-7.5
-6.0
-7.0

-7.3
-7.3
-7.2
-6.9

-7.1

7.2
4.4

-7.5
-8.2
-8.4

N/A

<1
-18

+3
-18
-3

<1
+1

+4
+14
+16

A-Fland 6land(%) A}Wstzzz 586(1(%)

-2.5

-2.5
-2.3

-2.5
0.0
-2.5

-2.6
-2.8
2.1
-1.1

-3.6

-6.2
-2.5

-2.6
-2.6
-2.6

N/A -18.6
<1 -18.6
-9 -17.0
0 -18.2
-99 -22.8
0 -18.8
+3 -18.6
+10 -18.7
-17 -18.3
-57 -17.7
+41 -18.9
+143 -18.6
0 -18.5
+1 -18.6
+1 -18.8
+1 -18.9

N/A

<1

+2

<1
<1

<1
+1
+2

AFreg 6reg(%) Rangeeg

-6.7t0 -43.6

-6.7t0 -43.6
-6.1t0-39.1

-6.71t0-39.1
-8.410-49.0
-6.7t0 -43.6

-6.7 t0 -43.6
-6.7t0 -43.7
-6.5t0-43.5
-6.3t0-43.2

-7.310-42.6

-6.410-43.6
-6.710-43.5

-6.7t0-44.4
-6.71t0-45.0
-6.7t0 -45.6

A-Fland 5land(%) AF‘ﬁea 586(1(%)
N/A

-23.4

-23.4
-21.3

-22.5
-28.1
-24.2

-23.5
-23.5
-23.2
-22.8

-23.2

-23.4
-23.2

-23.6
-24.1
-24.3

<1

-9

-4

+20

+3

<1
<1

+1
+3
+4

-16.0

-16.0
-14.6

-16.0
-20.0
-16.0

-16.0
-16.1
-15.7
-14.9

-16.7

-16.0
-16.0

-16.0
-6.0
-16.0

N/A

<1

<1

<1
<1
<1

Table 5.4: Surface and top of atmosphere direct radiative effect fAjnfor the series of model runs described in the text. Averaggubnal
(AF,.,), land (\F,,q), and oceanicXKF,.,) values for September are presented. The percentage cfrang¢he base caseé.{; iund/sea) and
the range in the regional average (Rapgeare also showrt:base case uses GCM OC+BC aerosol optical depth distributio, Xrdsh aeroso
properties {,=0.84) where TRMM fire counts 500, aged aerosab§=0.89) everywhere else, MODIS spatial distribution of wateud optical

depth, effective radius and cloud fraction, MODIS broadbsurface albedo, cloud and aerosol vertical profile medsumboard the C-130 aircrat

over land and ocean.
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Figure 5.12:The direct radiative forcing at the top of atmosphere (TQX)d series of model runs using the spatial distribution oftass burning
aerosol derived from the MODIS satellite whilst perturbother model inputs. Indicated in the individual panels &eertin numbers described
the text and in table 5.3.
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Figure 5.13:The direct radiative forcing at the surface for a series ofl@houns using the spatial distribution of biomass burniegsol derived
from the MODIS satellite whilst perturbing other model ingulndicated in the individual panels are the run numbessmiged in the text and i
table 5.3.
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Chapter 5. Model calculations of the direct radiative eftaar southern Africa 155

5.4 Summary and discussion

In this study a multi-column radiation code is used to motiel direct radiative effect
of biomass burning aerosols over the southern African rediring September (peak of
burning season). The input parameters included in the mardetonstrained by a variety
of measurements, and the effect of perturbing these detedrmn order to quantify the
most important parameters that more detailed GCMs need tareap order to accurately

assess the direct aerosol effect.

The spatial distribution of biomass burning aerosols wetgrated from the GCM model
results of Tegeet al.(1997) and from a four year data set of observations from t&N
satellite. The GCM distribution was found to severely undgingate the column integrated
aerosol optical depth when compared to ground based artiteatieservations, especially
in the dry burning season. Correction factors were derivembtopensate for the low bias
in the model data and back-out the biomass smoke componeaeteht inter-comparison
highlighted that there were significant differences in theoaol mass and distribution
produced by seven current global aerosol models, with tlyest discrepancies found in
regions dominated by biomass burning or dust aerosols @&nal., 2003). This highlights
the fact that quantification of the spatial distribution ef@sol by type is highly uncertain
and leads to large difficulties in constraining the magretatiany aerosol effect on climate
when using aerosol models in GCMs. By placing constraints ersgiatial distribution of
aerosol included in the modelling work in this study that besed on observations, the
aerosol distribution is likely to be less uncertain thanremous GCM studies of the radia-

tive impact of biomass burning aerosols (e.g. Pertat. (1998), Myhreet al. (2003)).

The base case model runs included both the satellite andlmstttaated horizontal distri-
butions of biomass smoke for September. Fresh aerosobbptigperties were included in
regions of persistent burning and aged aerosol propetsew/bere. The water cloud frac-
tion, optical depth, and droplet effective radius were takem a four year average from
the MODIS Terra satellite. The vertical structure of aet@sal cloud was taken from the
C-130 aircraft measurements during SAFARI 2000, with thesmrexisting in an elevated
polluted layer above low level cloud over oceanic regiomsl @ne cloud layer at the top

of the biomass smoke over land regions. A single broadbaridcgualbedo (0.3 - Bm)
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derived from MODIS was included over land, and a wavelengtlependent value of/4

over ocean. The SZA dependence of surface albedo was remjlektmonthly time-step
was set in the model runs, thus a monthly mean SZA and insalatithe TOA was calcu-
lated for each model grid-box and the radiation code calletto The effect of the day to
day variation in SZA and insolation (30 calls to the radiatamde) was found to result in
negligible changes{ 1%) in the radiative forcing, whilst the impact of accountiray the

daily variation in SZA (24 calls to the radiation code) résdlin a reduction in the radiative

impact of the smoke by 74 at the TOA and % at the surface.

The base case modelled regional average clearfsky,, ranged from -9.0 to -10.8
Wm~2, and theAF,, fqc from -20.5 to -24.3 Wm? with the two aerosol distributions.
A stronger radiative impact of the biomass burning aerosad evident over the oceanic
regions, particularly off the eastern coast of Africa usiing GCM distribution, as it con-
tained higher aerosol loadings than the MODIS distributi@ver land, the results from
the MODIS and GCM runs were in excellent agreement. The oceraweragel Frroa
ranged from -8.5 to -11.3 Wnd, and theA F,,; f4c. from -16.9 to -22.6 Wm?, which com-
pares favourably with the results of Icho&tial. (2003) (A Fro4=-10 WnT 2, AFy; face=-
26 Wm2), who use the MODIS aerosol optical depth data for Septer2d@0 to deter-

mine the clear-sky forcing due to southern African biomasslee over the Atlantic Ocean.

The inclusion of clouds in the model reduced the radiativeaot of the biomass smoke by
a factor of 2.5 at the TOA, resulting in an average regiahalo 4 of -3.5 to -4.2 Wnt1?
for the MODIS and GCM derived aerosol fields. This is signifibatarger than the mod-
elled results from the Oslo GCM (Myhet al., 2003) for September 200A\F o 4=-1.7
Wm~2) and is likely dominated by differences in the column burdéaerosol used in the
two studies. Whereas the work in this study uses satellitegamaind based observations
to constrain the aerosol distribution, the Oslo GCM resulg on output from a chemical
transport model (CTM) with prescribed emissions and drivenreteorological data to
transport the biomass smoke from source regions. Mghgd. (2003) compare the CTM
data to that at AERONET stations and from the C-130 aircrafl,fand that whilst the pat-
tern of the day to day variability observed at the AERONE&ssis fairly well reproduced,
there are significant under estimations in the magnitudeeferosol optical depth. This

would lead to a low estimation in the radiative impact of tienass smoke.
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The base case model runs also showed an average whol&#skyy,.. of -15.7 to -18.6
Wm~2 across the region depending on the aerosol distributiod, wgith values reaching
-55 W2 with the MODIS 1xt degree aerosol data. This strong reduction in the sur-
face solar radiation during the dry season must be compahbgita decrease in either the
surface to atmosphere latent heat fluxes due to evaporatitmtbe sensible heat fluxes
(Ramanathaet al, 2001a). A significant reduction in the latent heat flux magus@ver
the oceanic regions, perhaps resulting in a decrease iippiation and a general weaken-
ing of the hydrological cycle over the southern African tegi Due to the dry conditions
over land in September the reduction in solar radiation isenigely to be compensated
by changes in the sensible heat flux. The absorption by thesalelayer will also act to
stabilise the boundary layer, perhaps suppressing caneeattivity and altering the lo-
cal circulation patterns. The inclusion of realistic aetaand cloud fields as used in this
study into more detailed GCMs would be needed to ascertaiede processes are likely

to occur, and if so, assess the subsequent effect on regionalte.

By perturbing the model inputs from the base case it was fouaiohhodels can adequately
represent the radiative forcing of biomass burning aesosola regional scale by including
the optical properties of smoke in the aged regional haze.atlded complexity of includ-
ing fresh smoke properties at regions where biomass bursipigevalent resulted in small
differences of 3 t0 % in the regional averaged Frro 4. This is because the evolution of
the optical properties with age are likely to occur on tingalss of< day (see chapter 2)
and so the inclusion of fresh smoke in the modelling work is gtudy covered: 10% of
the surface area in the southern African region. Howevengaiflels use aerosol properties
measured near source regions and prescribe them to evesl gratibox, the error in the
AFro4 becomes large. For example, the work in this study found @ &8% weakening

in the magnitude of the region& Fro 4 when compared to the base case with the inclu-
sion of the fresh aerosol everywhere. The strength of thakesing increased te 100%
when considering only the ocean, where fresh aerosol ikelplto be found in significant

guantities.

It has also been shown that an underestimation,in, of 30% and in ther, of 3um leads
to errors in the regional average¥lf’ro, as large as -24 and +4% respectively. The

effect is stronger over the oceanic regions {(z6ind +104 respectively) where the amount



Chapter 5. Model calculations of the direct radiative eftaar southern Africa 158

of cloud is much greater than over land during the dry seaBbe potential low bias in the
MODIS retrieval ofr.,.q due to the presence of overlying biomass burning aerosals co
lead to a significant overestimation of the direct effectra@uthern Africa in this study.
It also shows that cloud amount needs to be well represent&€Ms when assessing the

direct aerosol effect.

The effect of the diurnal cycle of cloud on the radiative fogcwas examined by replacing
the MODIS Terra (morning overpass) with the MODIS Aqua (aft®n overpass) cloud
fields. The Namibian cloud sheet decreased in optical tes&and amount during the day
due to solar heating. This decreased the extent of the y®sitea ofA Firp4 (net warm-
ing of the atmosphere) over the Atlantic Ocean, resulting anange in the sea averaged
AFroa of -~ 42%. The radiative impact of the biomass smoke over land was sligitly
reduced (-Z) as a result of the increase in cloud amount at the top of ttusakayer. The
net effect was to strengthen the averag€ro4 across the region by 13 to %5 To con-
strain the direct aerosol effect in GCMs the cloud diurnaleyoust be well represented,

particularly in regions where partially absorbing aerasadrlies cloud.

The AFro4 was found to be extremely sensitive to whether the ocearim$al above
cloud) or land (aerosol in and below cloud) was prescribetthéovhole region, with dif-
ferences from the base case ranging from %4%ver land to +160% over the sea. It
is interesting to note that the only way the modelling workhis study could obtain a
spatial distribution of negative radiative forcing simita the GCM calculations of Pen-
neret al. (1998) (see figure 1.4), Graat al. (1999), and lacobellist al. (1999) over the
whole southern African region was in the model run with aneatistic vertical structure
of aerosol and cloud over oceanic regions. This highlighésiinportance of accurately
representing both aerosol and cloud fields in models whessaggy the magnitude and

sign of the direct aerosol effect at the TOA.

Current methods to measure the vertical structure of aesoslyl on in-situ and remotely
sensed aircraft or ground based instrumentation. Theadpligiribution of such measure-
ments is therefore poor. Future spaceborne instrumentsasithe Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPS®kument will play an impor-
tant role in assessing the vertical structure of aerosotaweh greater spatial and temporal

scales than is possible with current methods (Wirdteal., 2003), allowing the possibil-
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ity of comparisons and improvements to the vertical profilglobal aerosol models to be

made.

Both the AVHRR and MODIS broadband retrievals of surface albedre included in the
model. The difference between the two retrieval algorittand the time periods where
the measurements were taken resulted in a small differehdé on the land averaged
AFroa. Changes to thA Fy,, r... Were To. Application of a more detailed spectral albedo
from the MODIS data strengthened the land averaged TOAtreglieffect of the biomass
burning aerosols by 13 to ¥4due to the high spectral dependence of the optical progertie
of the biomass burning aerosol. This shows that the waviietgpendence of surface
albedo plays an important role in determining the radidtivyeact of aerosols. It was found
that the inclusion of a visible and near infra-red (NIR) brioacld albedo resulted in small
differences of<3% in the AFrp4 compare to using a more detailed spectrally varying
albedo (220 bands), suggesting that the simple inclusianw$ible and NIR broadband
albedo in GCMs will improve the assessment of any direct atmasliative effect when

compared to using a single broadband albedo.

An important conclusion from this work is that in order to aefsk the current uncertainties
in the radiative impact of aerosols, future modelling stsdihould make a concerted effort
to constrain the model inputs by detailed in-situ and retgadensed observations. In
particular, the important parameters that need to be medielell in GCMs in order to
accurately simulate the direct aerosol effect of biomasskenover southern Africa region

are prioritised as follows:
i) Accurate representation of the horizontal distributafribiomass smoke.
i) Aerosol and cloud vertical structure, especially in #rea of the Namibian cloud sheet.

iii) Absorption properties of the aerosol. The use of agewsd@ optical properties is

sufficient.
iv) Well simulated cloud fields, including cloud optical perties and diurnal cycle.

v) Spectral dependence of land surface albedo. Incorpgrativisible and NIR band is

sufficient.



Chapter 6

Conclusions

6.1 Overview

Aerosols are believed to offset the enhanced anthropoggeenhouse warming through
the direct scattering and absorption of solar radiationwlich biomass burning aerosols
are thought to play a major role (IPCC, 2001). Estimates of trextradiative effect of
biomass burning aerosols and their resulting impacts omlthate system are primarily
drawn from studies that utilise GCMs and/or CTMs. Large umdeties in the model
simulations exist due to a poor knowledge of the emissiomce®, transport processes,

and the spatial and temporal distribution of the burden atit@ properties of the smoke.

The primary goal of this thesis was to advance the understgrd the direct radiative ef-
fect of southern African biomass burning aerosols. To aehikis aim, the microphysical
and optical properties of fresh and aged biomass smoke waracerised from detailed
in-situ aircraft measurements taken during the SAFARI 208lal ftampaign. Radiative
closure studies were then performed to determine the dpligah and to assess the direct
radiative effect of the biomass smoke on local scales uridar sky conditions. The direct
radiative effect of biomass burning aerosols above clousl tvan explored, with an em-
phasis on the impact that the aerosol has on satellite valsief cloud optical properties.
Finally, through a combination of observations and modgllthe regional direct radiative

effect of the smoke is determined and the sensitivity to tbee@hinputs investigated.

160
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6.2 Conclusions and suggestions for future research

This thesis presents the first temporal measurements ofyekan the single scattering
albedo within a fresh smoke plume as the aerosol is adveuetag fiom the fire. A rapid
increase in the single scattering albedo from 0.84 to 0.83okaerved in the first few hours
subsequent to emission, indicating that the aerosol isriegpless absorbing with age in
the atmosphere. The rapid change suggests that measuseshém optical properties of
biomass smoke taken near emission sources are of limited/luse assessing the large-
scale radiative effects of biomass smoke. It is inferrechftbe optical measurements that
the increase in the single scattering albedo is likely to midated by the condensation
of volatile species from the gaseous phase, and that chantfesaerosol size distribution
and the morphology of black carbon are of secondary impoetafuture sampling over
and downwind of biomass fires that utilise aerosol mass speeters will be able to de-
tect changes in the amount of volatile organic and inorgaraterial within fresh smoke
plumes and therefore test this hypothesis, somethinggshmaitipossible with current filter
based methods. Measuring black carbon mass in-situ wosihdoa# advantageous, and the
development of instruments for this purpose should be tbesfof future research. Further,
observations in smoke plumes that cover a wide range of s@la&racteristics, such as fuel
type, fire intensity, and combustion phase should be peddrta determine whether the
results presented in this thesis are representative ohatje humber of fires that occur in

southern Africa on an annual basis.

Measurements in the regional haze show that a single sogti@bedo of 0.89 was typ-
ical for the aged smoke, in agreement with other studies \(i{dag et al, 2003a, Magi

et al, 2003). The aerosol size distribution showed a shift todagarticle sizes in the
accumulation mode when compared to the fresh smoke, suigygelat particle growth

due to coagulation is significant once the plume has disgente the background haze.
Characterising the aging processes of biomass burningaeifosm fresh smoke plumes
to the background haze should be a focus of further reseammtier to improve the repre-
sentation of the transport of biomass burning aerosols dway source regions in CTMs.
The size distribution and optical properties of the coarselenparticles in the biomass
smoke were not well constrained due to the poor performahtieeoFFSSP instrument,

the uncertainty in the refractive index and density of theiglas, and the potential effects
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of non-spherical aerosols. Although the coarse partidlegealatively inactive in an op-

tical sense in comparison to the accumulation mode pastithe large amount of mass
that resides in the larger particles means that future gagens should aim to accurately
measure the coarse fraction for validation of the spatidtamporal distribution of aerosol

mass produced by CTMs.

A comparison of the various methods that have been used aradield campaigns to
determine the aerosol optical depth in clear skies from arbthe C-130 aircraft was
performed. The techniques ranged from the integration efitksitu measurements of
the aerosol extinction in vertical profiles to sophistichtadiative transfer modelling of
the measured spectral radiances. There was reasonabistenag between the different
methods once the sources of error and the spatial varabilihe aerosol burden were con-
sidered, with a mean optical depth of 0.41 for the biomassksm®he effects of aircraft
shadow contamination, the under-sampling of the PCASPuim&nt in profile ascents,
and the possible coating of the BBRs with biomass smoke werdifieéenas sources that
can produce erroneous results. The shape of the measureddéayce distribution be-
low the biomass plume was well simulated with the inclusibthe observed biomass and
sea salt aerosols, lending a degree of confidence to théuimaiosol optical and micro-
physical measurements. The retrieval algorithm of Dubetilal. (2000), developed to
determine the columnar optical properties and size digioh from the global network of
AERONET Sun-sky scanning photometer measurements of thie-élelling spectral radi-
ance, was shown to be in reasonable agreement with thefadata. Future measurement
campaigns should aim at measuring the spectral sky-ragl@istribution as this is thought
to be the most accurate method in determining the opticahdenmd continue to validate

the AERONET retrieval under a variety of atmospheric caad#g and aerosol types.

The biomass burning aerosol was observed to be typicallymigkd in the continental
boundary layer over land regions. As it is advected off thenNiéan and Angolan coast,
the polluted haze tended to exist in an elevated layer thatseparated by a clean air slot
from the MBL, which was often capped by a stratocumulus cloeckd Temperature in-
versions associated with the clean air slot are likely tobimtaerosol-cloud interactions,
thereby minimising any aerosol indirect effects. The pneseof the partially absorbing

biomass smoke above low-level stratocumulus clouds leadgé¢duction in the outgoing
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flux at the TOA through the direct absorption of solar radiatiThis is not accounted for in
the current operational AVHRR and MODIS satellite retrieval cloud optical depth and
effective radius, that employ a look-up table approach etymodelled cloud parameters
are fitted to give agreement with the measured radiation. thiéeretical calculations of
Haywoodet al. (2004) simulate the effect of the biomass smoke on the gatedtrievals,
and predict a low bias in the cloud effective radius retrig¢lat uses the 1.63m wave-
band. The MODIS pixel level cloud product was examined is thesis for six cases from
SAFARI 2000, and a modal bias in the cloud effective radiusene! using the 1.63:m
waveband of up to -2.78m was evident. Further, spatial distributions of the low bias
cloud effective radius appear to be correlated with thealdistribution of biomass smoke
as identified with the TOMS Al. Similar biases in cloud oplipeoperties may be apparent
in other regions of the world where partially absorbing aetdayers exist above low-level
clouds. This effect should be borne in mind when attemptreyaluate the indirect aerosol

effect from satellite based remote sensing.

Calculations of the regional direct radiative effect of $muh African biomass smoke dur-
ing September were performed with a multi-column radiatode. The monthly mean
radiative forcing at the TOA ranged from -3.5 to -4.2 Winand at the surface from -15.7
to -18.6 Wnt 2 for the burden of smoke derived from the MODIS satellite andfthe cor-
rected GCM results of Tegest al. (1997) respectively. This translates to a monthly aver-
age absorption of solar radiation in the intervening atrhespof 12.1 to 14.4 Wnt. The
strong reduction in the solar irradiance at the surface neagdnpensated by a spin down
of the hydrological cycle, and the perturbation to the atphesic heating rate through the
direct scattering and absorption of solar radiation coliier ahe atmospheric circulation
patterns (Ramanatha al., 2001a) and cloud amount (Johnsetral., 2004). The work in
this thesis could be extended to explore these aspectsloging realistic burdens, vertical

profiles, and optical properties of biomass smoke into a roomngplex GCM.

Experiments were performed to test the sensitivity of thikatave forcing to changes in
the model inputs, with the aim of determining the most imaottparameters that need
to be constrained by future observations and included in GCMsa result of the rapid
evolution in the aerosol optical properties downwind frdme £mission sources, it was

found that models can adequately simulate the regional mieact radiative effect of the
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biomass smoke when the optical properties of aged aerasojgescribed throughout the
southern African region, whereas model simulations thatisled the optical properties of
fresh smoke everywhere resulted in an underestimatiorei @A radiative forcing of up
to 50%. Therefore, measurements of biomass smoke taken at scwakl ot be used

exclusively when determining the net regional or globalesdirect radiative effect.

The role of the land surface characteristics were examigdaddiuding the AVHRR and
MODIS satellite retrievals of land surface albedo into theded at various spectral res-
olutions. The wavelength dependence of the surface refleetevas shown to play an
important role in simulating the direct aerosol effect, #mat the inclusion of a visible and
near infrared broadband albedo improved the representatithe surface when compared
to including a single broadband retrieval. Future measargrmampaigns should therefore
examine the spectral dependency of surface albedo in ardeth validate satellite based

retrievals and to provide constraints for local column aside closure studies.

An example of in-situ aircraft measurements of surfaceddlddat can be made for this
purpose is given in figure 6.1. Figure 6.1 (a) shows the braadisurface albedo derived
from the measured up and down welling BBR irradiances from llbvel runs made in

the vicinity of the large anthropogenic biomass burningege studied in chapter 2. An
increase in the surface albedo from approximately 10 ti4 20 evident as the aircraft flew
from an area containing a burn scar into an area that had rot dffected by biomass
burning. The gradual interchange between the two in the nnea®nts is due to the wide
field of view of the BBR instruments. In reality, the transitioatween the non-burned and
burned area is immediate as shown by the sharp change ing¢bhtamependency of the
up-welling radiances between the two land surface typegimdi6.1 (b). The reduction in

the magnitude of the albedo and the change in the spectipé sifahe reflectance in the

burned region provides an opportunity for the validatioowifent satellite based retrievals.

The vertical structure of biomass burning aerosols andddauvas critical in determining
the sign of the radiative forcing at the TOA. Using realistctical profiles, sharp contrasts
between regions of strong positive and negative radiatveirig were apparent. A large
region of positive radiative forcing over the southern Atla Ocean was calculated in this
work where the biomass smoke is advected above low levetls|owhich is in contrast
with the previous GCM studies that were considered by IPCCXR0Adicating that the
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Figure 6.1: a) Land surface albedo derived from the ratio of the up andndaelling
irradiance (0.3-3.@m) measured onboard the C-130 aircraft during flight a790. Thae a
containing the burn scar (as identified from the SWS measurenaad the lower albedo)
is indicated. b) An example of the up-welling SWS radianceasueed over the burned
and non-burned areas.

vertical structure and/or cloud fields were not simulated wethose models. Unfortu-
nately, current measurements of the vertical structurenisols and clouds are limited to
aircraft and ground based measurements, and are thereftiresfiatially and temporally
data sparse. As a result, it is often difficult to validateticat profiles generated by global
aerosol models. With the advent of spaceborne lidars suttheaSALIPSO satellite, due
to launch in 2005, vertical distributions of troposphereasols and clouds will be charac-

terised on a global scale, providing a means of improvingehsunulations.

The degree of positive radiative forcing at the TOA over thaitic Ocean was shown to
be sensitive to the diurnal cycle of clouds, which therefegeds to be well represented in
GCMs when assessing the direct effect, particularly in negihere partially absorbing
aerosols exist in elevated layers. The recent measureifinemtshe polar orbiting MODIS
Aqua satellite (afternoon overpass) will complement tha éi@m the MODIS Terra satel-
lite (morning overpass) in building up a global picture of thiurnal cycle of clouds, albeit
are limited to two measurements over an individual scenk dayg. Data from geostation-
ary satellites, such as Meteosat 7, can provide high terhpdoamation of clouds that are

likely to be more useful in validating the diurnal cycle in GEKg.g. Slingeet al. (2004)).

Assimilation of satellite based aerosol products into ni®enow coming to the fore, and
has been shown to improve the representation of aerosaabplepth in current models

(Collinset al,, 2001). As data assimilation techniques become more addaaad future
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satellites observe the atmosphere in more detail, the igedrcould be used to improve
the representations of the burden, vertical distributeomg optical properties of aerosols
and clouds in both climate simulations and numerical wegthediction models, thereby
reducing many of the large uncertainties in the radiatifeots of aerosols and the resulting
changes in the meteorology and climate. However, the patemicertainties in spaceborne
retrievals of atmospheric constituents must be borne irdmifor example, the potential
low bias in cloud optical depth retrievals from the MODISedliie due to the 'missing
aerosol effect’ (Haywoodt al., 2004) is shown to lead to an overestimation of the radiative
forcing at the TOA in the model calculations presented i thiesis. Detailed in-situ
aircraft and ground based measurements are thereforeeddaivalidate the operational

satellite based retrievals under a wide range of atmospbeniditions.

6.3 Final summary

This thesis represents a comprehensive investigatiorthetdirect interaction of biomass
burning aerosols with solar radiation in the southern Afinicegion, and shows that the
smoke can exert a significant positive or negative TOA ragidorcing on the climate sys-

tem depending on the local meteorology, and a large reduitithe solar irradiance at the
surface under present day conditions. With an increasesipdpulation and industrialisa-
tion of developing countries in the tropics, where biomaasing is common, predicting

future trends in anthropogenic burning activities is peobhtic. Furthermore, if global

temperatures continue to rise and longer or more frequenigthts occur, the number of
natural fires is likely to increase. Therefore, identifylngg term patterns in the distribu-
tion of emissions, atmospheric burden, and optical proagsedf biomass burning aerosols
is critical in the assessment of any future climatic respaimsbiomass smoke. The ad-
vances in ground based, in-situ, and spaceborne measuseoh@tmospheric constituents
that have occured in the past decade and in future yearsmwailile the direct and indirect
aerosol effects of biomass smoke to be determined with aegrdagree of confidence, and
any long term trends to be identified. The potential to impraeather forecasting through
the integration of these observations into numerical wergpinediction models should be

studied, particularly in regions such as southern Africamtthe impact of biomass burn-
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ing aerosols leads to significant changes in the troposphed surface energy budgets,

and may therefore influence the hydrological cycle and apmexsc circulation patterns.



Appendix A

C-130 instrumentation

A.1 Instruments

A list of the relevant instrumentation used in this thesigiven in table A.1. Also included

is the variable measured, range, and accuracy of each aigtrements.

Aerosol particles were sized in 15 bins covering the randet®.3.0 m diameter with

a Passive Cavity Aerosol Spectrometer Probe 100X (PCASPYditien, a Fast Forward
Scattering Spectrometer Probe (FFSSP) sized aerosofraalid particles with diameters
ranging from 2 to 47um. A TSI 3563 integrating nephelometer was used to measure the
aerosol scattering coefficient at three wavelengths (@.45, and 0.7Q:m), and a Patrticle
Soot Absorption Photometer 100X (PSAP) to measure the @leabsorption coefficient at

a wavelength of 0.56/4m. An overview of the assumptions and standard corrctionBexpp

to the PCASP, FFSSP, nephelometer, and PSAP data in this #regyiven in section A.2.

The C-130 aircraft was fitted with several instruments to mesaghe radiative influence
of the biomass smoke. Upward and downward mounted clear did&ppley broadband
radiometers (BBRs) measured the hemispherical irradiandke solar spectrum (0.3 - 3.0
um). Down-welling radiances at wavelengths of 0.55, 0.62701804, 1.25, 1.61, and 2.01
pm were measured with the Scanning Airborne Filter Radiom@&&RRE) instrument,
which was mounted on the top of the aircraft and fixed in a heviewing mode. The

up-welling radiances were measured with the Short Wavet8preter (SWS) instrument
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Instrument Variable measured Range Accuracy

GPS receiver Latitude and longitude  global + 50m

Radar altimeter Altitude 0-1525m +3%

Internal navigation unit (INU) Aircraft pitch 0-90 0.07 r.m.s.

Pilot static system, INU, gust probes, and GPS Wind speedimection +0.5mst

Rosemount 1201F variable capacitance Static pressure -1@BMb +3 mb

Rosemount 102BL platinum resistance Temperature -80 t6G40 +0.3C

Thermoelectric hygrometer Dew point temperature  -60 td®€50 +0.25C >0°C
+1.0°C <0°C

TECO 49 UV photometric Ozone concentration 0-1000 ppbv +2 ppbv

Passive Cavity Aerosol Spectrometer Probe (PCASP) Aesiw®ldistribution

Fast Forward Scattering Spectrometer Probe (FFSSP) Aesiasdistribution

TS3I1 3563 nephelometer Aerosol scattering
Particle Soot Absorption Photometer (PSAP) Aerosol aligorp
Broad Band Radiometer (BBR); clear dome Solar irradiance
Short Wave Spectrometer (SWS) Radiance

Scanning Airborne Filter Radiometer (SAFIRE) Radiance

0.05-1.mm radius Size calibration for spherical latex particles
1-23.um radius Size calibration for spherical glass betads
A=0.45,0.55,0.7gm +10%
A=0.567um +10%

A=0.3-3.0um +2 Wm~2 for diffuse
+3 Wm~2 for direct

A=0.3-1.7um Resolution: 0.010X=0.3-0.9%:m) and 0.018 §=0.95-1.7:m)
Absolute accuracyt 4 Wnesr—!ym =1

2=0.55,0.62,0.87,1.04£5-8% °
1.25,1.61,2.0um

Table A.1: A summary of the instrumentation installed on the Met Officd 3D aircraft during SAFARI 2000 that is used in this thesis.e T

accuracy of the instrumentation is taken from Anderson T198cept for? see appendix A.2 for details,). Haywood, personal communicatic

(2004), and Franciset al.(1999).
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with a spectral resolution of approximately 0.01@. in the spectral range 0.30-0.9%n,
and of 0.018:m in the range 0.95-1.70m (Haywoodet al., 2003a). The SWS was located

beneath the aircraft and was fixed in a nadir view (half andders).

A.2 Standard corrections and uncertainties

An outline of the standard corrections applied to the adreige distribution and optical
properties measured during SAFARI 2000 is presented. A dgsson of the uncertainties

in the measurements is also given.
Passive Cavity Aerosol Spectrometer Probe 100X (PCASP)

The PCASP measures the aerosol size distribution in 15 bieistbe size range 0.05 to
1.5um radius, by illuminating aerosol particles with a heliunendaser. The aerosols
act to scatter the incident radiation, which is detected Iphatodetector module over
scattering angles of 35 to 120 The fraction of scattered radiation is dependent on the
particle size, refractive index, and morphology, througgd Mie scattering phase function.
The PCASP is calibrated using spherical latex particles-(1.585 — 07) of known sizes.
Therefore, any departure in the refractive index or shap@biomass smoke particles

will result in a misclassification of particle size.

Uncertainty in the refractive index,, The response of the PCASP instrument to biomass
burning aerosols with refractive indices representativieesh (»=1.54-0.025%, Abel et al.
(2003)) and agedn=1.54-0.018, Haywoodet al. (2003a)) smoke were determined with
Mie theory. Table A.2 shows that the fractional error in thengy of particles is as large as
77% for bin 15 with a refractive index representative of frestokem However, Haywood

et al. (2003a) show that-90% of particle scattering and absorption of biomass smoke
occurs for particles sizes in the PCASP bins 4 to 10. In binstthe fractional error in
the particle sizing is 5-1% for aged biomass burning aerosols and 6¢Xdr fresh biomass
smoke. Errors in sizing through the refractive index wikikfore not significantly affect

the derived single scattering albedo or asymmetry paramete

A correction can be made to the measured PCASP size distriisutising the calculated
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Figure A.1: The PCASP-100X response to calibration latex spheres argetb @nd fresh
biomass burning aerosols at a wavelength of Q.635

Mie phase function shown in figure A.1. It should be noted thatrefractive index used
for biomass burning aerosols in this study is primarily ¢oaised by obtaining agreement
between the independent PSAP and nephelometer measuseshaatosols scattering and
absorption with those determined from Mie theory, usingrtteasured size distribution.
The refractive index is therefore representative of thetrapgcally active particles in bins
4-10, where the error in sizing is small. As such, no coroector refractive index is made

in the work in this thesis.

Uncertainty in the morphology of particle$ departure from spherical particles will lead
to errors in the sizing of particles. It is difficult to quagtithe magnitude of this effect
as a knowledge of the distribution of particle shapes isirequand the relevant effective
phase function modelled. However, the majority of parfateer the PCASP size range
in biomass smoke are spherical (Haywaadhl., 2003a) and the effect is neglected in this

thesis.

Evaporation of volatile compounds in the PCA®M sampling the aerosol, volatile com-
pounds may be evaporated due to drying processes withinghreiment, leading to an un-
derestimate in the size of particles. The internal de-itiegters in the probe were turned

off throughout the SAFARI 2000 campaign to minimise this efffe
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PCASP Midpoint Midpoint Midpoint
bin  (n =1.585 — 07)|(n = 1.54 — 0.0184) Taerosot! |(n = 1.54 — 0.0257) Taerosot!
number um wm Tlatex wm Tlatex
1 0.0550 0.0674 0.81 0.0705 0.78
2 0.0650 0.0763 0.85 0.0791 0.85
3 0.0775 0.0874 0.89 0.0900 0.86
4 0.0925 0.1011 0.91 0.1036 0.89
5 0.1125 0.1202 0.94 0.1227 0.94
6 0.1375 0.1454 0.95 0.1480 0.93
7 0.1750 0.1855 0.94 0.1897 0.92
8 0.2250 0.2397 0.94 0.2454 0.92
9 0.3000 0.3235 0.93 0.3471 0.86
10 0.4000 0.4327 0.92 0.4583 0.87
11 0.5250 0.8370 0.63 0.8629 0.61
12 0.6750 1.1794 0.57 1.2244 0.55
13 0.8750 1.1927 0.73 1.2587 0.70
14 1.1250 1.8784 0.60 2.7133 0.41
15 1.3750 2.8425 0.48 4.1690 0.33

Table A.2: The midpoint radius of the PCASP bins when calibrated withesiphl latex
spheresi{ = 1.585 — 0i) and that computed using Mie scattering theory for aged B&sm
smoke ¢ = 1.54 — 0.018:) and fresh biomass smoke € 1.54 — 0.025i). Also shown is
the fractional error ,e.s01/T1ate: i the sizing of the smoke patrticles.

Fast Forward Scattering Spectrometer Probe (FFSSP)

The FFSSP measures the aerosol (and cloud droplet) sizéulisin in 15 bins over the
size range 0.1 to 23.bn radius, by illuminating aerosol particles with a focussetum-
neon laser. The amount of forward scattered light (scatjeangle~ 4 to 15) is measured.
The FFSSP is calibrated using glass beads of known sizesedirattive indices. The
refractive index of the glass beads is similar to that of wa&milar uncertainties with
those from the PCASP measurements arise from difference®érithe measured aerosol

particles and the calibration spheres.

The FFSSP instrument was unable to measure the size digirntmi aerosol particles with
sufficient accuracy in biomass smoke during SAFARI 2000. Tiay be the result of non-
sphericity effects and/or dissimilar refractive indiceshie coarse particles compared to the
calibration beads. Low laser power and hardware rejectiom the instrument may have
also contributed. Determination of the optical propertéthe biomass burning aerosols
from the measured size distribution and Mie scatteringrheaothis thesis do not use the
FFSSP data.
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Nephelometer scattering

The TSI 3563 integrating nephelometer measures the the@ewattering coefficient;.,
(m~1), at wavelengths of 0.45, 0.55, and Qu70. The aerosol inlet and plumbing on the
C-130 aircraft led to a very low efficiency of super micron @@ie being sampled. The
corrections of Haywood and Osborne (2000) which are basetase of Anderson and

Ogren (1998) for sub-micron particles are therefore usehigthesis.

Correction for the missed forward scattering;(); The nephelometer does not measure
radiation scattered at angles’° and a correction to total scattering needs to be applied.

The correction factoi(),,, is linearly related to thelngstrom coefficientA()\l /A2), given

by

_log(oga/o5t) (A1)

A\ /) = log(A1/X2)

A(/\l/)\g) is determined using;=0.45.m and\,=0.7Qum for A=0.55.m; \;=0.45:m and
A2=0.55m for \=0.45um; A\;=0.55sm and \,=0.7Qum for A\=0.7Qum. The correction

factor is then calculated with the equation

CA = —0.044A + 1.152, (A.2)

and typically increases the scattering coefficient by 5 ti 4l@pending on the value of
AN/ A9).

Correction to standard temperature and pressurae nephelometer is calibrated to STP.

To account for variations in both and P the following equation is used,

T 1013.2
A A A
= — A.
Uscacorr Ctsasca (2732 P ) ) ( 3)

whereo,..... IS the measured scattering coefficient corrected for bathdal scattering
and STP.
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Correction for relative humidity On sampling the aerosol, the nephelometer dries the
aerosol to a degree. A growth factor needs to be applied t@cothe scattering to the
ambientRH. No such correction is made in this thesis when calculatwegoiptical prop-
erties of biomass smoke because growth factors measured) BAFARI 2000 show that
the effect is negligible (Magi and Hobbs, 2003).

PSAP absorption

The Radiance Research Particle Soot Absorption Photome&@&RPinstrument measures
the aerosol absorption coefficient,,, (m~1), at a wavelength of 0.56i#n. The instru-
ment works by monitoring changes in the transmittance acadesaded filter, and can be

calculated using the equation

A I
Oabs = Vln (70> , (A.4)

whereA is the spot size on the filteV;] is the volume of air drawn through the filter in an
integration time period¢ 30 seconds), anfj and/ are the average filter transmittances in
the current and previous time period respectively. The ssiggl corrections of Haywood

and Osborne (2000) are applied to the data used in this tleegidake the form of:

CssCriowOaps — K10
O abscorr = s flow ;(bvs . 8007 (A5)
2

whereo .o 1S the corrected absorption,., is the measured nephelometer scattering

coefficient at\=0.55um, andCj, C's1,., K1, and K, are correction factors outlined below.

Corrections for variations in spot siz&’(,); The reported spot size diameter from the
manufacturerA is 4.765 mm, whereas that measured on typical PSAP instrismen...,

is closer to 5.2 mm. Correcting,;, for the difference in the spot ared (A,,...)* gives
Cys =0.84+ 0.02.

Corrections for flow rate ('s;,,,); The flow rate measured by the PSAP installed on the
C-130 underestimatds when compared with that measured with a more accurate bubble

flow meter by~ 19%, resulting in the correctiot's;,,, = 1.194 0.03.
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Correction due to misinterpreted absorptioA{(); An artifact absorption is measured by
the PSAP because transmission through the filter is redusetbdparticle scattering. The
measurements of Boret al. (1999) found that~ 2% of scattering was interpreted as ab-

sorption, leading to a value @f; = 0.02+ 0.02.

Correction due to multiple scatterinds(); If the aerosol particles have a chance to absorb
a photon on multiple occasions, the absorption inferrett thie PSAP will be enhanced.
Laboratory measurements of Boathl. (1999) suggest that the absorption is overestimated
by 22 + 20 % for atmospheric aerosols after the above corrections haga made, such
that K, = 1.22+ 0.20.

The corrections outlined above suggest that the PSAP diraedss the aerosol absorption
by «~ 20%.
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AERONET climatology data

AERONET Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
station

Ascension Island0.17 0.19 0.15 0.12 0.10 0.12 0.21 0.24 0.18 0.12 0.10 0.11
Bethlehem 0.11 0.08 0.07 0.06 0.04 0.06 0.10 0.18 0.18 0.26 0.07 0.09
Etosha Pan 0.11 0.10 0.10 0.07 0.07 0.06 0.19 0.33 0.41 0.07 0.08
Inhaca 0.15 0.25 0.07 0.13 0.17 0.18 0.14 0.35 0.35 0.39 0.21 0.16
Joberg 0.20 0.17 0.27 0.26

Kaloma 0.09 0.16 0.56

Kaoma 0.22 0.87

Kasama 0.04 0.15 0.21 0.25

Maun Tower 0.35 0.50

Mfuwe 0.08 0.13 0.25 0.48 0.29 0.31 0.31
Mongu 0.12 0.12 0.09 0.07 0.10 0.15 0.17 0.29 0.54 0.43 0.25 0.13
Mwinilumga 0.62 0.95

Ndola 0.37 0.67

Senanga 0.11 0.22 0.31 0.65 0.39 0.21 0.08
Sesheke 0.14 0.35 0.40 0.47

Skukuza 0.12 0.14 0.10 0.20 0.12 0.15 0.13 0.26 0.35 0.31 0.20 0.18
Skukuza Aeroport 0.20 0.55

Solwezi 0.52 0.85

Sua Pan 0.17 0.56

Swakopmund 0.13

Witts University (0.16 0.19 0.12 0.10 0.10 0.41 0.19 0.13
Zambezi 0.15 0.40 0.47 0.65 0.35 0.33 0.34

Table B.1:Level 2.0 monthly mean aerosol optical depth for southemcah AERONET
sites interpolated to 0. using a quadratic fit of the form y=a+bx+epdx’ to measure-
ments at\=0.34,0.38,0.44,0.50,0.67,0.87, and 1402 The monthly mean is calculated
from daily mean values where at least three observations meade. The observation pe-
riod of the data ranges from June 1995 - September 2003, arab#ervation statistics for
the individual sites are given in table B.2.
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AERONET Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
station NMNMNMMNMNMNMNMNMNMNMNMNMNM N M
AscensioniIsland 89 4 89 5 83 5 85 4 77 3 55 3 39 2 41 2 35 2 32 3 72 4 76748 41
Bethlehem 27 1 20 1 14 1 22 2 36 2 28 1 28 1 15 1 25 1 29 1 18 1 26288 14
Etosha Pan 29 1 17 1 28 1 21 1 31 1 6 1 23 1 28 1 31 1 29 1 26 269 11
Inhaca 1 1 1 1 1 124 1 43 2 25 1 23 1 41 2 43 2 20 1 23 2 4 249 16
Joberg 10 1 14 1 19 1 10 1 53 4
Kaloma 171 6 1 8 1 31 3
Kaoma 6 1 7 1 13 2
Kasama 8 1 27 1 26 1 24 1 85 4
Maun Tower 17 1 6 1 23 2
Mfuwe 10 1 25 1 31 127 1 9 1 6 1 9 117 7
Mongu 60 4 62 4 61 4 98 4 114 4 143 7 197 8 216 8 197 8 185 8 121 8 885390 72
Mwinilumga 21 1 20 1 41 2
Ndola 26 1 20 1 46
Senanga 16 1 6 1 29 3 49 3 14 2 9 1 7 130 12
Sesheke 14 1 4 1 16 1 6 1 40 4
Skukuza 72 4 49 4 54 4 37 2 59 3 8 3 77 4 1054 80 4 69 4 53 4 65885 44
Skukuza Aeroport 12 1 2 1 14 2
Solwezi 18 1 21 1 39 2
Sua Pan 9 1 4 1 13 2
Swakopmund 7 1 7 1
Witts University | 3 1 10 1 5 1111 2 1 11 2 1 19 1 53 8
Zambezi 8 1 6 1 67 3 77 3 48 2 17 2 1 1224 13
Total 281 16 258 18 260 17 287 14 373 17 445 23 435 22 685 34 706 36 466225299 19 4857 268

Table B.2: Summary of the number of days (N) and months (M) in the observgeriod June 1995 - September 2003 where the aerosels

measured at the AERONET stations in southern Africa. Onjsafghere at least three individual measurements are al@sa® included.
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[1] Measurements on the UK Met Office C-130 within a
distinct biomass burning plume during the Southern AFricAn
Regional science Initiative (SAFARI 2000) show an increase
in the single scattering albedo as the aerosol ages, from 0.84
at source to 0.90 in the aged regional haze in 5 hours.
Condensation of scattering material from the gas phase
appears to be the dominant mechanism; the change in black
carbon morphology, from a chain to clump like structure,
does not significantly affect the bulk aerosol single scattering
albedo. INDEX TERMS: 0305 Atmospheric Composition and
Structure: Aerosols and particles (0345, 4801); 0315 Atmospheric
Composition and Structure: Biosphere/atmosphere interactions;
0345 Atmospheric Composition and Structure: Pollution—urban
and regional (0305); 3359 Meteorology and Atmospheric
Dynamics: Radiative processes; 9305 Information Related to
Geographic Region: Africa. Citation: Abel, S. J., J. M.
Haywood, E. J. Highwood, J. Li, and P. R. Buseck, Evolution of
biomass burning aerosol properties from an agricultural fire in
southern Africa, Geophys. Res. Lett., 30(15), 1783, doi:10.1029/
2003GL017342, 2003.

1. Introduction

[2] Biomass burning aerosol has a large, but poorly
quantified radiative effect on climate. The uncertainty in
this effect is the result of temporal and spatial variability of
the smoke, along with uncertainties in the optical properties
of the aerosol itself [IPCC, 2001]. Reid et al. [1998] found
that the aerosol from biomass burning emitted at source had
a significantly lower single scattering albedo than the
aerosol within the aged regional haze. Quantifying this
change in aerosol properties with age is vital if we are to
model the climatic effect accurately. This is the first study to
analyze measurements of the temporal evolution of biomass
burning aerosol single scattering albedo as the smoke is
advected downwind from the source.

Copyright 2003 by the American Geophysical Union.
0094-8276/03/2003GL017342$05.00
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2. Instrumentation and Flight Pattern

[3] This study focuses on measurements made by the
U.K. Met Office C-130 aircraft during the Southern AFricAn
Regional science Initiative (SAFARI 2000) campaign on
13 September 2000 at Otavi in Namibia (flight a790).
Sampling was performed over and progressively downwind
of a large anthropogenic biomass burning event on agricul-
tural land. The burning had also spread to the surrounding
hillsides. The fire consisted of both agricultural and savanna/
scrubland fuel sources, with flaming and smoldering
combustion occurring.

[4] The C-130 was fitted with the instrumentation de-
tailed in Haywood et al. [2003a]. In brief, a Passive Cavity
Aerosol Spectrometer Probe (PCASP) was used to measure
the aerosol particle distribution from 0.05—1.5 um radius. A
TSI 3563 nephelometer was used to measure the aerosol
scattering at 0.45, 0.55, and 0.70 pm. A Radiance Research
Particle Soot Absorption Photometer (PSAP) was used to
measure the aerosol absorption at 0.567 pm.

[s] The flight consisted of a series of straight and level
runs over the source at altitudes ranging from 210—1,233 m
above ground level (AGL). This series was followed by a
raster pattern of cross plume transits at 1,233 m (standard
deviation = 17 m) AGL to 73 km downwind as shown in
Figure 1, as is the aerosol number concentration measured
with the PCASP. Concentrations up to 100,000 cm™> were
observed over the source region, marked with a cross. The
two peaks in aerosol number concentration on each side of
the cross indicate the areas of most intense burning. The
number concentration is shown to spread out and decrease
in magnitude as the plume becomes more dilute downwind.

3. Results
3.1. PSAP and Nephelometer Measurements

[6] The single scattering albedo at a wavelength of
0.55 pm, (Wox=0.55 um)> Was calculated along each cross
plume transit where the nephelometer scattering coefficient,

1-1
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Figure 1. Flight track over and downwind of the fire at
Otavi. Measured PCASP number concentration (cm ™) is
shown. Source region is marked with a cross.

Osx=0.55 pum» €xceeded 1 x 107* m~'. This limit was the
typical background value outside of the influence of the
plume, and sharp peaks above this were evident when
the aircraft entered the plume itself. The mean atmospheric
relative humidity (RH) within the plume where wox=0.55 jum
is calculated was 22.1% (standard deviation = 0.7%). The
effect of an increase in particle scattering from the nephe-
lometer measurements due to water uptake on the aerosol is
negligible as at this low RH [Magi and Hobbs, 2003]. The
Won=0.55 um calculation at the source combines measure-
ments from four straight and level runs at various altitudes
over the fire (765, 914, 1,057, 1,233 m AGL). Figure 2
shows the evolution of aerosol co-albedo, (1-wox=0.55 um)- as
the plume moves downwind. The mean and the standard
deviation for each cross plume transit are shown. The time
subsequent to emission is determined from the measured
wind velocity and the aircraft Global Positioning System
(GPS). The co-albedo decreases from 0.16 at source to 0.12
two and a half hours downwind, indicating that the aerosol
is becoming less absorbing/more scattering as it ages. The
standard deviation about the mean is greatest at the source
due to the large variability in the smoke plume directly
above the fire. Haywood et al. [2003a] show that the mean
co-albedo of the aged regional haze measured throughout
the campaign is 0.10, which suggests that the aerosol
measured downwind has not yet fully evolved. An expo-
nential fit suggests it would take approximately 5 hours
from emission for the aerosol co-albedo to decrease to 0.10,
which is typical of aged regional haze.

3.2. Model Simulations

[7] The observed change in aerosol optical properties
subsequent to emission may be the result of changes in
the aerosol size distribution, black carbon morphology,
chemical composition and the mixing state of the aerosol.
These mechanisms are investigated further in 3.2.1 and
3.22.
3.2.1. Changes in the Aerosol Size Distribution

[8] wox=0.55 .m Was also calculated using the mean
PCASP size distributions along each cross plume transit
combined with Mie scattering calculations. A refractive
index of 1.54—0.018 i is used. This is the campaign mean
refractive index for the aged regional haze [Haywood et al.,
2003a] and is in excellent agreement with AERONET
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retrieved values on the same day at Etosha Pan [Haywood
et al., 2003b]. Etosha Pan is approximately 220 km West
from the Otavi fire. The PCASP derived values of co-albedo
in Figure 2 are lower than those derived using the PSAP and
nephelometer measurements, especially at the source of the
aerosol. There is little variation in the modeled co-albedo as
the aerosol ages, with a mean value of 0.12 and standard
deviation of 0.004. This constancy implies that the aged
aerosol effective refractive index is not representative of the
refractive index within the plume. Increasing the imaginary
part of the refractive index to 0.025 i increases the co-albedo
at source to 0.16, which is consistent with the independent
PSAP and nephelometer result. This result suggests that in
this case, it is more important to constrain changes in the
effective refractive index than the variation in the size
distribution when determining wox=o.s5 m Within the plume.
However, the Mie scattering calculations assume that the
aerosol particles are spherical. Martins et al. [1998b]
suggest that only smoke particles residing in the atmosphere
for more than 1 hour have collapsed sufficiently to be
considered spherical. Further investigation into the effect
of the variation in particle morphology with age on the
aerosol optical properties is made in 3.2.2.
3.2.2. Changes in the Mixing State of the Aerosol
and Black Carbon Morphology

[9] Fresh biomass burning aerosol exists as an external
mixture in the plume, consisting of quasi-spherical scatter-
ing components (organic and inorganic matter) and chain
aggregates of black carbon (BC) [Pdsfai et al., 2003; Li et
al., 2003]. Post combustion BC exists in open chain-like
structures of individual spherules. Figure 3 shows a trans-
mission electron microscopy (TEM) image of BC collected
in a biomass burning plume by the University of Wash-
ington’s (UW) CV-580 aircraft in the Timbavati Game
Reserve during SAFARI 2000 at a distance between
8—37 km downwind. The exact age of the soot chains are
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Figure 2. Evolution of the aerosol co-albedo downwind of
the fire. Diamonds represent the mean value for each cross
plume transit measured with the PSAP and nephelometer.
Error bars are the standard deviation from this mean. Values
using the PCASP size distribution for each transit and Mie
calculations (n = 1.54 — 0.018i) are shown with an asterisk.
The exponential fit suggests that it will take 5 hours for the
co-albedo to reach 0.10, which is representative of the aged
regional haze.
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Figure 3. TEM image of BC aggregates in the Timbavati
Game Reserve. The age is estimated to be between 12 and
55 minutes subsequent to emission.

difficult to determine owing to the flight pattern performed
but the aerosol is estimated to be between 12 and 55
minutes old. As the aerosol ages the chain-like aggregates
collapse into densely packed soot clusters [Martins et
al., 1998a; Johnson et al., 1991], and the individual
components of biomass burning aerosol become internally
mixed [Posfai et al., 2003]. The mass of BC to total acrosol
(Mpc/Myo) required to match the measurements of the
aerosol co-albedo at source and in the aged regional haze
was modeled.

[10] The aerosol emitted at source was modeled using an
external mixture of the highly absorbing BC with the
primarily scattering components. The BC was modeled with
the Mie code of Mishchenko and Travis [1998], which
determines the scattering properties of non-overlapping
clusters of spheres. Individual BC spherules were assumed
to have a radius of 0.0118 pm and a refractive index
of 1.75-0.44 i [WCP, 1986]. Aggregates consisting of
65 individual BC spheres, with shapes ranging from the
chain-like structure associated with fresh aerosol, to the
more densely packed clusters associated with the regional
haze, were randomly oriented with respect to the incident
radiation and their scattering properties modeled. Figure 4
shows the modeled co-albedo at 0.55 pm decreases as the
chain-like structure collapses, with a value of 0.97 for the
open chain and 0.90 for the packed cluster. This decrease is
primarily the result of the particle scattering increasing as
the chain collapses. The co-albedo values are much higher
than the measurements because only the highly absorbing
BC component of the aerosol is modeled. The BC structures
in Figure 4 were externally mixed with the scattering
component. The scattering component was modeled using
Mie calculations with a bi-modal log normal fit to the
PCASP size distribution measured in the fresh aerosol and
a refractive index of 1.53—0.00 i [Haywood et al., 2003a],
which results in a wox=o.5sum of 1.0. The co-albedo of the
composite external mixture of scattering and absorbing
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aerosol was found to be relatively insensitive to the BC
shape (varied by <0.01 with a constant Mpc/My). There-
fore, the changing morphology is unlikely to explain the
measured variation in the co-albedo between the fresh and
aged aerosol. A Mpc/Mo of approximately 12% is required
to match the measured co-albedo of 0.16 at source.

[11] The Maxwell-Garnet mixing rule was used to model
the Mpc/My in aged regional haze (n = 1.54 — 0.018 i).
The rule adequately represents the internal mixing of BC
spheres coated with scattering material, typical of particle
structures observed in an aged regional haze in Brazil
[Martins et al., 1998a]. The absorbing component was
assumed to be BC, with a refractive index of 1.75-0.44 |
at 0.55 pm [WCP, 1986] and a density of 1.7 g cm™>
[Haywood et al., 2003a]. The scattering component was
assumed to have a refractive index of 1.53—0.00 7 at 0.55 um
[Haywood et al., 2003a]. By constraining the composite
aerosol to have a density of 1.35 g cm > [Reid and Hobbs,
1998], the Mpc/M,or is 5.4% for the aged regional haze,
which is consistent with measurements using filter mass
loadings collected onboard the C-130 aircraft from aged
regional haze [Haywood et al., 2003a].

4. Discussion and Conclusions

[12] Airborne measurements over and downwind of an
agricultural fire show an increase in woy=o.ss,m from 0.84 at
source to 0.90 in the aged regional haze in 5 hours. Reid et
al. [1998] find a similar increase of 0.06 in wox=0.55 um With
age from measurements in fresh aerosol and aged regional
haze in Brazil. This increase has fundamental implications
for climate modeling and could be combined with modeling
efforts to better constrain the radiative effect of biomass
burning aerosol on regional/global scales. However, the
results presented use observations from a single biomass
burning fire that may not be representative of the very large
number of fires annually in southern Africa.

[13] An attempt was made to obtain closure between the
measured Wox=o.s5 um and Mie calculations using the varying
PCASP size distribution downwind with the fixed refractive
index of aged regional haze. The changing size distribution
alone cannot account for the increase in Wox=0.55um-
Increasing the imaginary part of the refractive index at
the source is required to get consistency. This suggests that
it is more important to constrain changes in the effective

0.97
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0.95 *
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0.93
0.92
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1= Wg;-0.55um

Figure 4. Co-albedo for a variety of BC aggregates, each
containing 65 individual spherules.
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refractive index than the variation of the size distribution
within the plume.

[14] Model results suggest that for wox-0.55,m to be
consistent with observations the Mpc/M,,; decreases from
approximately 12% at source to 5.4% in the aged haze. The
effect of BC morphology on the bulk aerosol absorption is
found to be of secondary importance. Therefore, the change
in Wox=0.55um 18 likely the result of an increase in the
amount of scattering material as the aerosol ages. Hobbs
et al. [2003] find that subsequent to removing the effect of
plume dilution from a separate fire in southern Africa, the
number of particles began to increase 10 minutes after
emission. This production of new particles can occur by
organic carbon (OC) condensing from the gas phase. TEM
derived number concentrations of different particle types
within a plume during SAFARI 2000 indicate a large
increase in the number of tar balls (primarily OC) as the
aerosol ages [Pdsfai et al., 2003]. Reid et al. [1998]
observe an increase of 20—45% in aerosol mass concen-
tration from fresh to aged biomass burning aerosol and
estimate that between 50—75% of this increase is the result
of condensation of volatile organics. However, thermal
optical transmission measurements from quartz filters col-
lected onboard the C-130 suggest that the mass of elemental
carbon to OC (Mgc/Mgoc) is smaller for fresh aerosol
[Formenti et al., 2003], but uncertain due to poor sampling
statistics. Kirchstetter et al. [2003] also find an increase in
Mpgc/Moc with age but attribute this increase to the biomass
burning aerosol mixing with air masses that are characterized
by a higher Mpc/Mqc ratio (e.g., fossil fuel burning). The
time scale for this large-scale mixing is likely to be signif-
icantly larger than measured/modeled here. Furthermore our
model simulations assume that BC is the only significant
absorbing component, whereas biomass burning aerosol is
likely to contain amounts of absorbing colored organic
matter [Formenti et al., 2003]. The apparent discrepancy
between our results and those from filter measurements may
be elucidated in future measurement campaigns utilising
aerosol mass spectrometers.
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The effect of overlying absorbing aerosol layers on remote sensing retrievals of
cloud effective radius and cloud optical depth
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SUMMARY

Two types of partially absorbing aerosol are included in calculations that are based on intensive aircraft
observations: biomass burning aerosol characterized during the Southern AFricAn Regional science Initiative
(SAFARI 2000) and mineral dust aerosol characterized during the SaHAran Dust Experiment (SHADE). Mea-
surements during SAFARI 2000 reveal that the biomass burning aerosol layer is advected over the South Atlantic
ocean at elevated altitudes above the marine boundary layer which is capped by semi-permanent stratocumulus
cloud sheets. Similarly, the mineral dust is measured at elevated altitudes during SHADE resulting in transport
above cloud for distances of several thousands of kilometres. We perform theoretical calculations of the effect
of these partially absorbing aerosol layers on satellite retrievals of cloud effective radius and cloud optical depth,
and show that, in these cases, retrievals of cloud optical depth or liquid water path are likely to be subject to
systematic low biases. The theoretical calculations suggest that the cloud effective radius may be subject to a
significant low bias for Moderate resolution Imaging Spectrometer (MODIS) retrievals that rely on the 0.86 and
1.63 um radiance pair for an overlying aerosol layer of either biomass burning aerosol or mineral dust. Conversely,
the cloud effective radius may be subject to a significant high bias for Advanced Very High Resolution Radiometer
or MODIS retrievals that rely on the 0.63 and 3.7 um radiance pair for an overlying aerosol layer of mineral dust.
Analysis of 1 km resolution MODIS data for the SAFARI 2000 period suggests that the effective radius derived
from the 0.86 and 1.63 pm radiance pair is, indeed, subject to a low bias in the presence of overlying biomass
burning aerosol. These results show the difficulties associated with remote sensing retrievals, which must be kept
in mind when attempting to assess any potential indirect effect.

KEYWORDS: Biomass burning Indirect effects Microphysics Radiation

1. INTRODUCTION

Aerosols affect the radiative balance of the earth—atmosphere system via the direct
effect whereby they scatter and absorb solar and terrestrial radiation, and via the indirect
effect whereby they modify the microphysical properties of clouds thereby affecting
their radiative properties and lifetimes. When a partially absorbing aerosol, such as
biomass burning aerosol or mineral dust, exists over a dark/bright surface the direct
radiative effect is negative/positive; i.e. the local planetary albedo is increased/decreased
(e.g. Haywood and Boucher 2000; Keil and Haywood 2003, Hsu et al. 2003). Thus, the
presence of a partially absorbing aerosol above bright underlying stratocumulus may
reduce the spectral irradiances at the top of the atmosphere (TOA).

Retrievals of cloud effective radius, re, and optical depth, ¢oud, from satellite
instruments, such as the Advanced Very High Resolution Radiometer (AVHRR) or
the Moderate resolution Imaging Spectrometer (MODIS), use the fact that upwelling
radiances at wavelengths of less than ~1 pum provide information primarily on §¢joud,
intermediate wavelengths around 1-2.5 pum provide information on both §¢jouq and re,
while those at wavelengths greater than ~2.5 um provide information primarily on re
(e.g. Han er al. 1994, 1998; King et al. 2003, Platnick ef al. 2003). These retrievals
use look-up tables built up from theoretical radiative transfer models including clouds
for different solar zenith angles and viewing-geometry combinations. However, while
these theoretical models include gaseous absorption and Rayleigh scattering, they do
not include the scattering and absorption by aerosol, because the aerosol optical depth,

* Corresponding author: Observational Research, Met Office, FitzZRoy Road, Exeter, Devon EX1 3PB, UK.
e-mail: jim.haywood @metoffice.com
© Crown copyright, 2004.
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Baerosol, the optical parameters and the vertical profile of the aerosol are all essentially
unknown. In addition Jaeros01 18 likely very much smaller than §¢jouq, and therefore it
might be assumed that including aerosol should not significantly affect the radiances or
the retrievals of S¢joud OF e.

We investigate two cases here: the case of a biomass burning aerosol layer overlying
stratocumulus off the coast of Namibia/Angola during SAFARI 2000, and the case based
on measurements made during the SaHAran Dust Experiment (SHADE) when mineral
dust from a Saharan dust outbreak overlies low-level cloud. Both case-studies use in
situ measurements of the aerosol physical and optical properties. Details of the optical
properties of these aerosols are given in section 2, section 3 reports the typical vertical
profiles of the aerosol layer and cloud during the measurement campaign, and section 4
provides details of the radiative transfer calculations. Section 5 analyses the theoretical
results and section 6 uses MODIS level-2 data products (assigned as MODO06 products;
Platnick et al. (2003)) to assess whether the theoretical biases are present in the MODIS
data. Section 7 presents a discussion and conclusions.

2. AEROSOL OPTICAL PROPERTIES

The single scattering albedos, w,, at a wavelength, A, of 0.55 wm for biomass burn-
ing aerosol and Saharan dust are both derived from in situ measurements of scattering
measured by a TSI 3563 nephelometer and absorption measured by a Radiance Re-
search Particle Soot Absorption Photometer. The wavelength-dependence of the optical
parameters are obtained using log—normal fits to mean aerosol size distributions mea-
sured using a Passive Cavity Aerosol Spectrometer Probe (PCASP-100X) combined
with suitable refractive indices and Mie scattering theory (Haywood et al. 2003a,b). The
imaginary part of the refractive index at 0.55 pm is assumed to be 0.018i for biomass
burning aerosol and 0.0015i for Saharan dust aerosol (Haywood et al. 2003a,b).

For biomass burning aerosol measured during the SAFARI 2000 campaign, three
log—normal distributions are used to fit the size distribution representative of aged
regional haze as in Haywood et al. (2003a). The campaign mean for aged regional
haze suggest a wgy—0.55 of 0.91 £0.04, a specific extinction coefficient, key—0.55,
of 5.0 ng*] and an asymmetry factor, g;—o.55, of 0.59. We show the wavelength-
dependence of these parameters in Fig. 1(a), and report the values of the optical
parameters at specific AVHRR and MODIS wavelengths in Table 1. When optical
parameters determined in this way are included in radiative transfer calculations, the
modelled angular distribution of the sky radiance has been shown to be in excellent
agreement with independent measurements (Haywood et al. 2003c) at wavelengths in
the range 0.55-2.01 um. This suggests that the optical parameters for biomass burning
aerosol are sufficiently accurate in representing the transfer of atmospheric radiation.

For Saharan dust measured during the SHADE campaign, five log—normal distribu-
tions are used to fit the size distribution measured during the dust outbreak off the coast
of Senegal on 25 September 2000 as in Haywood et al. (2003b). While the PCASP
enables determination of the aerosol size distribution for particle radii <1.5 pm, there
is a significant contribution to scattering and absorption at solar and near infrared wave-
lengths from super-micron particles. This necessitates the use of surface-based sun-
photometers in determining the super-micron aerosol size distribution (Haywood et al.
2003b). Mineral dust may have a significant effect on radiation at terrestrial wavelengths
>3 pum (Highwood et al. 2003), although there is considerable uncertainty in the real
and imaginary refractive index at these wavelengths (Sokolik ef al. 1998). Although
Highwood et al. (2003) showed that the refractive indices of Fouquart et al. (1987)
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Figure 1. Graph showing the optical properties of: (a) the biomass burning aerosol, and (b) the Saharan dust
aerosol used in the calculations. Here w, is the single scattering albedo; g is an asymmetry factor and k. the
specific extinction coefficient. In (a) ke, has been divided by a factor of ten for ease of graphical representation.

TABLE 1. THE OPTICAL PARAMETERS FOR BIOMASS BURNING AEROSOL (BB), AND SAHARAN DUST AT
WAVELENGTHS, A, USED IN THE RADIATIVE TRANSFER CALCULATIONS

r=0.55 A =0.63 A =0.87 A =1.63 A=2.13 r=3.7
Wo 8 ke o 8 ke o 8 ke  wo 8 ke o 8 ke o 8 ke

BB 091 0.59 5.00 0.88 0.52 3.90 0.86 0.40 3.50 0.78 0.48 0.50 0.78 0.79 0.40 0.75 0.57 0.20
Dust 0.95 0.74 0.42 0.96 0.73 0.42 0.96 0.70 0.42 0.98 0.78 0.44 0.94 0.86 0.30 0.90 0.82 0.24

The specific extinction coefficient, ke, is given in ng_l . In the calculations, the aerosol optical depth, Saerosol, 1S
set to 0.5 at a wavelength of 0.55 pm; thus 8,er0s011 can be approximated as 0.1k, for biomass burning aerosol,
and 1.2k, for Saharan dust aerosol.

better represent the absorption and scattering of Saharan dust in the 812 um atmos-
pheric window; these refractive indices are only available for wavelengths >4.5 pum.
Therefore the refractive indices of dust from WMO (1986) are assumed for radiative
calculations performed at 3.7 um. The modelled aerosol optical parameters suggest a
Woy—0.55 Of 0.95 & 0.04, kej—o.55 of 0.42 m?’g~! and g; of 0.74 at A =0.55 um. We
show the wavelength dependence of these parameters in Fig. 1(b), and report the values
of the optical parameters at specific AVHRR and MODIS wavelengths in Table 1. It is
interesting to note that w, increases at wavelengths between 0.55 and 2.0 um, reaching
a value of 0.98 at 2.0 wm. Note here that spherical particles are assumed in determining
the radiative properties and radiative effects; the effects of non-sphericity are beyond the
scope of the present work.

For Saharan dust wo)=055 is greater than for biomass burning, indicating that
Saharan dust is less absorbing because it does not contain black carbon which is the
major absorbing component of atmospheric aerosol (e.g. Haywood and Boucher 2000).
One of the most notable differences between Figs. 1(a) and (b) is that k. is a strong
function of wavelength for biomass burning aerosol (Fig. 1(a)), while for mineral dust it
shows much less variation across the range of wavelengths (Fig. 1(b)). This difference is
due to the fact that the Saharan dust size distribution contains proportionally more large
particles, and this is important when interpreting the results presented in section 5.

3. VERTICAL DISTRIBUTION OF AEROSOLS AND CLOUDS

The Met Office C-130 aircraft flew a total of six dedicated flights off the coasts of
Namibia and Angola during the SAFARI 2000 measurement campaign (flight numbers
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Figure 2. The aerosol scattering coefficient at 0.55 pm, bg'SS, measured by the nephelometer on the

C-130 aircraft. Each profile is shown by a separate colour, and in the interests of clarity a maximum of two

profiles are shown for each flight. (a) Biomass burning aerosol measured during SAFARI 2000, for eight tran-

sit flights as indicated above each frame; (b) Saharan dust aerosol measured during SHADE for six flights.

The absolute error in b(s)‘5 is estimated as +0.3 x 10~* m~! for biomass burning aerosol (Haywood and Osborne

2000), but 0.5 x 10~* m~! for Saharan dust owing to super-micron sampling losses (Haywood et al. 2003c).
See text for details.
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Figure 2. Continued.

a785, a787, a788, a789, a791 and a792). In addition, biomass burning aerosol and stra-
tocumulus cloud were investigated in transit flights to and from Namibia via Ascension
Island (a784 and a794). Even at Ascension Island, some 2500 km from the coast of
southern Africa, the presence of the biomass burning aerosol layer at elevated altitudes
above the marine boundary layer was clear (a794). Figure 2(a) shows a composite of the
aerosol volume scattering coefficient at 0.55 pm, beSS, in units of m~!, measured by the
nephelometer as a function of pressure during profiles flown by the C-130 over ocean.
Although the estimated absolute error in b§p55 is 0.3 x 10~ m~!, this error is likely
to be systematic and therefore the variability in the profiles is likely to be real. This
variability is also revealed in independent measurements on the Convair-580 aircraft
and remotely sensed lidar retrievals from the ER-2 aircraft (Kaufman et al. 2003). The
top of the biomass burning aerosol layer is typically at approximately 500-600 hPa
(5120 £ 550 m), and the bottom of the layer is typically at approximately 800-900 hPa
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(1520 4 660 m). Analysis of the vertical location of stratocumulus clouds reveals that
the stratocumulus tops were at around 950 hPa, often separated from the overlying
biomass burning plume by a ‘clear-slot” (Hobbs 2002; Haywood et al. 2003a).

The C-130 performed a total of four dedicated flights from Sal, Cape Verde Islands,
during the SHADE campaign (Tanré et al. 2003) during the period 21-28 September
2000 (flights a795 to a798). In addition, dust was encountered during profiles on
31 August (a783) and 19 September 2000 (a794) in the vicinity of Sal when the C-130
was travelling to/from Sal-Ascension Island. During the SHADE campaign a large
dust storm was advected off the coast of Senegal during the period 24-28 September
as shown in Fig. 2(b). The top of the Saharan dust layer was typically 500-600 hPa,
which is similar to the situation for biomass burning aerosols shown in Fig. 2(a), while
the bottom of the aerosol layer shows considerable variability but is again frequently
between 800-900 hPa. Cloud layers were observed at a variety of different levels
during SHADE, ranging from small low- to mid-level cumulus to more extensive cloud
systems associated with mesoscale systems linked to the intertropical convergence zone
(ITCZ). Because of this variability, it is not possible to characterize the typical vertical
distribution of clouds in this case.

4. RADIATIVE TRANSFER CALCULATIONS

Radiative transfer calculations were performed using a radiance version of the radi-
ation code of Edwards and Slingo (1996). Typical vertical profiles of humidity, ozone
and temperature from the C-130 during SAFARI 2000 were used in the calculations
from the surface to approximately 450 hPa; above this level tropical profiles for humid-
ity and temperature from McClatchey et al. (1972) were assumed. The exact choice of
vertical profiles makes negligible difference to the results. The surface was modelled as a
Lambertian surface with constant surface reflectance of 0.05. The use of a more realistic
surface parametrization of Glew et al. (2004) makes negligible difference to the results.
All of the calculations are for nadir views with a solar zenith angle of 30°. Calculations
for a solar zenith angle of 60° suggest that the nature of the results in terms of biases
is unchanged. Radiative transfer calculations were performed at five wavelengths that
are commonly used in retrievals of dcouqd and re, these are: 0.63, 0.86, 1.63, 2.13 and
3.7 um. The first and last of these wavelengths are used in AVHRR retrievals (e.g. Han
et al. 1994), while the last four are used in MODIS retrievals (King et al. 2003, Platnick
et al. 2003). For wavelengths of 0.63-2.13 um the contribution to the TOA upwelling
radiances from thermal emission is negligible. For the radiative transfer calculations at
3.7 um, a realistic sea-surface temperature (SST) of 287 K and a cloud-top temperature
of 300 K from aircraft measurements during SAFARI 2000 were assumed; the total
TOA upwelling radiance was obtained by summing the solar and terrestrial radiances.

(a) Biomass burning aerosol

Having identified that the biomass burning aerosol generally exists above stratocu-
mulus in the region of investigation during the burning season, the effect of biomass
burning aerosol overlying stratocumulus on upwelling radiances at TOA was investi-
gated as follows. The stratocumulus cloud droplet distribution was simulated using a
log—normal distribution with a fixed geometric standard deviation, o, of 1.42 (In ¢0.35)
which is typical of that found in stratocumulus cloud. The cloud was modelled between
950 and 980 hPa by varying the liquid water content so that §¢jouq ranged from 4-20,
and by varying r. from 4-20 um. These ranges of §¢joug and r. encompass those found
off the coast during the measurement campaign in practical terms. Keil and Haywood
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(2003) report cloud-top values of re of 7.4 +3.6, 7.4+ 3.1 and 7.8 = 1.1 um, and
liquid water paths of 58§ £ 16, 13 £8 and 7+ 12 g m~2, for flights a787, a789, and
a793, respectively, suggesting values of §¢joug ranging from 1 to 12. The radiative trans-
fer calculations were repeated including biomass burning aerosol with aeros01 Of 0.5 at
0.55 pum inserted between 900 and 500 hPa (Fig. 2(a)) using the spectrally dependent
optical properties shown in Fig. 1(a). Analysis of monthly mean MODIS data (Myhre
et al. 2003) suggests that a §er0501 Of 0.5 is typical of regions off the coast of Namibia
and Angola during September 2000.

(b) Saharan dust aerosol

Stratocumulus cloud was the dominant cloud type encountered during the SAFARI
2000 mission, and the variability in the vertical profile was relatively modest compared
to that encountered during SHADE. It is not possible to characterize typical cloud
conditions associated with the presence of Saharan dust events. However, Saharan dust
was detected at altitudes above the marine boundary layer, and may be transported over
large areas leading to frequent detection in North, Central and South America. In this
study, we make the assumption that the underlying cloud consists of stratocumulus with
the same characteristics as those modelled in subsection 4(a), and we use the same
atmospheric profiles of temperature and humidity and the same SSTs. While these
conditions may not be typical, it facilitates a direct comparison of the results from
radiative transfer calculations including biomass burning aerosol with those including
Saharan dust aerosol. The calculations including Saharan dust aerosol assume a Saerosol
of 0.5 at 0.55 pum inserted between 900 and 500 hPa (Fig. 2(b)) using the spectrally
dependent optical properties shown in Fig. 1(b). The §aeros01 Value of 0.5 at 0.55 um
is the same as that used for the biomass burning aerosol calculations, which again
facilitates comparison. Haywood et al. (2003b) show a 8aeroso1 at 0.55 pm ranging from
0.52 to approximately 1.5 between Sal and Dakar. The highest values of §,eros01 are likely
to decrease as the aerosol plume dilutes on moving away from the source regions. It is
likely that the size distribution of Saharan dust will evolve during the transport across
the Atlantic, with large particles dropping out as a result of sedimentation; this effect is
not investigated here.

5. RESULTS

We present results both for AVHRR and MODIS retrievals for biomass burning
aerosol in subsection (a), and for mineral dust aerosol in subsection (b).

(a) Biomass burning aerosol

(i) AVHRR retrievals. Figure 3(a) shows the TOA 0.63 pm radiance plotted against
that for 3.7 pum for the ranges of §¢jouq and r. discussed in the text. The black lines show
the radiances excluding the overlying aerosol; these lines represent those associated
with the retrieval algorithms. The white lines show the radiances including the overlying
aerosol. The effect of the aerosol upon the 0.63 pm radiance is significant, while there
is very little effect upon the 3.7 yum radiance. This can be explained by considering the
wavelength-dependence of k. (or equivalently 8aeros01) Shown in Fig. 1. While ,ero501
is equal to 0.5 at 0.55 pm, and a still significant 0.39 at 0.63 pm, it is only 0.02 at
3.7 um. The effect of including aerosol in the calculations is to reduce the 0.63 um
radiance, making the cloud appear less bright. The reduction of the 0.63 pum radiance
has important consequences. Consider the point marked A on Fig. 3(a): the retrieval
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would suggest an apparent 8¢joug value of 8, while the actual &coug is 10, leading
to a 20% bias on the low side. Point B on Fig. 3(a) reveals a low bias larger than
30%, with an apparent §cjoug Of <14 while the correct 8cjouq is 20. The effect is most
pronounced when the aerosol overlies bright clouds with large &cjouq. This effect has
been previously documented for TOA irradiances, and radiances for a layer of overlying
partially absorbing aerosol (Liao and Seinfeld 1998; Kaufman et al. 2001; Hsu et al.
2003).

The effects of including overlying partially absorbing aerosols in the retrievals of
re are relatively modest, leading to a systematic overestimation of r. by less than 1 um
for 4 < r. <12 um. However, when 7. is 18 um, an apparent r. of 20 um would be
returned by the retrieval as shown by point C on Fig. 3(a).

(i) MODIS retrievals. King et al. (2003) and Platnick et al. (2003) describe the
current operational MODIS retrievals in full, but a brief overview is given here. Over
ocean regions, the non-absorbing band of 0.86 pm is used to minimize the effects of
Rayleigh scattering. The default retrievals over ocean use the 0.86 wm reflectance in
combination with the 2.13 um reflectance to determine J.jouq and r.. In addition, two
other retrieval combinations using the 0.86/1.63 and the 0.86/3.7 um reflectance pairs
are performed. We adopt the nomenclature of rq1.63, 7e2.13, and re37 to represent re
determined from the 0.86/1.63, 0.86/2.13 and 0.86/3.7 um reflectance pairs.

In the level-2 MODO6 cloud product, re1.63—7e2.13 and re3.7-7e2.13 are also reported
(Platnick et al. 2003). The level-3 MODOS8 global-gridded (1 degree) cloud product
reports daily, 8-day and monthly mean d¢jouq and r. from aggregations of the default
2.13 um band retrievals. As the MODO06 products are derived from individual re-
flectance pairs, we present results from each of the sets of retrievals. We also choose
radiances rather than reflectances; reflectances would show identical features.

The results from the 0.86/3.7 wm radiance pair shown in Fig. 3(b) suggest that, as
for AVHRR retrievals, there is a significant underestimation of §¢joud. Once again, the
effect is greatest for larger §¢jouq. Point A highlighted on Fig. 3(b) shows an apparent
Scloud Of 10 for a real §¢jouq of 12, while the point B shows an apparent §¢jouq of 14 for a
real S¢ioud Of 18. The underestimation of §¢joug is therefore not as severe as for AVHRR,
because the §aer0501 is 0.39 at 0.63 pwm but reduces to 0.20 at 0.86 um and, therefore,
the effect of including the overlying partially absorbing aerosol is not so significant.
The effect of including the overlying biomass burning aerosol upon retrievals of r. is an
underestimate of less than 2 um (point C) in the parameter space tested here.

The results from the 0.86/2.13 pum radiance pair shown in Fig. 3(c) show similar
biases in J8¢joud to those shown in Fig. 3(b), with point A showing an apparent 8¢jouq Of
10 for a real §¢jouq of 12, while point B shows an apparent §¢jouq of 14 for a real S¢jouq
of 18. The effect of including the overlying aerosol upon retrievals of r. is small using
these two wavelengths, and does not exceed 1 um in the parameter space tested here.

The results from the 0.86/1.63 pm radiance pair shown in Fig. 3(d) are perhaps the
most interesting. In this case, retrievals of §¢jouq are similar to those shown in Figs. 3(b)
and (c) when 0.86 and 2.13 pum are used, and suggest an apparent §¢jouq Of 14 for
a real §¢oug Oof 18. However, point A suggests an apparent r. of ~7 pum for a real
re of 10 um; thus the presence of overlying biomass burning aerosol can lead to an
underestimate of r, that might be interpreted as an ‘apparent indirect effect’, whereby
re appears lower than it actually is. The reason that r. is affected to a larger degree in
the 0.86/1.63 um radiance pair combination, is that the lines of constant effective radius
shown on Fig. 3(d) are less parallel to the 0.86 um radiance abscissa axis than in the
other two cases shown in Figs. 3(b) and (c). Thus a reduction in the 0.86 wm radiance
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caused by inclusion of the aerosol moves all the points to the left, while the reduction
in the 1.63 um radiance is fairly small. The white lines of constant real r. cross the
black lines of constant apparent r.. Point B shows an apparent re of ~5 um for a real
re of up to 10 um, which could lead to serious misinterpretation of ., and consequent
differences in the r. obtained using the 0.86/1.63 and the default 0.86/2.13 pm radiance
pairs.

(b) Saharan dust aerosol

(i) AVHRR retrievals. Figure 4(a) shows the results from the 0.63/3.7 um radiance
pair. The effect on the 0.63 wm radiance, and hence on the retrieval of §¢joug, 1S still
significant, but not as great as in the case for an overlying biomass burning layer. This
is because wo—=0.63 and g, —o.63 are higher for Saharan dust than for biomass burning
aerosol, resulting in less absorption and more forward scattering by the aerosol. Again,
the underestimate is largest for larger §1ouq. The effect of including mineral dust aerosol
on the 3.7 um radiance is much more significant than when biomass burning aerosol is
included, because the specific extinction coefficient is still significant at 3.7 yum owing
to the presence of large particles (Table 1). The radiance is reduced due to absorption of
solar radiation, and also due to absorption and re-emission of terrestrial radiation, where
in effect the aerosol is behaving in a similar manner to greenhouse gases (e.g. Highwood
et al. 2003). This reduction in 3.7 um radiances has an important consequence: in this
case re is overestimated. Point A shows that an apparent r of 18 wm would be retrieved
for a real r. of 12 um. Thus the biases in retrievals of r. may be either positive (i.e. dust
overlying clouds in the AVHRR r3 7 retrieval) or negative (i.e. biomass burning aerosol
overlying clouds in the MODIS r, g3 retrieval) which further complicates reconciliation
of r retrievals using different wavelengths.

(ii)) MODIS retrievals. Figure 4(b) shows the results from the 0.86/3.7 um radiance
pair; they are similar to those shown in Fig. 4(a) for the AVHRR retrieval. Once again an
apparent re of 18 um would be retrieved for a real r of 12 um (point A) thus showing
that 7, is overestimated in this case.

Figure 4(c) shows the results from the 0.86/2.13 um radiance pair. As for biomass
burning aerosol, the effect on the 0.86 um radiance is significant, which leads to the
apparent &cjoud being less than the real §¢jouq, With a real é¢joug of 20 being interpreted
as approximately 16 (e.g. point A). The effect of including Saharan dust above cloud
reduces the 0.86 pum radiance less than for biomass burning, despite the fact that
Sacrosolrn=0.86 1S 0.50 for Saharan dust and 0.20 for biomass aerosol. This is because
wor=0.86 1s higher for Saharan dust (less absorption), and because g)_g g is higher
(Iess scattering in the backward direction). The underestimate of §¢joyq turns into a
very small (insignificant) overestimate for a §cjoug value of 4. The mechanism for this
changeover from a decrease to an increase in reflectance has been documented for
irradiances (e.g. Haywood and Shine 1995, Haywood and Boucher 2000), and is due
to the effective surface reflectance decreasing so that the partially absorbing aerosol
increases the local planetary albedo. Liao and Seinfeld (1998) document this effect
for broadband irradiances for the specific case of mineral dust aerosol above cloud.
This mechanism has been suggested to be a plausible method for determining w, above
bright surfaces (Kaufman et al. 2001). Figure 4(c) shows that the radiances at 2.13 um
are decreased to a larger extent than the comparable case for biomass burning aerosols
(Fig. 3(c)); this is because the wavelength-dependence of k. is much less significant for
Saharan dust, and thus geroso1n=2.13 is 0.36 for Saharan dust but only 0.04 for biomass
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burning aerosol. This may lead to a small overestimate of r. by up to 1 um (e.g. point B)
for large values of ..

Figure 4(d) shows the results from the 0.86/1.63 pm radiance pair. These results
are in many ways similar to those presented for biomass burning aerosol in Fig. 3(d).
Once again there is evidence that wyy—1.63 is close to the critical value at which the
presence of aerosol increases the radiance at low J¢oug but decreases the radiance at
high 8cjoud- Again an underestimate of d.joug Occurs, and again an underestimation of
re occurs whereby an apparent 7. of ~5 um is returned for a real r. of up to 10 um
(point A), with consequences for remote sensing of the indirect effect.

6. EVIDENCE OF THE EFFECT UPON re IN MODIS RETRIEVALS

While section 5 has presented the theoretical basis for possible biases in §¢jouq and
re, no evidence has so far been presented of these biases being present in the actual
retrievals. Because §¢ouq 1S essentially determined by just a single radiance (0.63 um
for AVHRR, and 0.86 um for MODIS), it is not possible to judge whether there are
any differences/biases in &¢joug by analysing the self-consistency of the data; further
wavelength-dependent radiance information would be needed and/or analyses of in situ
aircraft data, which is beyond the scope of this paper. However, as shown in section 5,
differences in r. derived from the 0.86/1.63, 0.86/2.13 and 0.86/3.7 pum radiance pairs
should be evident, and this information is reported in the MODO6 level-2 atmospheric
product (subsection 5(a)(ii)). Here we use MODIS data gathered from the Terra platform
concurrent with the C-130 aircraft measurements during the SAFARI 2000 period.
Stratocumulus clouds were not the prevailing cloud type during the SHADE period,
with significant cumulus, cirrus and convective cells associated with the ITCZ all
being present in and around the area of investigation. Additionally, while the well-aged
biomass burning aerosol showed physical and optical characteristics that did not vary a
great deal during the SAFARI 2000 measurement period (Haywood et al. 2003a), the
aerosol physical and optical properties during SHADE showed significant spatial and
temporal variability (Haywood et al. 2003b). Therefore, in this investigation we limit
ourselves to analysis of the relatively better constrained data from SAFARI 2000.

It is important to realize that in real clouds, where the particle droplet size distri-
bution is a function of geometric height within the cloud, radiances at 1.63 um are
less affected by droplet absorption than those at 2.13 and 3.7 um, and consequently
Fel.63 < Fe2.13 < re3.7. This is because, in effect, the shorter wavelength radiances are
made up of photons scattered from further down in the cloud where the droplet size
is typically smaller (e.g. Garrett and Hobbs 1995; Platnick 2000). Keil and Haywood
(2003) show the liquid water content and r determined from in sifu instrumentation dur-
ing two C-130 profiles on flight a787 on 7 September 2000, and show that the stratocu-
mulus clouds are close to adiabatic in nature with r. values of ~5—6 um at cloud base
and ~9 um at cloud top. Platnick (2000) performs theoretical calculations investigating
differences in re1 63, 7e2.13, and re3.7 for a range of different vertical profiles of cloud par-
ticle size distribution. In all cases for 5 < ¢joud < 15, |Fe1.63—Te2.13| < |Fe3.7—7e2.13]; 1.€.
the positive difference between r.37 and r¢» 13 is greater in magnitude than the negative
difference between re; 63 and re¢p.13. In these theoretical calculations, |rei.63—7e2.13| and
|re3.7—Te2.13| are less than 1 um for the modelled adiabatic cloud, and less than 1.5 um
when the cloud is modelled as sub-adiabatic at mid levels. When MODO06 level-2 data
off the coast of South America are analysed by Platnick et al. (2003) |re3.7-7e2.13| 1S
generally less than 1 um. However, significant regions exist where |re1.63—7e2.13] > 1,
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A785, 05/09/2000 AT787 07/09/2000

Figure 5. The locations of the granules (see text) of MODIS data shown in the quick-look data in Fig. 6 and
satellite retrievals in Fig. 7 for flights as indicated.

and sometimes |re1 63—7e2.13| > 2.5, despite the fact that this region should not be influ-
enced by overlying absorbing aerosol. Thus any influence of absorbing aerosol above
cloud in the Namibian/Angolan coastal regions on 7. g3 is likely to be in addition to
that due to vertical photon transport, which will complicate detection of the theoretical
aerosol effect.

The granules™ that are analysed here are available from http://daac.gsfc.nasa.gov/
MODIS/, and are collocated temporally and geographically with the dedicated aircraft
flights (see Fig. 1 in Haywood et al. 2003a). The geographic locations of the areas
examined here are shown in Fig. 5, and quick-look, real-colour imagery of the scenes
that are investigated in detail (September 7 and September 10) are shown in Fig. 6.
A cursory examination of Fig. 6 shows the presence of biomass burning smoke aerosol
over land regions. An approximate north—south gradient can clearly be seen in Total
Ozone Mapping Spectrometer (TOMS) Aerosol Index (Al) data during this period (e.g.
Haywood et al. 2003a). Smoke is more difficult to distinguish over the ocean regions
because of the presence of clouds and areas of sun-glint in some of the data. The areas
where smoke aerosol or sun-glint are obviously visually apparent are marked on Fig. 6.
Visually, it is difficult to distinguish which cloudy areas are affected by smoke from

* ‘Granules’ is the technical National Aeronautics and Space Administration term for the data that are analysed,
not the results of the analysis.
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the MODIS quick-look images, and a more detailed quantitative knowledge of the areas
affected by high concentrations of aerosols is required. Here we use the TOMS Al data
(http://toms.gsfc.nasa.gov/aerosols/aerosols.html) from the same day as that on which
the MODIS data were collected. The TOMS and the MODIS instruments are on different
satellite platforms, and therefore the aerosol will not be in exactly the same locations
due to advection. However, we make the reasonable assumption that the advection rate
is relatively small. It would theoretically be possible to determine the regions affected
by aerosol by analysing the MODIS MODO04 aerosol products, but §zer0501 may only
be determined in cloud-free conditions and thus calculations of §eros01 and Scjoud are
mutually exclusive. We prefer to use the TOMS Al data in this analysis because the
statistics for §aeroso1 from MODIS are comparatively extremely sparse. The TOMS Al
does not translate to §aeros01 Via a universal linear relationship, but is dependent on the
aerosol absorption properties and the altitude of the aerosol. Hsu et al. (1999) compared
sun-photometer data to aerosol optical depth both for African biomass burning sites and
for Saharan dust (Dakar and Cape Verde) sites, and reported an aerosol-type-dependent
linear relationship for both cases. For biomass burning the relationship Saerosoln—=0.38 ~
0.80(TOMS AI) was found, while for Saharan dust the relationship 8eros012=0.38 ~
0.35(TOMS Al) was found. We convert Saerosol=0.38 tO Saerosoln—=0.55 by using the
modelled wavelength-dependence of k.. The approximate relationships Saerosolr=0.55 =
0.40(TOMS AI) for biomass burning aerosol and 8aeroso1n—0.55 ~ 0.36(TOMS Al) for
Saharan dust are deduced.

The quick-look images of Fig. 6 are shown in detail for 7 and 10 September. These
represent two cases where the §,er0501 and the TOMS Al were high, and the area showed
significant quantities of cloud in the range 5 < dcjoud < 25, values that are consistent
with the theoretical analyses. There is a significant difference between the two cases.
For 7 September we shall see that the TOMS Als indicate that there is significant aerosol
loading throughout the region (subsection 6(a)); for 10 September there is a significant
gradient in TOMS Al indicating the presence of aerosol to the north of the region, but
clean, aerosol-free areas to the south (subsection 6(b)). The other four cases are less
ideal for a variety of reasons including: lack of stratocumulus cloud, the effects of other
types of cloud in the region, lack of aerosol, and/or the effects of sun-glint in the MODIS
retrievals; consequently we chose not to present a detailed analysis here. However, we
do present statistics that summarize the results from these cases (subsection 6(c)).

(a) 7 September 2000

Figure 7(a) shows the TOMS Al over the region. Highest TOMS Als are evident
close to the coast of Angola where the Al exceeds 3.5 (Saerosolr=0.55 €xceeds ~1.4).
It is evident that the majority of the region under investigation is influenced by aerosol.
Figure 7(b) shows the default r¢>.13 for 7 September. The majority of the regions of
stratocumulus show 12 > rep.13 > 5 um. In situ measurements of the near-cloud-top
Fe, by instruments on the C-130 between 15 and 17°S off the coast of Angola, reveal
re =7.4+£3.6 um (Keil and Haywood 2003) and are thus in general agreement with
the MODIS data in that area. Figure 7(b) shows the area affected by sun-glint; in this
region r. is only derived for clouds that are optically thick enough to make the effects of
sun-glint negligible. Figure 7(c) shows the difference in effective radius between 737
and the default rep 13, 7e3.7—7e2.13, Obtained for 7 September. The theoretical calculations
presented in subsection 5(a)(ii) suggest that there should be little influence of overlying
aerosol at these wavelengths, and therefore one would expect re3.7-7¢2.13 to be close to
zero or slightly positive from parcel theory (Platnick 2000; Platnick et al. 2003). This
is indeed the case (see Fig. 7(c)), with the majority of areas showing differences of less
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(a) (b)

Figure 6. Quick-look data from the MODIS website (http://daac.gsfc.nasa.gov/MODIS/) of the areas shown in
Fig. 5 for (a) 7 and (b) 10 September 2000. Discernible cloud-free areas with significant aerosol loading and areas
of sun-glint are marked as ‘smoke’ and ‘glint’.

Area
{ affected
by glint

Figure 7. Satellite retrievals for 7 September 2000, over the regions shown in Figs. 5 and 6. (a) TOMS data

showing the Aerosol Index (http://toms.gsfc.nasa.gov/aerosols/aerosols.html); the data are interpolated in regions

outside the TOMS swath; the approximate relationship 8aerosoln=0.55 ~ 0.40TOMS Al applies. (b) The MODIS

MODO6 level-2 default re2 13, showing the area affected by sun-glint. () re3.7—7e2.13 and (d) re1.63—7e2.13- See text
for details.


http://daac.gsfc.nasa.gov/MODIS
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than ~1 pwm in magnitude. Some of the northern regions in Fig. 7(c) show yellow and red
colours, i.e. re3.7—7e2.13 > 2 um; these are likely to be associated with deep convection
and, while important, are not relevant in this study. The blue colours shown in Fig. 7(d)
indicate a significant negative difference in rej 63—7e2.13. Mid-blue colours represent
Fel.63—Te2.13 values of approximately —2 to —4 um, and the dark blues represent values
ranging from —4 to —7 pum (the scale ranges to a maximum of —5 wm). The theoretical
analysis of Platnick (2000) suggests that |re3.7—Fe2.13] > |Fe3.7-7e1.63/, but this is not the
case here, which might be an indication that overlying absorbing aerosols are influencing
the retrievals. However, the analysis by Platnick et al. (2003) of MODIS data off the
coast of S. America suggests that |re3.7—7e2.13| < |Fe3.7-7e1.63], SO we cannot infer that
overlying biomass burning aerosol is influencing the retrievals from this feature alone.
Indeed, the lack of a spatial gradient in aerosol loading in this case makes it difficult
to reach a definite conclusion that overlying biomass burning aerosol is affecting the
retrievals. Such a case is provided by 10 September. A more detailed statistical analysis
of re3.7-Te2.13 and re3.7—re1.63 in the form of probability density functions (pdfs) is given
in subsection 6(c).

(b) 10 September 2000

Figure 8(a) shows the TOMS Al over the region. In this case a strong spatial contrast
is evident, with aerosol affecting the north and particularly the north-east of the region
with maximum Als exceeding 2 (Saerosolrn=0.55 >~ 0.8). To the south of the region the
Al is close to zero. Figure 8(b) shows the default rey 13 for 10 September; once again
the area affected by sun-glint is evident. Typically, 12 < re.13 < 5 um, which is similar
to the rep 13 retrievals on 7 September. There is evidence of ice cloud present in the
lower left-hand side of the image, shown by rep 13 reaching 15-30 pum. Figure 8(c)
once again shows that the r.3 7 retrieval is not greatly affected by overlying aerosol,
with the majority of regions showing green colours indicating that |re37-7¢2.13| is less
than 1-2 pum. Figure 8(d) shows re1.63—7¢2.13- To the south of the region there is little
difference between the re1 63 and re>.13, and therefore the majority of the south shows
green colours associated with |re; g3—7e2.13| Of less than 1-2 um. To the north of the
region differences between rej ¢3 and rep.13 become greater in magnitude and hence
blue colours become evident. It is clear that the geographic north—south split in 7ej 63—
re2.13 appears well correlated with the TOMS Al shown in Fig. 8(a). This piece of
evidence supports the theoretical calculations that are presented in section 5, which
suggest that req 63 is biased to smaller values by the presence of overlying absorbing
biomass burning aerosol. Again, a statistical analysis of 7e3.7-7¢2.13 and re3.7—7e1.63 18
given in subsection 6(c).

(¢) Statistical analysis of the results

An analysis of the MODIS data for 7 and 10 September is given in the form of pdfs
in Fig. 9 and Table 2. In determining the data in the pdfs three criteria are applied.

(1) 5 < dcloud < 25. This removes clouds with large optical thicknesses such as con-
vective cloud, and the results should be consistent with the theoretical calculations per-
formed in sections 4 and 5.

(i) Cloud over land areas is screened out. This is because over land areas the aerosol
tends to be well-mixed throughout the boundary layer (Haywood et al. 2003a), and the
relative vertical position of aerosol and cloud cannot be assured.
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Figure 8. As for Fig. 7 but for 10 September 2000.
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Figure 9. Probability density functions (pdfs) of re1.63—7e2.13 (White lines) and re3.7—7e2.13 (black lines) for: (a)
7 September, and (b) 10 September 2000. Solid lines represent the pdfs from aerosol-influenced pixels, and the
dashed lines represent the pdfs from non-aerosol-influenced pixels.
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TABLE 2. STATISTICS SHOWING THE MODAL EFFECTIVE RADIUS OF THE PDFS FOR AEROSOL- AND
NON-AEROSOL-INFLUENCED PIXELS BOTH FOR 7e|.63—7e2.13 AND Fe3.7—Te2.13

Mode of pdf (um)

aerosol non-aerosol Approximate number of pixels x 1000

Flight Date re1.63-—7e2.13 Te3.7-Te2.13 Tel.63—Te2.13 Te3.7—Te2.13 aerosol Indeterminate non-aerosol

A785 5 Sept —1.14 —0.15 —0.58 —0.31 425 450 460
A787 T Sept —2.78 +0.45 n/a n/a 735 20 0
A788 10 Sept —-1.93 -0.17 —0.40 -0.22 705 115 490
A789 11 Sept —1.02 —1.04 —0.04 —0.62 130 55 295
A791 14 Sept —1.68 —1.40 +0.74 —0.86 185 85 330
A792 16 Sept —1.32 +0.25 —0.10 —-0.32 380 180 140

See text for details.

(iii) TOMS Al A pixel is assigned as being ‘aerosol-influenced’” when the TOMS
Al > 0.25, ‘non-aerosol-influenced’ when the TOMS Al <0, and ‘indeterminate’ when
0 < TOMS AI < 0.25.

We introduce the indeterminate classification to reduce misclassification of aerosol-
influenced and non-aerosol-influenced pixels around the edges of the biomass burning
aerosol plume, because the data from MODIS and TOMS are not exactly temporally
collocated and a small amount of advection may have taken place. It would theoretically
be possible to correlate 11 63-7e2.13 to TOMS Al, but inferences from such a correlation
are made difficult by the variability in: d¢joug, cloud geometric height, aerosol above
cloud, solar geometry, and satellite viewing geometry. Therefore we stick to our system
of three classifications: aerosol-influenced, non-aerosol-influenced, and indeterminate
pixels.

For 7 September, all of the area is affected by aerosol as shown by the statistics
presented in Table 2; there are approximately 735 000 aerosol-influenced MODIS pixels
and 20000 indeterminate pixels, and zero non-aerosol-influenced pixels in the pdfs.
Figure 9(a), therefore, shows only two pdfs associated with aerosol-influenced re3.7—
re2.13 and aerosol-influenced re1 63—7¢2.13. The modal value of re3.7—7ep.13 is slightly
positive at +0.45 um as expected from parcel theory. However, a value of re1 63—7¢2.13
of —2.78 um is greater in magnitude than any of the theoretical calculations of Platnick
(2000) for clouds of similar optical depths, and appears significantly greater than the
analysis of real MODIS data shown in Platnick et al. (2003), although no statistical
analysis is shown in that work, which is again suggestive of the influence of overlying
absorbing aerosol on the retrievals. Approximately 11% of aerosol-influenced pixels
show a negative bias of |re1 63—7e2.13| of more than 5 pum, results that are difficult to
explain unless overlying absorbing aerosol is affecting 7.1 ¢3.

For 10 September, 705 000 pixels are assigned as being aerosol-influenced, 490 000
pixels are non-aerosol-influenced, and 115000 indeterminate. Figure 9(b), therefore,
shows four pdfs associated with re3 7—7e2.13 and re1.63—7¢2.13 both for aerosol-influenced
and for non-aerosol-influenced cases. Considering first re3.7—7e2.13, the non-aerosol-
influenced case shows a modal value of —0.22 pum and the aerosol-influenced case
shows a modal value of —0.17 pm; statistically there is no difference between these
two values. The modal 7.j g3—72.13 for the non-aerosol-influenced pixels is relatively
modest at —0.40 um, which is consistent with the small negative bias associated with
parcel theory, while the aerosol-influenced case shows a modal value of —1.93 pum. The
mean bias for the aerosol-influenced pixels is —1.85 um with a standard deviation of
1.78 pum and therefore the mean bias is significant to 1o. Thus, by using TOMS Al
to discriminate between aerosol-influenced and non-aerosol-influenced pixels, a bias in
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rel1.63 1s revealed. The magnitude of this bias is somewhat less than the statistics suggest
for aerosol-influenced pixels for 7 September; this might be expected because the TOMS
Al and Saeroso1 for 10 September is somewhat smaller than for 7 September.

The results of the statistical analysis for the rest of the cases examined here (5, 11, 14
and 16 September) are summarized in Table 2. The results for re3 7—72.13 show a slightly
negative bias for the non-aerosol-influenced pixels, but when aerosol-influenced pixels
are considered re3.7-7¢2.13 can be either more positive or more negative. The results
for re1.63-7e2.13 are quite different; in all cases the non-aerosol-influenced pixels show
more positive values than the aerosol-influenced pixels. This provides further evidence
that overlying aerosol is influencing the retrieval of r¢1 ¢3.

7. DISCUSSION AND CONCLUSIONS

Using realistic aerosol properties and reasonable relative positions of aerosol and
cloud, we perform model radiative transfer calculations that show that satellite retrievals
of dc1oud are likely to be underestimated in regions that are affected by overlying partially
absorbing aerosol. This result is despite the fact that an additional §aeros01 Of 0.5 at
0.55 pm is included in the calculations, leading to a larger Siotal-

We also show that the combination of 0.86/1.63 um radiances/reflectances used in
MODIS retrievals is theoretically susceptible to producing an underestimate in rej.63
in regions of overlying partially absorbing aerosol. These results are backed up by a
practical analysis of the MODIS data for six cases (two cases presented in detail) where
overlying biomass aerosol exists above stratocumulus clouds. Platnick er al. (2003),
investigating an example of stratocumulus off the western coast of Chile and Peru, show
that |re1.63—7e2.13| is often within 1 um although some significant differences exist of
around ~—2.5 um. It is suggested that these differences are associated with parcel
theory (Platnick et al. 2003), whereby the 1.63 pum reflectance is less affected by water
droplet absorption than the 2.13 um reflectance, and therefore probes deeper in the
cloud where cloud droplets tend to be smaller. The theoretical calculations using cloud
droplet distributions with an r. that does not vary in the vertical, suggest systematic
biases in |ren.13—7e1.63] Of as much as 5 um, which generally exceeds the differences
that might be expected from parcel theory. By using the TOMS Al to delineate regions
that are/are not affected by aerosols, we show: firstly a modal bias in re1 63—7e2.13 Of
as much as —2.78 pum; secondly statistical analyses suggesting that |re2.13—7e1.63] 1S
greater than —5 um for as much as 11% of aerosol-influenced pixels; and thirdly spatial
structures in the biases of re2.13—7¢1.63 that appear correlated to the presence of overlying
aerosol. These results support the theoretical calculations, suggesting that not only the
vertical distribution of cloud droplet size but also overlying partially absorbing aerosol
are responsible for the smaller value of r.j g3 compared to rep 13 and re3.7. It might be
argued that the presence of the overlying absorbing aerosol might change the dynamical
evolution of stratocumulus, thereby affecting the cloud geometric height and r, (Johnson
et al. 2004). However, both this semi-direct and the indirect effect should not lead to
significant wavelength-dependent differences in re, and are thus unlikely to explain the
result that re1 63 has a low bias in regions affected by aerosol.

Our results for biomass burning aerosol are somewhat better constrained than the
results for mineral dust aerosol, because we have reasonable statistics for determining
the aerosol and underlying stratocumulus cloud properties, while in the regions where
Saharan dust outbreaks are frequent the cloud is much more variable in nature. Because
of this variability, we do not present an analysis of MODIS data for the SHADE period.
However, the assumptions made in determining the radiances for Saharan dust aerosol
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appear reasonable. While our results are applicable to the Namibian/Angolan stratocu-
mulus regions and regions affected by Saharan dust outbreaks, absorbing aerosol above
low cloud is experienced in a number of other regions, such as the pollution advected
from eastern Asia studied during the Aerosol Characterisation Experiment (ACE-Asia,
Hsu er al. 2003). The CALIPSO (Cloud—Aerosol Lidar and Infrared Pathfinder Satellite
Observations) instrument may have an important role in clarifying the effects of different
types of overlying aerosol upon cloud physical parameter retrievals (Winker ez al. 2003).

One of the largest sources of uncertainty in determining the direct radiative impact
of aerosols stems from the lack of knowledge of the aerosol w,;, which determines
whether an aerosol heats or cools the atmosphere (e.g. Haywood and Boucher 2000).
For example, considerable uncertainty has recently been highlighted in the absorption
properties of mineral dust, with recent in sifu and remote sensing methods suggesting
a much lower degree of absorption than previously thought (e.g. Kaufman et al. 2001;
Haywood et al. 2003b). It might be possible to determine w,, by performing retrievals
where the 1.63 um reflectance is combined with reflectances from other MODIS bands
in the spectral range 0.4-0.75 wm (MODIS has 11 bands in this range), and consistency
of the modelled optical properties including w,; could be assessed. A low bias in the
retrieved r. will only be evident if the aerosol is significantly absorbing. Variability in
cloud and aerosol optical properties and vertical profiles may make this sort of analysis
difficult in practice.

An important conclusion from this study is that those wishing to investigate the
indirect effect of aerosols upon cloud in these regions via remote sensing techniques
should be aware of this ‘apparent indirect effect’, whereby anomalously low values of
re1.63 are retrieved due to the presence of overlying absorbing aerosols, rather than the
influence of aerosols upon the cloud microphysics.
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AERONET Aerosol Robotic Network

AGL Above ground level

Al Aerosol Index

AVHRR Advanced Very High Resolution Radiometer
BBR Broad band radiometer

BC Black carbon

BDRF Bidirectional reflectance function

CALIPSO Cloud-aerosol Lidar and Infrared Pathfinder Sageibservations
CCN Cloud condensation nuclei

CT™M Chemical Transport Model

FFSSP Fast forward scattering spectrometer probe
GCM General Circulation Model

IPCC Intergovernmental Panel on Climate Change
ISCCP International Satellite Cloud Climatology Project
LWM Liquid water mass

LWP Liquid water path

MBL Marine boundary layer

MODIS Moderate Resolution Imaging Spectroradiometer
NIR Near infrared
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ocC

PCASP

PSAP

RH

SAFARI 2000

SAFIRE

SLR

SWS

SZA

TEM

TOA

TOMS

TRMM

VIRS

WCP

Organic carbon

Passive cavity aerosol spectrometer probe 100X
Particle soot absorption photometer
Relative humidity

Southern African Regional Science Initiative
Scanning airborne filter radiometer

Straight and level run

Short wave spectrometer

Solar zenith angle

Transmission electron microscopy

Top of the atmosphere

Total Ozone Mapping Spectrometer
Tropical Rainfall Measuring Mission

Visible and Infrared Scanning instrument

World Climate Program
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