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Abstract

Mineral dust is an important component of the Earth’s atrhesp, affecting climate
through the direct radiative effect and through the depsibf dust to the ocean. Un-
derstanding of these processes is limited by a lack of ingliservations of dust which
results in a large uncertainty in the microphysical, optichemical and radiative proper-
ties of dust.

This thesis presents an analysis of dust measurementsiettduring the DODO
(Dust Outflow and Deposition to the Ocean) aircraft campaigich took place in
February and August 2006 over West Africa and the tropicat BHantic Ocean. In-situ
and radiative measurements are used to examine the vasati@ptical, microphysical
and radiative properties of the dust in the two seasons.if8pkmitations relating to the
nephelometer and upper pyranometer are overcome througiafgi ground-based and
model comparisons and appropriate correctional procechaee been applied.

Vertical profiles of dust extinction and size distributiatiffered between land and
ocean areas, and between the dry and wet seasons. Dry seasarad found at low alti-
tudes, whereas wet season dust extended @prig reflecting the seasonal meteorology.

Measurements of the single scattering albedo for the aclagion mode ab50nm
are found to range from.93 to 0.99. This variation is related to differences in chemi-
cal composition and dust sources, but not to changes in tlasuned size distributions.
Optical properties are found to be sensitive to inclusiona#rse mode size distribution
measurements.

The range of optical properties observed are modelled inliatree transfer code in
order to investigate their impact on the dust shortwavectnadiative effect. The results
are compared to irradiance measurements from the airgnahpmeters, which have un-
dergone a detailed quality assessment. The range of optmaérties cause a difference
of up to a factor of five in atmospheric heating, and can aherdign of the top of at-
mosphere radiative effect. The variations in the opticapprties measured during the
campaigns are therefore significant and have implicationadcurate dust simulations in

models and for satellite retrievals.
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1.1 Introduction

Between 1905 to 2006, the Earth’s average temperature sentday0.74° (Solomon
et al, 2007). This increase in temperature is a response to arpation in the energy
balance of the Earth-atmosphere system. Two of the mostriamtacauses of this pertur-
bation are greenhouse gases, and atmospheric aerosolB partieles suspended in the
Earth’s atmosphere.

Greenhouse gases act to absorb and emit infrared radiatantbwards the Earth’s
surface, thereby causing a net warming. Aerosols, howdepending on their properties,
are able to reflect solar radiation back out to space, cawsiogpling, or absorb solar
and infrared radiation, which can have a warming effect. sEhprocesses are known
as the direct aerosol radiative effect. The IPCC 2007 remtinated the direct aerosol
radiative effect to be-0.5 £ 0.4WWm 2, compared to a forcing df.63 £ 0.266Wm >
from greenhouse gases. Anthropogenic aerosols therefwme d significant impact on
climate.

Aerosols in the Earth’s atmosphere arise from anthropeggtivities, such as com-
bustion of fuels, and include sulphate particles, elemeamd organic carbon and nitrate
particles. Natural aerosols, such as sea salt, volcanasaleand mineral dust are also
present in the atmosphere. Mineral dust aerosol consisislaf particles which have
been uplifted from arid surfaces and transported by the spimere. Eventually they are
deposited to the surface, over land or ocean, through weatyateposition. North Africa
is the dominant global source of dust both in terms of occweeand intensity (Liet al.,
2008a), supplying around 400-700Tg for atmospheric trarsgrery year (Washington
et al,, 2003).

The majority of mineral dust is natural aerosol, though ni®daggest thai to 7%
of the global dust loading is anthropogenic in origin (Tegérml., 2004). In the North
African region this may increase tdo 15% (Yoshiokaet al., 2005), where activities such
as land use change and overgrazing increase the amountldicst@an be uplifted (e.g.
Tegen and Fung, 1995).
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1.2 Dust in the climate system

The most direct way in which mineral dust can influence glathahate is by scatter-
ing and absorbing radiation, affecting both regional arabgl energy balances in the
shortwave and longwave spectral regions due to the pres#noeth sub-micron and
super-micron particles. In the shortwave part of the spectidust mainly scatters radi-
ation back to space, but depending on the albedo of the ymuigdurface, it can either
increase (over ocean) or make little difference (over detethe total albedo (e.g. Balka-
nskiet al, 2007). The impact in the longwave depends crucially on thfase tempera-
ture and the altitude of the dust layer (e.g. Highweoa@l.,, 2003), which may vary with
meteorology both within and across seasons.

Other impacts of Saharan dust on the climate system are kEkstudied and quan-
tified. For example, laboratory studies and field experimahiow that dust can act as
ice nuclei, so that small concentrations of mineral dustaite to significantly affect cold
cloud properties including the radiative properties afust dehydration of the tropopause
and convective cloud dynamics (e.g. Fieldal, 2006; DeMottet al., 2003; Richardson
et al, 2007).

It has also been hypothesised that dust may provide a suidadeeterogeneous
chemical reactions to take place. For example, ozone caedteoged on pure calcium
carbonate particles. Salisbuey al. (2006) found that daily cycles and absolute concen-
trations of some oxygenated species were different dumstygtorms in the MINATROC
(Mineral dust aerosol and tropospheric chemistry) projecivever, it was impossible to
unequivocally attribute this to heterogeneous reactionthe dust itself.

Atmospheric dust also has an impact on ocean biochemistughidf the dust leaving
the western coast of Africa is deposited in the Atlantic @geehere it provides a flux of
nutrients such as iron and phosphorus to the ocean. Thisifiepostimulates nitrogen
fixation and relieves iron limitation of phytoplankton adty. The resulting growth of
marine biological organisms results in ocean sequestraticarbon dioxide and fluxes
of halocarbons, alkynitrate and DMS (dimethyl sulphidejwsen the atmosphere and
ocean (Jickellet al., 2005).

Mineral dust can also play a role in tropical storm developtnEor example, Jones
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et al. (2004) reported indirect observations of the modificatibAfoican Easterly Waves

by the radiative impacts of dust. Evanal. (2006) showed that mean dust coverage as
measured by satellites and tropical cyclone activity axangfly correlated over the North
Atlantic. Various mechanisms, including the radiative aopon sea surface tempera-
tures, the alteration of vertical shear and the entrainragdty dust laden air have been
proposed, though none have shown to be the predominantrgoved cyclone activity,
with sea surface temperatures playing a very large role.cohelation between dust and
cyclone activity may stem from them both being driven by adipiarty, such as Sahelian

rainfall from the previous season (e.g. Prospero and La®@3)2

1.3 North African Climatology and Dust Transport

Transport of dust from North Africa varies with season andeomlogy. The following
sections give an overview of North African climate, and hbws affects the seasonal dust

uplift and transport.

1.3.1 North African Climate

Tropical climates are, to a large extent, dominated by theement of the Inter-tropical
Convergence Zone (ITCZ) and the associated Hadley circualatithe location of the
ITCZ changes throughout the year and is driven by the latinfdenost intense solar
radiation, which results in deep convection around the ITEZ shown in Figure 1.1,
the ITCZ is located south of the equator in the northern heneispwinter, and covers
northern Africa in the summer. High levels of precipitatie associated with the deep
clouds at the ITCZ, and the precipitation pattern also chahgéween the summer and
winter, as shown in Figure 1.2. Hence the naming of the Noftican ‘wet’ and ‘dry’
seasons.

The descending part of the Hadley circulation is assocmtddthe subtropical high
pressure systems (see Figure 1.3). The location of theecehthe subtropical anticy-
clones varies with season. The subtropical highs are ¢losése equator in winter, and

are displaced polewards in summer. The North Atlantic sydi¢al high, often known as
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Figure 1.1: Schematic of mean winds and ITCZ location over Africa in dapand July (Das, 1986).
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Figure 1.2: Seasonal rainfall (mm) over Africa during December - Martft]f and June - September
(right), (Janowiak, 1988).

the Azores high pressure, shows a northwestward movemeangdummer, as the ITCZ
moves northwards over Africa.
The trade winds constitute the lower-tropospheric equatat flowing branch of the

Hadley circulation. The general pattern is for trade wiralblow from the eastern edges



Chapter 1. Introduction 6

30N

308

Fart s R T ) - 2 i T T T
30Nk o0 T ¢ L e L L

308

__T‘-'—- s | ST | L GamEah L % i ke ; 308
i 1
IBOwW 150 120 150 IBOE

Figure 1.3: Sea level pressure over the global tropigsl(000mbar) (Godbole and Shukla, 1981), during
January (top) and July (bottom).

of subtropical highs towards the southwest (in the nortemisphere) and towards the
ITCZ. During winter, when the subtropical highs are closeshe equator, the meridional
pressure gradient is largest, and therefore the trade vairelstrongest. In the upstream
portion of the trade winds, the flow tends to be subsiding avergent, resulting in clear
skies and low precipitation.

As shown by Figure 1.3, the resulting surface circulatiosults in north easterly
(Harmattan) trade winds over the Sahara, which are paatigustrong during the dry
season. During the wet season North Africa is subject to nmemse convection due
to the more northerly location of the ITCZ and more intensarschdiation. Further
north, over the Sahara, this is dominated by dry convectidrereas further south this
convection will become moister and associated with moreipitation.

During summer, when dry convection over the Sahara is ieten@ell-mixed bound-
ary layer can become very deep, extending several kilosétoen the surface. As the
mid-tropospheric flow is westwards (see Figure 1.3) thiswiaym air flows westwards
towards the Atlantic, where it is undercut by moister, demsarine air, or the marine
boundary layer, and becomes what is known as the Sahararapéri(SAL). The bound-
ary between the marine boundary layer and the SAL is charseteby a temperature

inversion, which caps any convection resulting from theingafayer. The base of the
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SAL is found at altitudes of 1-2km, and the top of the SAL remsaat altitudes compara-
ble to the top of the Saharan mixing layer (5-6km) (Carlson@aderly, 1977). The SAL
is transported across the Atlantic over a period of 5-6 daystgpical speed ofms1,
descending as it moves westwards (Carlson and Prosperog),. 1972

The African Easterly Jet (AEJ) is found to the south of the Sahd is an easterly
maximum in the mid-troposphere over West Africa throughtbet year, but which be-
comes a more well-defined jet of more thiims—! from April to November, when it
also attains its most poleward position, as shown in FigutgBurpee, 1972). The AEJ
has a core arounghOmb, is located at arounth° NV, and extends from the Red Sea to the
Atlantic Ocean. The AEJ is the result of a positive thermaldgent from the equator to-
wards the Sahara. Instabilities of the AEJ are known as &frieasterly Waves (AEWS),
have wavelengths of arourd®00 to 4000km, a period of around to 5 days, propagate
westwards and are a feature during boreal summer (Hasterd!@@1). It has been pro-
posed by Carlson and Prospero (1972) that the westward mbpagf the SAL results

from AEWSs crossing the West African coastline.

Fmb)

)N,

BN g an el L3 g ¥ o L 11
LATITUDE

Figure 1.4: August mean meridional-vertical cross-section of zonaldaiomponentif.s—1) along5° W,
from Burpee (1972).

1.3.2 Climate and Dust Transport

Since mineral dust has such wide-ranging impacts on theatdijit is important to be
able to understand and predict dust uplift and transporist Dplift is governed by soil

characteristics and surface windspeeds, the latter havolgpendence on meteorology.
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As a result of this, dust uplift and transport differ betwelea North African dry season
(November to March) and the wet season (July to Septemlsesj@vn in the schematic
from Stuutet al. (2005) in Figure 1.5.

During the dry season dust in North Africa is found mainly @w laltitudes (e.g.
Chiapelloet al, 1995). Uplift can result from strong surface winds alorgjliing cold
fronts associated with low pressure systems passing thrtheyMediterranean region,
and also from northeasterly trade winds (also known as thienbiéan) which are present
during the dry season. Factors such as local orography cgnifyahe dust uplift (e.g.
Slingoet al,, 2006).

40°M

Wt simmiy monsoo

Figure 1.5: Seasonal variation in latitudinal position of the ITCZ and tonsequences for atmospheric

conditions over northwestern Africa. Arrows indicate diien of trade winds; dust plumes are indicated

by grey shadings. December, January and February are shawtheleft, and June, July and August are
shown on the right. Figure 2 from Stuet al.(2005).

During the wet season dust tends to be uplifted by dry andtroois/ection over the
African continent and then transported westwards. Uponhieg the Atlantic Ocean,
the dusty air rises above the moist oceanic boundary layeebaoomes the Saharan Air
Layer (SAL). The SAL is an elevated layer of intensely dry maair, frequently laden
with dust aerosol (Karyampuet al., 1999).

Recent work has shown that North African dust source regiamg\ary throughout
the year, as the meteorology changes (e.g. Schepahsit 2007; Washingtoret al.,
2003; Chiapelloet al, 1997). Different source regions appear to respond to reifite
parts of atmospheric dynamics: the activity of the BédDepression in Chad (a ma-
jor source region for mineral dust) is strongly dependenthenpresence and strength

of the low level jet (Washington and Todd, 2005; Washingtbral., 2006), while dust
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production from the western Sahara is more closely relaieitié¢ degree of low level
convergence (Engelstaedter and Washington, 2007b). rDdfenineralogy from these
different sources may influence the composition, opticapprties and the radiative ef-
fect of atmospheric dust (e.g. Claqunal.,, 1999; Formentet al,, 2008; Highwoocet al,,
2003).

Satellite measurements of Saharan dust show that traregortaries with season
(e.g. Liuet al, 2008a; Hermaret al, 1997; Engelstaedtest al,, 2006). For example,
Liu et al. (2008a) showed that in Northern Africa the altitude at whiltlst was most
commonly found varied with season, using space-borne did& from 2006-2007. They
found dust up to 6km altitude in all seasons, but dust was fmegtiently found in the 1-
2km layer year round, except for December-February wheastmost common between
0.2-1km. Of all seasons, winter dust episodes in NorthericAfwere the most intense.
The observations showed that in spring and summer, the alyestfop was found around
4km, but significant dust still existed up to 6km. During veinthe mean dust layer height
was 2km, though dust was found up to 4km. They found that innserime most dust
was transported towards North America, predominantlyt#tides above 2km, but that
the amount of dust decreased with increasing transportaddegosition and dispersion.
Interestingly, they showed that dust concentrations dbiest altitudes<€ 1km) did not
show significant decreases with westwards transport, atidig that low altitude transport
is also important in summer, as well as in winter, and can ceigmificant distances.

Thus in the different seasons, North African dust is transgbby different meteoro-
logical mechanisms. The different meteorology may havefacteon determining which
dust sources are activated and on whether/how the sizébdistins change, and will thus
have an effect on the optical properties of the dust. Addily, the differing meteorol-
ogy means that the vertical profile of the dust will vary betwehe two seasons (e.g.
Karyampudiet al,, 1999; Zhuet al, 2007) and this will have an impact on the radiative
effect in the longwave, and in the shortwave spectral redicfouds are present (Liao
and Seinfeld, 1998). Characterising dust in a range of @iffemeteorological conditions

and seasons is therefore very important.
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1.3.3 North African Dust Sources

Dust sources are usually associated with topographicas iowarid regions (Prospero
et al,, 2002). Dust production depends on the available supplyidigrodible material,
usually formed from fluvial erosion followed by subsequenyirng and loss or absence of
vegetation, which permits small particles to be upliftetbithe atmosphere, given high
enough windspeeds (Mahowadtial., 2005; Jickellst al., 2005).

Satellite data has frequently been used to identify NortficAh dust source regions
(e.g. Prosperet al,, 2002; Washingtoet al., 2003; Engelstaedter and Washington, 2007a,;
Schepansket al., 2007). The results indicate numerous sources over botBahara and
Sahel, some of which appear to have variable emissions atérdeasons and years.
Some studies have found that most dust is associated withak somber of key pref-
erential source regions (e.g. Hermahal, 1997; Washingtoret al., 2003; Zhang and
Christopher, 2003), an example of which is shown in Figure ©fe source of partic-
ular importance is the Bale Depression, which emits dust all-year round and is likely
to be the dominant source of global dust (Washingtbal., 2003), being responsible for
6 — 18% of global dust emissions (Todxt al., 2007). However, as shown in Figure 1.7,the
Bodéle Depression is a significant dust source year-round, whehgst emissions from
other smaller, but nonetheless important, dust source®st Africa appear to be much
more variable on a seasonal scale.

The dust emitted from each individual source will be depahad® the parent soil
type of the source, and therefore dust emitted from diffesenrces are likely to have dif-
fering composition and mineralogy. Direct measurementdfcomposition are sparse
to non-existent, and therefore other methods have beerogetpto estimate soil compo-
sition. For example, Claquiet al.(1999) estimated the mineralogy of North African soils
by relating surface mineralogy to classical soil types anahél that the fraction of illite,
kaolonite, smectite and calcite showed strong north-sgathations across the Sahara
and Sahel, and that hematite content was particularly migine Sahel as compared to the
rest of the Sahara. Other studies of source mineralogy amg@sition are mostly based
on dust samples measured downwind of sources, which ardrdad back to particular

geographical regions. For example, Chiapeli@l. (1997) collected dust samples at Sal,
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Figure 1.6: Long term mean (1980-1992) TOMS Aerosol Index over Norticafcolours), precipitation
(solid lines) and major dust sources inferred form areasighbst TOMS Al (Figure 1 from Engelstaedter
and Washington (2007a)).
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Figure 1.7: Derived dust sources from SEVIRI MSG IR data by seasonidnal® grid. (Figure 1 from
Schepansieét al.(2007)).
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Cape Verde, and found that as the dust source changed fronatie¢ tSwards the north-
west Sahara the calcium content and Si/Al ratio of the sasniplereased. Caquineau
et al. (2002) used a combination of ground-based measurementssofatl Cape Verde
and Barbados, satellite imagery and back trajectories tev $hat the illite to kaolonite
ratio varied between sources, showing a much higher ratitlse northwest Sahara as
compared to the Sahel and eastern Sahara.

Many studies have measured different dust chemistry amnldéstroptical properties,
which have been traced back to different source regions Tedglet al., 2007). Kandler
et al.(2007) found that the amount of calcium within dust samplddaiia, Tenerife, was
strongly related to the geographical source region indathy back trajectories, with dust
originating from the northern Sahara having a much greakiwm content, a finding
corroborated by Formengit al. (2008). Kandleet al. (2007) also found that the opposite
was true for iron oxide content - dust originating from futtsouth in the Sahara/Sahel
had higher iron content. Formereti al. (2008) found that dust originating from the Sahel
and Mauritania were enriched in iron oxides in the form ofthge and hematite, in
comparison to dust from the Bété depression which was iron oxide depleted.

These results all indicate that the mineralogy of dust gasteongly as a function of
its source region. Therefore if dust source activity vadgeasonally with the dominant

meteorology, it is to be expected that the chemistry of dust aiso vary seasonally.

1.4 Remote Sensing of Dust

Satellites provide useful information on dust aerosolsabee of the global nature of
their measurements, and their ability to produce data spgrarger time periods than
instrumental field campaigns can cover. Previously muchvkege of global dust distri-
bution has been based on passive satellite measuremeaitgsstine Advanced Very High
Resolution Radiometer (AVHRR) (Carlson, 1979; Hustal., 1997), Meteosat (Moulin
et al, 1997), Total Ozone Mapping Spectrometer (TOMS) (Prosgtral., 2002), its

predecessor, the Ozone Monitoring Instrument (OMI, Toetes. (2007), and the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) (Kaufit al., 2005). However,

these measurements are often limited to making measursimetocean due to the high
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amounts of scattering by highly reflective desert surfaseapared to that by aerosols,
preventing measurements of optical thickness close tosduste regions.

TOMS and OMI are able to make use of measured radiances osert t@wever, by
measuring in the UV spectral region where surface reflégtisiow (Hermaret al,, 1997,
Torreset al, 1998). However, TOMS and OMI measurements are limited Umx#hey
are strongly affected by the vertical distribution of thecs®l (e.g. Torre®t al,, 1998;
Chiapelloet al,, 1999; Mahowalcet al,, 2005) and are also unable to distinguish between
dust and biomass burning aerosols (Prosee¢md., 2002), which can be a problem in the
dry season in West Africa. Passive measurements are albteunaletermine the vertical
distribution of dust aerosols, which can be important fa thdiative effect (Liwet al,
2008a).

The use of multi-angle sensors has also extended the usetéd-single satellite data
such as that from MODIS, which can sometimes be unusableodsientglint. For exam-
ple, MISR (Multi-angle Imaging Spectroradiometer) roetynmeasures global aerosol
optical thickness at a resolution bf.6km over land and ocean (Kalet al., 2007), and
does not suffer from sun-glint problems. It has thereforengegossible to use MISR data
in conjunction with MODIS data to fill in the areas sufferingi sun-glint, extending
MODIS data coverage by up 0% (e.g. Kalashnikova and Kahn, 2008). However,
the orbit pattern of MISR means that data is available at tdemaporal resolution than
MODIS data.

Detection of dust over bright surfaces such as desertsas ofit possible due to the
high surface reflectances, which makes partitioning reftex between the surface and
dust aerosol difficult. However, some progress has been madesing satellite mea-
surements from the blue part of the visible spectrum, whesed surfaces have a much
lower reflectance (Hset al,, 2004). The algorithm of Hset al. (2004), “Deep Blue,”
has been applied to MODIS and SeaWIFS (Sea-viewing Wide-6ieldew Sensor) data
and allows optical depths over deserts to be calculated.

Developments have also been made in detecting dust overtslaseng the infrared
part of the spectrum. The SEVIRI (Spinning Enhanced Visibbid &nfrared Imager)

instrument on the Meteosat-8 satellite provides infororatin dust events in high tem-
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poral resolution (Schme#t al, 2002). Brightness temperature differences are calculated
from measurements of narrow band infrared radiances oveglergthsl 2.0 — 10.8um,

10.8 — 8.7um and10.8um (Schepansket al, 2007). The spectral absorption character-
istics of dust then allow it to be detected at a temporal tggmi of 15 minutes, which is
useful in tracking dust storms. The use of infrared radia@tgo mean that this is possible
at night time.

The launch of CALIPSO (Cloud-Aerosol Lidar and Infrared Paitiéir Satellite Ob-
servation) in April 2006 (Winkeet al,, 2007, 2003) carrying the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) has enabled a bettetanstanding of the vertical
global and temporal distribution of mineral dust and CALIGRlso able to distinguish
between dust and other aerosol types by measuring of thdaiizadion ration (Sassen,
2000). CALIOP can also detect dust aerosols for any tera¢surfaces during both day
and night (Liuet al, 2008a), and has a vertical resolution of upten. and horizontal
resolution ofl /3km below8.2km.

Longterm continuous measurements of aerosols have alscobeeved through the
AERONET (Aerosol Robotic Network) (Holbeat al., 1998). AERONET is a worldwide
network of ground-based sunphotometers, from which measemts of aerosol optical
depth at visible and near infrared wavelengths are availaBetrieval algorithms also
allow various other aerosol optical properties and siz&itigions to be calculated. An
advantage of AERONET data with respect to dust measurerisaihis continuous nature
of the measurements, but a sparsity of measurements ovatsiadere mineral dust is
most prevalent.

In summary there has been a large amount of progress initeatigitection and mea-
surement of dust in recent years. Different satellite potglbenefit and suffer from differ-
ent issues, though the combination of different satellitedpcts can alleviate this prob-
lem. Improvements have also been made in retrieving aepsplerties over deserts,
which has previously been problematic. Nevertheless, fieeofi in-situ measurements,
such as examined in this thesis, is vital in order to constta optical properties of dust,
which are used in satellite retrievals, and to provide opyuties for validation of satellite

data for specific case studies.
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1.5 Optical Properties of Dust

In order to model the radiative effect of aerosols, it is rssegy to know or to be able to
calculate their optical properties, which describe howabmsol particles interact with
electromagnetic waves, through scattering and absorptidmief description of aerosol

optical properties is given here, followed by a more detaigview of the estimated values

for mineral dust aerosol in the following sections.

1.5.1 Scattering properties of aerosols

When aerosol particles interact with electromagnetic taahathey are able to scatter this
radiation in different directions, or absorb the radiateomd re-emit it as thermal energy.
The sum of scattering and absorption of this energy is knosvexdéinction, and can be
expressed in two ways. The first is in terms of the singleig@aréxtinction cross section,
Clewe (in m?), where,

Cewt = Cscar + Caps, (1.1)

whereC,.,; andC,,;, represent the single-particle scattering and absorptmsssections,

which is analogous to the shadow the aerosol particle cadtseancident radiation.
The second way the amount of extinction can be expresserbisgh the dimension-

less quantity(..;, the extinction efficiency. This is the ratio of the singlaricle cross

section to the geometric area of the particle, given as

C..
Qeat = —=., (1.2)
wr

wherer is the particle radius an@..; indicates the efficiency of the particle at extinguish-
ing radiation as a function of its siz€,..; and@ ., can be defined similarly.
For a monodisperse sample of aerosols, where ther® quarticles per cubic metre,

the total amount of extinction, or extinction coefficierdnde defined as,
Oext — NCea:t = 7TTQ]\IQexta (13)

whereo,, is measured im L. If the aerosol sample is then assumed to be polydispersed,
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this then becomes,

s AN
Oext :/ 7T7’2Qextﬁd7q7 (14)

Tmin

where% is the number of particles per cubic metre in the size rahgandr,,;, and
Tmaz @re the minimum and maximum radii that the size distributiovers.o,..; ando s
can be defined similarly.

The mathematical representation of absorption and scagtef light by spherical
aerosol particles with a similar circumference to that & Wavelength of light is de-
scribed by Mie theory (Bohren and Huffman, 1983). Key paramsethat govern the
scattering and absorption of light under Mie theory incltite wavelength), of the in-
cident radiation, the particle size, frequently expressed dimensionless size parameter
o = %, and the complex refractive index - the optical propertyhef particle in relation
to the surrounding mediumm,. It is usually understood that is given in relation to air,

the refractive index of which is almost unity.is a complex number,
n=n, — n, (1.5)

where the real part represents the amount of scatteringesfygrby a particle, and the
imaginary part represents the amount of absorption. Botharehimaginary parts are
a function of wavelength. The refractive index of a partislgoverned by its chemical
composition.

Given the particle size and refractive index, Mie theory t@nused to calculate
the scattering and absorption properti€s,.. andQ.,s of an aerosol population, if the
aerosol particles are assumed to be spherical. (Issu@sdrnsm non-spherical particles
are discussed in Section 1.5.5). In order to calculateiaras when aerosol is present,

three aerosol optical properties, which vary with wavetangre required:

1. Single Scattering Albedo

The dimensionless single scattering albedb, is the ratio of scattering to extinc-

tion of energy, and can be defined as

A A A
w)\ _ scat C’scat — Oscat (1 6)
0 A C)\ 0.)\ ’

ext ext ext
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where@?.,, C2_. anda? . are as defined previously in Equations 1.2 and 1.3.
Therefore the fraction of light scattered by a particlesjs and the fraction ab-
sorbed, the co-albedo, is— w}. Since the value of} indicates the amount of
absorption, and therefore the conversion of light to théremergy, the value of
the single scattering albedo is important in determinirggaimount of atmospheric
heating due to the aerosol. Aerosol particles with a singétering albedo close
to 1 will mostly scatter radiation, whereas particles with loveengle scattering

albedos will absorb more radiation.

2. Mass Specific Extinction

The mass specific extinction is the amount of extinction petr mass of aerosol,
usually given inn?g~!, and indicates how efficient a given mass of aerosol pasticle

are at extinguishing radiation. It is defined as,

A
k/\ . 3Qext (17)

;=
“ 4Tpaer ’

wherep,., is the density of the aerosol particle, assumed ta.Begem =3 (Tegen
and Fung, 1995).

3. Phase Function

The phase function describes the angular distributiorgbt intensity at a particular
angle,d, given relative to the incident radiation, scattered by digla at a given

wavelength, and normalised by the integral of the scattietedsity over all angles:

F(0,a,n)

P(f,a,n) =
(6,,m) JTF(0, 0, m)sin(6)do”

(1.8)

wherefF is is the intensity of the radiation scattered into artglend P is measured
in syt

A more commonly used parameter in two-stream approximai®the asymmetry
parameterg?, which is the intensity-weighted average of the cosine efdtatter-
ing angle:

gla,n) == /07r cos(0)P(0) sin(0)do. (1.9)
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A value of 1 indicates that radiation is scattered entirely into thevends direc-
tion, whereas a value of1 indicates that radiation is scattered entirely into the
backwards direction. Positive intermediate values irtdi¢hat most radiation is
scattered forwards, negative values indicate the revérsght is scattered isotrop-

ically, theng = 0.

In terms of the radiative effect of aerosols, the amount s present in a vertical
profile, as well as the amount of extinction caused by thegbest is important. The total
amount of extinction due to scattering and absorption chtssencoming radiation at the
top of the atmosphere (TOA) due to aerosol particles betwileeTOA and the surface
is defined as the aerosol optical depth (AOD,r0). For a population of polydisperse

particles this is defined through aerosol optical propgds

TOA Tmazx TOA
. / / - —Qjmdrdz— / o de. (1.10)

The aerosol optical depth can also be defined using irradidmough the Beer-Lambert

law, as,

Iclr
™ =1In ( SFC) cos(h), (1.11)

e
where! is irradiance in/m~2, SFC indicates the calculation refers to the surface gand
here is the solar zenith angldr andaer indicate the irradiance that would be measured
under clear skies (no aerosol present), and with aerossépte is therefore the extra
extinction that occurs at a particular wavelength due tqtiesence of aerosol particles.
Additionally another useful parameter to describe aerpadiicles is the angstrom
exponentA, which describes the wavelength dependence of extinati@n two wave-

lengths:
A= _lOg(ZE)\l)/lOg(.I)\Z)
log(A1)/log(Az)

wherex can ber, o.,; Or 04.;. This is useful since scattering and extinction at a padicu

(1.12)

wavelength tend to be related to the size of a particle - thusis large, it indicates
the presence of smaller particles, whereas larger pastiglk have a smaller, or even

negative, value of.
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1.5.2 Refractive Index of Mineral Dust
1.5.2.1 Real Part

The real part of refractive index;,., for Saharan dust is generally better constrained
than the imaginary part in the shortwave spectrum. Manyissuduch as Shettle and
Fenn (1979) and WCP (1983) suggest that’ in the visible is1.53, and is constant
over wavelength$.2 to 1.0um. Remote sensing case studies by €aetral. (2001) and
Kaufmanet al. (2001) have found that using this value leads to consisgmilts when
comparing measurements and model calculations.

However, Duboviket al. (2002) used AERONET (Aerosol Robotic Network) data
over a longer period of time (1993-2000) and estimatgedor Saharan dust to be48
at Cape Verde for optical depths @f7 at 440nm. Laboratory measurements of also
deviate from thel.53 value suggested by WCP (1983) by up40.05 (e.g. Patterson
et al, 1977; Carlson and Benjamin, 1980; Sokdadikal., 1993; Sokolik and Toon, 1999)
with measurements by Patterseinal. (1977) ofn, ranging from1.558 — 1.562 + 0.004
atb550nm.

At least part of this variation is due to the differing minleigy of samples as well as
differences in measurement techniques. Sokolik and To®89)1highlighted the effect
of mineralogy on the refractive index by showing that basediterature estimates of
the most common minerals in dust (except hematiie)at 500nm varies from1.49 to
1.7, whereas for hematite, varied betweer2.8 to 3.3. Despite this uncertainty in,.,
these variations are small in terms of percentages and aughi to be less significant
in determining the optical properties of dust than the uladeties associated with the

imaginary part of the refractive index (e.g. Liao and Sdthf@998).

1.5.2.2 Imaginary Part

The value of the imaginary part of the refractive indey, as reported by the literature
is much more variable tham., showing variations of at least an order of magnitude, and
has therefore been the object of much research and disonussio

Calculations ofz; can be divided into two main groups (Sokoékal., 1993): firstly

those based on laboratory analysis of dust samples, anddigdabose based on solv-
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ing inverse problems using optical and radiative measungsria order to determine the

refractive index. Estimates using latter technique argestito uncertainties relating as-
sumptions of the value of surface albedo, real part of thexcéfe index and effects of

non-spherical dust particles, as well as the averagingeoihtlaginary part over the atmo-

spheric column (which may contain other aerosol types). foh@er technique can be

separated into two subsections: those using lab techniquastermine the major com-

ponents of dust samples and then using the known refracialieds of the major compo-

nents to determine the refractive index, and those usiffigsdifreflectance methods in the
lab to calculate the refractive index. Problems with theeldaboratory technique include
factors such as the treatment of samples in order to andigse. t

The most commonly used valuesqgfat visible wavelengths for Saharan dust orig-
inate from work by Pattersoat al. (1977), who used lab measurements of diffuse re-
flectance of dust samples collected at various locationsiditey Tenerife (Canary Is-
lands), Sal (Cape Verde Islands), Barbados, and from a réseessel located at7° N,
26°W. They found similar refractive indices for all sites, wittetimaginary part decreas-
ing from 0.025: at300nm to 0.0038: at 600nm, with a value of around.005: at550nm.
Errors in the value ofi; were estimated to b&)%. Similar laboratory measurements of
n; have been made by Lindberg and Laude (1974); Letial. (1980) for dust samples
from other parts of the world, who found that the valuengfat 550nm varied between
0.004 to 0.0074, values in agreement with those of Pattersbal. (1977).

Other early estimates of the refractive index were made bys@arand Caverly
(21977) who combined Mie code simulations with ground-base@surements of direct
and diffuse radiation with aircraft measurements of siatrifiutions at Sal, Cape Verde,
in order to constrain the imaginary part of the refractivdex when the real part was as-
sumed to bd.54. The refractive indices of Carlson and Caverly (19770.618:, 0.008:
and0.0029: at wavelengths of.375, 0.468 and0.610.m were found to agree very well
with those from Pattersoet al. (1977) within the experimental errors of both studies.

Both these studies indicated significant absorption at ksilavelengths by Saharan
mineral dust, and subsequent modelling studies assigrexdraprefractive indices ac-
cordingly, such as Shettle and Fenn (1979); WCP (1983); d’Amet al. (1991); Hess
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et al. (1998). For example, Shettle and Fenn (1979) and WCP (1988) aisenstant
imaginary part of the refractive index 6f008: at visible wavelengths (see Figure 1.8).
Carlson and Benjamin (1980) included spectral variations,; ddt visible wavelengths,
using refractive indices af.56 — 0.0184, 1.54 — 0.0084, 1.54 — 0.0029; and1.58 — 0.002i

for the spectral band$32 — 0.42um, 0.4 — 0.53um, 0.53 — 0.69um and0.69 — 4um,
respectively.

Various n; values from the literature have been collated by numeraudiest, in-
cluding Ottoet al. (2007), as shown in Figure 1.8. They used values,oét visible
wavelengths from the literature (from Sokogkal. (1993); Pattersoet al. (1977); Carl-
son and Benjamin (1980), dotted red lines in Figure 1.8) toprdma spectrally varying
average imaginary refractive index (thick red line in Fggar8) which resulted in a value
of 0.006: at 550nm. Figure 1.8 also clearly shows that most experiments hawedo
dust to be significantly more absorbing in the UV and loweibléswavelengths, with;
decreasing significantly betwe@rB.m to 0.7um (e.g. Carlson and Caverly, 1977; Pat-
tersoret al, 1977; Sokolik and Toon, 1999; Dubowt al., 2002; Yoshida and Murakami,
2008).

0.100

mfractive index [1]

0.010

0.001 £ 1 | =

Figure 1.8: Figure 4 from Ottcet al.(2007), showing compiled refractive indices from the &tere (dotted

red lines), and a spectrally varying average of these edémdsolid red line). The black dashed line

represents the 'dust-like’ refractive index from Shetthel &enn (1979) and WCP (1983). Values at visible

wavelengths from the literature come from Sokelilal. (1993), who compiled various measurements of

n; from around the world, Pattersoet al. (1977) who measured; for Saharan dust and Carlson and
Benjamin (1980) who based refractive indices on Carlson@aderly (1977).

Estimates of refractive indices from aircraft measuremeant remote sensing tech-
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niques have suggested significantly less absorption by dimt example, estimates of
n; from Saharan dust at the Cape Verde AERONET station suggestsvaf(0.0025i and
0.0007: at wavelengths of40nm and670nm (Duboviket al., 2002), with uncertainties of
+50% (Balkanskiet al, 2007). These estimates are in agreement with those fromé Tan
et al.(2001) and Kaufmamt al.(2001) who used AERONET and Landsat satellite data to
estimaten; values. Low values of; of 0.003i were also found by Leviet al. (1980) for

a dust storm in Israel by using measurements of size disisiband optical depth, and of
0.001:z by Ottermaret al.(1982) using satellite data from Landsat. Aircraft measwaets

of Saharan dust also indicate much lower absorption of dut$t,estimates of.0015: for

n; at 550nm (Haywooet al., 2003) using size distribution, absorption, scattering) i@
diometric measurements. Other aircraft studies of mirdirat have found similar values
of n;, for example, Osbornet al. (2008) estimatea,; to be0.0004: at550nm.

Another approach has been to calculate a bulk refractivexinny analysing dust
samples for chemical composition, and calculating an divesfractive index based on
the volume fraction of various minerals present and theiividual refractive indices. For
example, using this technique Ivlev and Andreev (1986) fban imaginary refractive
index of0.004: at550nm. Methods used by Kandlet al. (2007), Ottoet al. (2007) and
Ottoet al.(2009) were similar to this. Kandlet al.(2007) made in-situ cascade impactor
measurements of Saharan dust afiigaTenerife, and using single particle mineralogy
from SEM and TEM analysis and attributed refractive indibased on values for each
species based on literature values, estimated the refactex to bd .59—0.009:. Using
polar photometry on the same technique led to an estimakeafrtaginary part of.007:
at 700nm. Kandleret al. (2007) also showed that composition can change with dust
particle size, and calculated their refractive index asation of particle size, finding that
the real part decreased slightly with size for particlegdathar2,m diameter due to the
decreasing amounts of iron oxides, whereas for all pastimisizes betweei 15— 10um
the value ofn; decreased with increasing diameter due to the greater abhoadf soot
and iron oxides in the smaller particles. O#ibal. (2007) used a similar technique for
aircraft samples of dust from Morocco and found the oppoghat for particles sized

below 0.5um diameter the value ofi; was very low due to large amounts of sulphate
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present in these size ranges. For extremely large parotl@isameter greater thakdum
they also found low values of; due to greater volume fractions of quartz. However, they
found much less variation in refractive index for partidesed betweef.5um and50um
diameter.

Other studies have highlighted the importance of differimigeralogy as well as dif-
ferent measurement techniques in determining the refieactdex of dust (Sokolilet al.,,
1993), since mineral dust can be a complicated mixture abuarminerals, with vary-
ing optical properties and abundances which can changedughsource, mobilisation
processes, and chemical and physical transformationglatmospheric transport (Soko-
lik and Toon, 1999). For example, Sokolik and Toon (1999wadtb that for the most
common minerals in dust (except hematite)yvaries from0.000075: to 0.0017, whereas
hematite was much more absorbing withof 0.9:;. Their results also showed that dust
can be much more strongly absorbing when hematite is atfatcheéust particles in the
form of aggregates rather than as an external mixture,dudbmplicating techniques to
estimate refractive indices. The complexity of calculgtine absorption of dust has been
further examined by Lafoat al.(2006) who showed that significant differences in single
scattering albedo can be caused by differing amounts ofifoeecontained within dust,
as opposed to just the amount of iron oxide present.

Further intricacies have been found by Lafeinal. (2006), who found that; was
different for hematite and goethite, both in terms of magpét and spectral dependence.
Thus the single scattering albedo was strongly affectenligh the mass specific extinc-
tion coefficient was not. They point out that retrievals ofgde scattering albedo from
optical depth or extinction measurements are unlikely @ gatisfactory results due to
the different sensitivities of.,; and single scattering albedo to iron oxides. They also
found that coarse aggregates had much lower single soatt@ibhedos compared to fine
aggregates, due to the size difference as well as coarsegaggs containing more iron
oxides than fine ones (contrary to the findings of Kanafeal. (2007)). Lafonet al.
(2006) suggest that transported dust, with preferentiaipoved larger particles, will
therefore have higher single scattering albedo values.

Thus despite many measurements and estimates of the imagera of the refrac-



Chapter 1. Introduction 24

tive index over the past thirty years, there is still muchentanty over the magnitude
and spectral variation of the refractive index, with estiesaat550nm varying between
0.0004: to 0.01z, an uncertainty of nearly two orders of magnitude. Nevéedse some
of this variation may be due to variations in composition amaing state of different
samples, and it is also possible that the different teclesagised contribute to this range.
There is a clear need for a better understanding of the i@gbbserved in the value of

n;.

1.5.3 Size Distribution of Mineral Dust

In modelling studies aerosol particles are often represHy lognormal size distributions
(e.g. d’Almeidaet al,, 1991). This is convenient since it allows a mathematicatfion

to describe the aerosol distribution, rather than manyigp@ecmeric values. Lognormal

functions are regularly used to represent atmosphericsalr@ince they represent the
shapes of well observed ambient aerosol size distributiSesfeld and Pandis, 2006).

The lognormal size distribution is defined as,

dN Ny (Inr —Inr,)?
LA B 1.1
dr (2m)'?rlno, ip ( 2(lno,)? (1.13)

Therefore three key parameters govern the charactergdtibe lognormal size distribu-
tion, which arer,, the median radiuss,, the geometric standard deviation, ang,, the
total aerosol number concentration. Aerosol size distioins can be defined by a single
lognormal mode, or a combination of several (Seinfeld anudiRa 2006). Lognormal
size distributions can also be given in terms of surface, aame and mass, which may
result in different values aof,, for the same size distribution.

Another common way of describing aerosol size distribigiathrough a single
parameter, the effective radius {;), where,

fr3%dr

i 1.14

which allows a straightforward comparison of different s@@ments.

Dust, unlike most aerosol species, is composed of both salpmand super-micron
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diameter particles, comprising an accumulation mode contaparticles with diameters
between around.1 to 1 — 3um (e.g. Toddet al, 2007; Fouquaret al, 1987a), and a
coarse mode containing particles of diameter between droun3m and extending up

to 100um (e.g. D’Almeida and Schtz, 1983; Reél al, 2003b). The diameter used to
separate the two modes varies between studies and is oftsercho separate different
aerosol types; for example, Dubowt al. (2002) separate the accumulation and coarse
modes at a diameter af2um, Kaufmanet al. (2005) used a diameter ofim, and John-
sonet al. (2008) used a diameter 6f7um. In terms of mass loadings the coarse mode
is found to be more dominant, which is important to aerosticapdepth and deposition
of nutrients to the ocean, whereas in terms of particle nurdifferent studies find the
accumulation mode of varying importance.

The median radius and effective radius of the coarse modiikirare typically found
to be between — 2m by observational studies; for example Dubogtlal. (2002) found
AERONET derived volume median radii at Cape Verde t®)d€,m and1.9um for the
fine and coarse modes respectively. Tetldl.(2007) found an effective radius ©f66.m
and median radius af.9um. Measurements of Saharan dust by Haywebél. (2001);
Li-Jones and Prospero (1998); Arimatd al. (1997) found the maxima in volume size
distributions to range fronh to 5um. Dust size distributions with smaller particles were
measured by Maringt al. (2000), who found median number radii of arountlm and
less, corresponding to a volume mean radius of lessthan Thus it appears that there
is some convergence of size distribution measurements lauge degree of variability
is still evident.

Presence of accumulation mode dust particles are extreimglgrtant as it is the
submicron particles that interact most strongly with soétiation; for example, Tegen
and Lacis (1996) found that the most optically effectivetioles were in the size range
of 0.3 — 1um, and that the size distribution is very important in detering the optical
properties of dust. Recent studies have highlighted the itapoe of the coarse mode in
terms of optical properties, in that the presence of a largarse mode can strongly affect
the single scattering albedo at visible wavelengths (ettp € al., 2007). The amount

of coarse mode present is also important in determining tih@uat of absorption in the
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infrared (Tegen and Lacis, 1996). Todd al. (2007) found that aerosol optical depth
changes in the Bddé Depression, Chad, were related to large changes in the amun
coarse mode patrticles, as well as a shift in the modal radius.

Considering the importance of dust size distribution to latghosition of dust to the
ocean and to optical properties, it is of interest to know tiveethe size distribution of
dust changes during transport. Gravitational settlingliote that larger, heavier parti-
cles should be deposited on shorter timescales than srpaliécles (e.g. Maringt al,,
2003a), and therefore large changes in the coarse modeisidbution may be expected
with dust transport. Some studies support this, for exapsplellite retrievals from AIRS
(Atmospheric Infrared Sounder) have show that the coarsgeraffective radius of Sa-
haran dust decreased framlum to 2um during transport from the west coast of Africa
to arounds0°W during April to June 2003 (Pierangedt al., 2005). Satellite data such
as that from CALIPSO (Lieet al,, 2008b), MODIS (Remer and Kaufman, 2006),AVHRR
and TOMS (Cakmuet al,, 2001) consistently show that dust optical depth decreases
wards the west with distance from the Sahara, showing tleaamhount of dust present
in the atmosphere is certainly decreasing with transport. |80 lidar data also shows
that properties such as the ratio of dust optical depth ackdeatter at 064 to 532nm,
and lidar ratios (the ratio of backscatterl&d° to extinction) change during transport,
indicating that changes in either composition and/or sig#&idution are occurring (Liu
et al,, 2008b) .

However, other studies have found little change in the @arsde size distribution
with transport, such as Reét al. (2008). Maringet al. (2003a) found that dust particles
smaller thar7.3um are not preferentially removed during transport, and the distri-
bution remains largely unchanged for smaller dust pagjdased on measurements over
both the Canary Islands and over Puerto Rico. Studies usiagdiata to analyse the ver-
tical distribution of dust (e.g. Berthiet al., 2006; Liuet al., 2008b) therefore assume that
size distribution is constant in the vertical which mearat the lidar ratio and the ratio of
backscatter at064 to 532nm remain constant. The accumulation mode size distribution
is also thought not to change significantly during transpwegr short distances (Tegen
and Lacis, 1996).
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Additionally Maring et al. (2003b) and Reiekt al. (2002) found dust size distribu-
tions to show only a small height dependence. However, shiot in keeping with the
modelling study of Tegen and Lacis (1996), who used a heighteddent size distribu-
tions where the number distribution decreased in magnitutkmean radius between
pressures 0950, 470 and 40mbar, due to gravitational settling of larger particles and

their inability to be lifted up to greater altitudes.

1.5.4 Optical Properties of Mineral Dust

Estimation of the true optical properties of dust is comgikel due to the dependence
of optical properties on factors such as size distributrefractive index (determined by
chemical composition and mixing state) and particle shap&f which may vary over
time and space. It is therefore perhaps not surprising beabptical properties of dust
reported in the literature cover a large range of values.

Table 1.1 shows results of optical properties at partiowkarelengths measured dur-
ing several prominent field campaigns based in the NorthcAfriTable 1.2 gives details
of optical properties of dust estimated through other tegpies, mostly remote sensing by
ground-based instruments and satellites. It is clear tletiteasurements and estimates
of the optical properties are highly variable between dé#ife studies; for example, values
of single scattering albedo shown in Table 1.1 from measengsrange from).76 to
0.99 at550nm. The range in these estimates of single scattering albddes/éor dust is
enough to cause either a positive or negative direct radiddircing (Sokolik and Toon,
1996). Forsteet al.(2007) estimate the single scattering albedo of globaltuse in the
range o0f0.9 — 0.99 with a central global estimate 6f96 at670nm. However, long term
AERONET studies suggest that Saharan dust is less absdhainglust from other parts
of the world, with single scattering albedo valuesOdi8 at 670nm (see Table 1.2) as
opposed to values ranging frobrd5 to 0.97 for other parts of the world (Dubovi&t al.,
2002).

Many initial calculations of the single scattering albeddNorth African dust were
modelling studies based on the refractive indices of Paitest al. (1977). These studies

used various size distributions combined with Mie scattgdode and the resulting single



wo g Keat A Size Range Campaigri,ocation Comment Reference
year
0.900-0.961 n/a 1.21-0.93 550nm < 10um NAMMA, Sal, Ground-based measure- Jeonget al. (2008)
Sept 2006 Cape Verde ments of size distribution,
scattering and absorption
0.79 0.79 n/a 532nm AM+CM SAMUM, Morocco Aircraft measurements  Ottoet al. (2009)
May 2006 of size distribution &
ground/aircraft radiometric
measurements
0.99 + 0.02 0.71 0.76 550nm AM DABEX, Niger Aircraft measurements of Osborneet al. (2008)
Jan 2006 scattering and absorption
0.98 0.75 0.33 550nm AM+CM DABEX, Niger Aircraft measurements of Osborneet al. (2008)
Jan 2006 size distributions, scattering
and absorption
0.945 —0.955 0.74 — 0.81 n/a  “solar wavelengths” AM+CM Jul-Aug Izaha, Ground-based chemical Kandleret al.(2007)
2005 Tenerife measurements at 2367m
asl analysed with polar
photometry
0.969/0.986 n/a n/a 440/670nm AM+CM BODEX, Bodéle Cimel data with AERONET Toddet al. (2007)
Feb-Mar Depression, retrieval algorithms
2005 Chad
0.76 0.81 n/a 550nm AM+CM ACE2, Canary Aircraft measurements of Ottoet al.(2007)
July 1997 Islands size distribution
0.97 +0.02 0.72 0.7 550nm AM SHADE, Tropical EastAircraft measurements of Haywoodet al.(2003)
Sept 2000 Atlantic scattering and absorption
0.95 0.74 0.42 550nm AM+CM SHADE, Tropical EastAircraft measurements of Haywoodet al.(2003)
Sept 2000 Atlantic size distributions, scattering
and absorption
0.95 0.66 n/a 0.3 —2.8um AM+CM ECLATS, Niamey, Aircraft measurements Fouquartet al. (1987b)
Nov-Dec Niger of size distribution &
1980 ground/aircraft radiometric
measurements,  refractive
indices based on Carlson
and Caverly (1977)
0.86 0.78 1.0 530 — 690nm 0.2 — 2.4um GATE, Sal, Measurements of size distrarlson and Benjamin (1980)
1974 Cape Verde bution and refractive indices

from Carlson and Caverly
(2977)

Table 1.1: Results from major recent field campaigns where measuraménptical properties of North African dust in the solar spal region have been performed.

AM = accumulation mode, CM = coarse mode. Sizes refer to diame
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wo g Eewt,m?g™ 1 A Location, year Technique Reference
0.912/0.976 412/550nm 10 — 35°N, 20°W — 30°E, MODIS data Yoshida and Murakami (2008)
May-Aug 2003-2006
0.93/0.98 0.73/0.71 440/670nm Capo Verde, AERONET Duboviket al. (2002)
1993-2000
0.94/0.95 n/a n/a 440/670nm Capo Verde, AERONET Tanéet al.(2001)
1994-1996
0.93/0.96 n/a n/a 440/670nm Banizoumbou, AERONET Tanéet al.(2001)
1996-1997
0.97 £0.02 n/a n/a 670nm  Capo Verde, June-Aug 1999ERONET and Landsat Kaufmaet al. (2001)
and Tropical North Atlantic
Ocean, April 1987
0.837 0.775 0.37 550nm  nla Model study Hess et al., 1998
0.95 — 1.0(0.57 — 6.3) 0.65 — 0.8 0.2 —2.5um nla Refractive indices from literature Sokolik and Toon (1999)

and modelling of different minerals

Table 1.2: Estimates of dust optical properties from selected remetesisg and modelling studies. For the Sokolik and Toon (L98a, the value in brackets

represents hematite and other values represent a range@fstributions tested for individual minerals rather tha dust mixture.
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scattering albedo values were low, suggesting large atigoripy Saharan dust, ranging
from 0.63 to 0.89 at 550nm (Shettle and Fenn, 1979; WCP, 1983; Koegkel.,, 1997;
Hesset al, 1998). This range of results highlights firstly the possiabsorbing nature
of Saharan dust, and secondly the importance of the sizébdisdon in determining the
single scattering albedo, since despite these studieg usiy similar refractive indices,
the single scattering albedo results were very different.

Over recent years developments in remote sensing teclmitaee allowed more
estimates of aerosol optical properties, as well as estmradtdust single scattering albedo
from data over larger geographical regions and longer tiales. Targ et al. (2001);
Kaufmanet al. (2001); Duboviket al. (2002) used AERONET data to derive high values
of single scattering albedo indicating that dust was musk Bbsorbing than previous
calculations had shown, from values)0$3 to 0.94 at440nm (Tan€et al,, 2001; Dubovik
et al, 2002) to values betwed&nd5 to 0.98 at670nm (Tan€é et al, 2001; Kaufmaret al,,
2001; Duboviket al, 2002). Yoshida and Murakami (2008) analysed MODIS data and
found high values of single scattering albed®{2, 0.976 at wavelengths of12, 550nm)
over the entire Sahara during 2003-2006 over May-Aug. lukhbe noted, however, that
satellite and AERONET retrievals have errors and assumptassociated with them -
for example, since AERONET uncertainties in retrievalsogf g and k.,; are high for
aerosol optical depths beloWw2, Dubovik et al. (2002) discount data from these days.
Additionally, non-sampling on cloudy days may create a biake results.

The recent estimates of high single scattering albedo sdioleSaharan dust are
mostly backed up by in-situ aircraft and ground-based nreasents, as shown in Table
1.1. The most direct measurements of the single scattelir@gla come from measure-
ments of scattering and absorption, such as the aircrafsunements of Haywooet al.
(2003) and Osbornet al. (2008). These campaigns find single scattering albedo salue
of 0.97 and 0.99 at 550nm respectively, for the accumulation mode, since aircraft in
strument inlets cut-off particles with larger diameterabl€ 1.1 shows that these studies
find a small decrease iy, when the coarse mode size distribution is included through
Mie calculations, though this requires an assumption oféffractive index. Jeongt al.

(2008) made direct measurements of the single scattefrgglalat Sal, Cape Verde, and
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found values ranging froim.9 to 0.96 once the effect of sea salt aerosol particles had been
removed from the data.

Various other field campaigns and modelling efforts havesuesd the size distribu-
tion of Saharan dust, and combined this with either estisnaitéhe refractive index from
the literature or from chemical composition measuremantsrder to calculate optical
properties using Mie scattering code, such as Carlson andaBémj(1980); Fouquart
et al. (1987h); Ottoet al. (2007, 2009), as shown in Table 1.1. Valueswpffrom this
methodology suggest that dust has a more absorbing natitine,ywalues ranging from
0.76 to 0.95. Though these studies include the optical effects of tHesfek distribution,
no measurements of scattering and absorption were madedalgect measurements
of the single scattering albedo. Finally, the methodolofjli{@ndleret al. (2007) differs
from the other calculations described, since polar aenolsotometry was used directly
on filter samples to calculate optical properties, inclgdig, which was estimated to be
0.95.

Note that though the Tables 1.1 and 1.2 give values of singd#éesing albedo at
particular wavelengths, for modelling studies it is neaegto know the full spectral
variation. As described in Section 1.5.2.2, most measun&rghow that dust is much
more absorbing in UV wavelengths than in the visible to ne&iared (NIR), withn;
decreasing from the UV into the visible. This is reflectedpearal measurements and
modelling estimates af,, with higher single scattering albedo values at larger wave
lengths. For example, Dubovét al. (2002) foundw, to increase front.93 to 0.99 over
wavelengths oft40 to 1020nm from AERONET retrievals at Cape Verde, and Cétaal.
(2007) showed that, increased from aroun@? at200nm to around).97 at 700nm (ex-
act values are dependent on the size distribution usegdhl@as refractive indices from
the literature shown in Figure 1.8.

It is clear from the literature that there is a wide range oasuements and calcula-
tions of single scattering albedo at visible wavelength®uigh part of this range may be
due to different measurement techniques being used, gaspalssible that some variation
is due to changes in size distribution and chemical comipos{hence refractive index)

of dust in time and space.
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Tegen and Lacis (1996) showed that size distribution is Wepprtant in determining
the optical properties of dust. They used refractive inglitem Pattersort al. (1977)
and varied the effective radius of their size distributitmosn 0.1 to 9m, and showed that
the extinction efficiency in solar wavelengths was highlpeledent on particle size, and
that as particle size increased the single scattering albedreased, from arouid5 to
0.65 at550nm. In contrast, Sokolik and Toon (1996) estimated that uag&ies ink.,;
stem mainly from uncertainties in the refractive index, evhresulted in values ranging
from 0.2 — 2m?g~!.

Likewise, the composition (and hence refractive indexgrggty influences optical
properties. Studies such as Clageinal. (1998, 1999); Sokolik and Toon (1999) em-
phasise that the way hematite is mixed with quartz or claympmlicated and strongly
impacts the resulting absorption. This means that if déffieisource locations are com-
posed of different minerals, and dust transported fromeckffit sources is representative
of the original source, the resulting optical propertieb eiffer. For example, Todet al.
(2007) found that dust transported from the Ennendi regiothé east of the Bade
depression had single scattering albedos ardéuéit at 440nm, compared to the much
higher values of around.97 of dust being uplifted from the B@& Depression itself.
Jeonget al. (2008) also found significantly different single scattgralbedos of dust)(9
and0.96) originating from different source regions in North Africa

Sokolik and Toon (1999) demonstrate that since the opticggrties of the differ-
ent minerals are very different, the overall properties p&dicular dust sample depends
strongly on the relative abundance of each mineral. Thisheae an effect on the mag-
nitude of single scattering albedo ahd,; and therefore the optical depth, particularly in
large dust loadings. Sokolik and Toon (1999) illustrateat for external mixtures an in-
crease in the proportion of hematite from 0 to 20% for a paldicsize distribution results
in a decrease of the single scattering albedo from OVt to below0.92. They show
that 20% is very high for hematite concentrations, and foeeeconclude that values of
single scattering albedo as low &8 at 500nm, as results from using refractive indices
from Pattersoret al. (1977), must be either incorrect, or that the mixing of heteatas

not in an external mixture.
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Sokolik and Toon (1999) show that when hematite is aggrelgaitn quartz or clay
(rather than being an external mixture), this type of mixtag cause much lower single
scattering albedos. They found that when hematite was gatge to clays (1% hematite,
99% kaolonite), single scattering albedo valuesainm were(.83 to 0.89, in contrast to
single scattering albedo 6f98 for an external mixture. Thus knowing whether hematite
is present as an external or aggregated mixture is cruciabfoulating the radiative effect
of dust. Lafonet al. (2006) demonstrate that goethite is also an important isatecfor
optical properties, but is included in studies less ofteamthematite due to a lack of data
availability. Lafonet al. (2006) examined optical properties of dust samples based on
their mineralogy, and found significantly higher singletsmang albedo values to those
calculated using refractive indices of Pattersoal. (1977).

Sokoliket al.(1993) showed that a spreadripranging from0.003 — 0.009: can alter
the value ofv, of by up t00.15, andg by up to0.5 at visible wavelengths for an assumed
size distribution. Therefore an increased rangedfom 0.01: to 0.0004¢, as described
in Section 1.5.2.2 considerably increases the range otappiroperties that could be
expected for a particular size distribution, intensifyiiig problem of representing the
optical properties of mineral dust.

In summary, the calculation of the optical properties oftthased on refractive in-
dices is complex. Refractive indices of dust can vary withreeuchemical composition
and mixing state, with a strong dependence on the amounsofhing iron oxide present.
Additionally the size distribution can have a large effecttibe optical properties, which
is further complicated since various studies disagree enathount of change in size

distribution for different sources, transport distanced tansport altitudes.

1.5.5 Morphology of Mineral Dust

Section 1.5.1 described the procedure for calculatingapfiroperties of aerosols, given
spherical particles. While this may be a good assumption tonynaerosol types, mineral
dust has frequently been found to be composed of non-sgiheadicles (e.g. Reidt al,,
2003b; Kandleret al, 2007; Ottoet al, 2009; Chouet al, 2008), which are usually

cylindrical, or oblate or prolate spheroids.
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Non-spherical particles can result in different opticadperties, particularly in the
direction of the scattered radiation, or the phase fundigog. Mishchenket al., 1997).
However, if the phase function is then integrated over hphases, differences in the
shape of the phase function in determinipdpecome less important. Additionally, if
irradiances (rather than radiances) are being modellsatsatue to spherical assumptions
will be smaller, on the order of a few percent (Mishchenk@®3;Mishchenket al,, 1995;
Liao and Seinfeld, 1998).

However, in contrast, results for a SAMUM case study fromoGit al. (2009)
show that non-spherical particles significantly impaciaades, particularly in the back-
scattering direction, and that optical depths and the asstnyparameter were in error by
3.5% and4% respectively if spherical particles were assumed (thougdpes scattering

albedos were only affected by up ).

1.6 Radiative Effect of Dust

The aerosol (or dust) direct radiative effect is a measutheperturbation to the Earth’s
energy balance due to the presence of an aerosol. Itis defstbeé change in net (defined
as downwards minus upwards) irradiance (shortwave andmMave) at the top of the
atmosphere due to the presence of an aerosol (Fastdr 2007). The perturbation in
the energy balance is frequently defined as “radiative gydior anthropogenic aerosols.
Since dust is at least in part a natural aerosol, the termdtiad effect” is used (e.g.
Haywoodet al., 2003).

Atmospheric dust can result in both a shortwave and longunadiative effect due to
the presence of both sub and supermicron particles. In thévgve spectrum, dust can
cause either a cooling or a warming of the Earth-atmosplysters depending on surface
albedo and dust optical properties (Balkanskal,, 2007). In the longwave dust causes
a positive radiative effect as it emits radiation back taygahe surface (Highwooet al.,,
2003). Therefore the net (shortwave plus longwave) radiaffect of dust can be either
positive or negative, depending on the strength of the slave or longwave effect (e.g.
Tegen and Lacis, 1996; Sokolik and Toon, 1999), both of whiehaffected by factors

such as particle size, dust altitude and chemical compag(tie. optical properties). For
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example, a higher altitude dust layer will cause a more neg@OA radiative effect due
to the colder emission temperature.

Large dust events can cause significant perturbationstatdiin the shortwave. For
example, during SHADE, magnitudes of the local instantasetirect radiative effect
over the ocean reached as much-ds0Wm 2 at the top of the atmosphere (Haywood
et al, 2003), based on a combination of aircraft irradiance nreamsents and radiative
transfer modlling. Slingeet al. (2006) also showed top of atmosphere shortwave irra-
diance increased by001Wm~2 during the large dust storm of early March 2006, while
the surface solar irradiance at Niamey reduced by as mush(a&m 2, values which
were based on model estimates and satellite measuremdmgse @re considerable per-
turbations to the local energy balance, and significantigelathan the accuracy of the
measurements. However, the mean global effects are mudlesihae to the sporadic
spatial and temporal nature of dust storms. For exampléPB€ 2007 report considered
the anthropogenic dust top of atmosphere radiative forimgnge between 0.3 m 2
to +0.1Wm =2 (Forsteret al, 2007), though these numbers include both shortwave and
longwave effects. The uncertainty in the net radiativeatftd dust stems from uncertain-
ties in dust refractive indices, size distribution, morlolgy and dust altitude. Additional
uncertainties in the radiative forcing come from uncettasin the proportion of dust
which is anthropogenic.

The value of the refractive index, particularly the imaginpart, affects the magni-
tude and sign of the radiative effect (e.g. Balkarethal,, 2007; Wanget al., 2006; Sokolik
and Toon, 1999; Liao and Seinfeld, 1998; Clageiml., 1998). Liao and Seinfeld (1998)
investigated the effect of increasing the imaginary parthef refractive index by0%
around a central value ©£006:, and found that over the ocean, this caused a change in
the diurnally averaged shortwave TOA radiative effectr0f831/m =2 due to the extra
atmospheric absorption. It should be noted th2f®@ change im; is not representative
of the range of uncertainty associated within the shortwave, and therefore actual un-
certainty in the TOA radiative effect is much larger tharstitor example, Claquiet al.
(1998) found that the range of uncertainties associateul waitiation inn; due to differ-

ent mineralogy in the literature was enough to increase ¢td @A shortwave radiative
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effect from —1.39Wm =2 to +1.16Wm~2 due to increased absorption. The valuewpf
used is therefore capable of causing a large change in betinaignitude and the sign of
radiative effect.

Both the shortwave and net radiative effects are sensititkeize distribution of
the dust (e.g. Tegen and Lacis, 1996; Liao and Seinfeld,;JOB&uinet al., 1998). Liao
and Seinfeld (1998) varied the mass median diameter of tsiestze distribution between
1 —8um and calculated the effect on the TOA shortwave radiativeceffThey found that
increases in particle size lessened the cooling effectenittst because of the absorbing
nature of larger particles. The same effect was demondtgt€laquinet al. (1998) who
found that the mean number radius of a size distribution widisa in determining the
net cooling or warming of the atmosphere-Earth system. Titiead radius at which this
change occurred was found tol@é,m and0.2m over the ocean and desert respectively,
though this was due to both effects in the shortwave and lamgwpectra. Though there
was an important sensitivity to the mean number radius, @heefial. (1998) found little
sensitivity of the radiative effect to the spread of the siribution.

As a result of uncertainties in refractive indices, sizdrdiations and consequently
the optical properties of dust, the current estimate of dladtal radiative forcing€0.1+
0.2Wm=2, Forsteret al. (2007)) is not certain in terms of sign, although significant

certainties in terms of the fraction of dust which is antlog@nic contribute to this range.

1.7 Thesis Approach

Section 1.5 has shown that despite a large number of duséstudterms of in-situ mea-
surements, satellite data and modelling studies, the aptioperties of North African
dust are still not well defined, and there is therefore a nedxbtter understand the pro-
cesses that cause the optical properties to differ. Adtitlg, in terms of understanding
the climatic impact of dust throughout the year there isrtyesaneed to establish whether
the likely seasonal differences in uplift and transportcesses caused by the meteorol-
ogy lead to any discernible influence in radiative or micrggpbal properties of North
African dust, and to establish whether this may be continiguto the wide spread of

optical properties reported in the literature.
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This thesis describes the analysis of aircraft measuresradnitorth African dust,
obtained during two field campaigns based in West Africa -inrike dry season and one
in the wet season. The aim of this analysis is firstly, to detee the optical properties
of the dust, and relate these to the chemical and micropdlyproperties. Secondly,
the thesis assesses whether there are any differencesoptibal properties of the dust
which result from differing seasonal meteorology. Finalhe thesis aims to determine
the radiative effect of the dust, and also to relate this &dftical, microphysical and
chemical properties, in order that models and satelliteefetls are better able to represent
atmospheric dust.

A full description of the aircraft campaigns, instrumerdat flying patterns and me-
teorology encountered is given in Chapter 2. Chapter 3 destire vertical profiles
of the aerosol encountered, the chemical composition ofitist, and the potential dust
sources. Chapter 4 describes the aerosol optical and mi@mahproperties.

Chapter 5 investigates the quality of the irradiance measeings from the pyranome-
ters on the aircraft, while Chapter 6 uses this data to vaidatl explore the radiative
effect of the dust encountered during DODO. Finally, Chaptpresents a summary of
the thesis, limitations of the work and suggestions for thtarke, and a wider discussion

of the importance of the findings of this thesis.
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2.1 Introduction

This Chapter describes the fieldwork performed during DOD@eims of flights, mete-
orology and dust activity (Section 2.2), the instrumewntan the aircraft (Section 2.3),
including problems with particular instruments and catitets applied. The criteria used
to identify dust aerosol from other aerosol types encoentés also described in Section
2.4.

2.2 Overview of DODO Fieldwork

The aims of the DODO field campaigns were to make aircraft oreasents of dust dur-
ing transport. The DODO aircraft campaigns were based aaDakport, Senegal, with
the fieldwork separated into two aircraft campaigns, onééndry season (DODO1: 3rd
February - 16th February 2006) and one in the wet season (OROGst August - 28th
August 2006). Each campaign followed on from other airazafbpaigns based in Niger,
Niamey: in the dry season DODOL followed DABEX (Dust and BiosBarning Exper-
iment, Haywoocket al. (2009)) and in the wet season DODOZ2 followed the aircra$ebla
part of AMMA (Africa Monsoon Multidisciplinary Analyses, Rielspergeet al.(2008)).
Thus each part of DODO commenced with a transit flight fromnieg to Dakar, refu-
elling at Bamako airport in Mali. Both DODO1 and DODO2 were thased from Dakar
airport in Senegal, which allowed the BAe-146 aircraft todiyer both the surrounding
land and ocean and perform measurements of dust close toslmaes and of trans-
ported dust over the ocean, in both seasons. The tracks ¢brfight (including the
transit flights) can be seen in Figure 2.1.

The following sections describe the meteorology during@@DO campaigns, the

dust activity and how these relate to the flights that werépered during DODO.

2.2.1 Meteorology during DODO

Figure 2.2 shows the 1000 mbar geopotential and the 850 nezdéonwinds during the
DODO campaigns. Averages over both campaigns are displ&ygdres 2.2(a), 2.2(b),

2.2(g) and 2.2(h)), as well as an average over the first andattehree days during
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Figure 2.1: Flight tracks for each DODO campaign. Flights which did nateunter dust during DODO1
are shown in grey. Airport locations are indicated by a sthligmey, Niger), circle (Bamako, Mali) and
square (Dakar, Senegal).

DODO1 (Figures 2.2(c), 2.2(d), 2.2(e), 2.2(f)), since tbavfthanged significantly during
these days and they were also when the only dust flights taaepl

During DODOL1 the flow changed substantially: for the first e flow was dom-
inated by an anomalous low-pressure system located ov&ahary Islands, shown by
the geopotential lines in Figure 2.2(a), which resultedttteloffshore flow in the region
between Dakar and Nouakchott (Figure 2.2(b)). This is @mptto the predominantly

easterly flow that would be expected from climatology, andlust was sampled during
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Figure 2.2: DODO campaign meteorology from ERA operational analysds 000 mbar geopotential

(m2s~2) and 850 mbar wind vectors for: (a) and (b) DODO1 from 3rd4iE&ebruary 2006; (c) and (d)

DODO1 for 3rd February 2006; (e) and (f) DODOL1 from 14th-16#bruary 2006; (g) and (h) DODO2

from 21st-28th August 2006. Locations of Dakar and Nouattchre represented by a star and circle
respectively.
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this period. Therefore the flights that occurred during tloe regime are coloured grey
in Figure 2.1.

The flow changed during the three final days of the campaigiorbang more clima-
tological with northerly/northeasterly flow in the Dakagien (Figures 2.2(e) and 2.2(f))
which resulted in the advection of dust towards the westcafricoast, which was mea-
sured during flights b173, b174 and b175. This flow patteroiseflected in the DODO1
averages in Figure 2.2(a) and 2.2(b) because of its shoetdwnation. To the south of
Dakar the flow was offshore (Figure 2.2(f)) giving rise to #uvection of biomass burn-
ing aerosol (originating from southern West Africa) at nieglels in the troposphere, this
being sampled during four DODOL1 flights (b168, b169, b17T4)which operated to
the south of Dakar.

Dust was also sampled during the transit flight b168 on 3rdrieely. The me-
teorology for this day is shown separately in Figures 2.2 2.2(d), which show a
more climatological-like easterly flow between Dakar anduakchott (compared to the
DODOL1 average in Figure 2.2(a)), giving advection of dugrdlkie ocean. This dust was
sampled just to the north of Dakar at the end of the transhtflignd was a different dust
event to the western-Saharan dust sampled at the end of DODO1

The geopotential lines in Figure 2.2(g) show the Saharahlbeapositioned over
Algeria during DODO2. The wind vectors at 850 mbar suggefshofe flow to the
north of Dakar, with a recirculation to the south of the regidlowever, the dust events
encountered during DODO2 are more driven by smaller scaleemtion events, and are
more easily described through the satellite imagery shavdection 2.2.2. The six flights
during DODO2 based from Dakar concentrated mainly on thamead land areas to the

north of Dakar (Figure 2.1), reflecting the largest likeblloof dust sampling.

2.2.2 Dust Activity during DODO

Figures 2.3 and 2.4 show dust forecasts from the Met Office CAK2Nkis Area Mesoscale
Model, Greed (2005)) model at 12Z each day and give a goodieveof the dust activ-
ity during the campaigns. This information was used for tliglanning during DODO.

Figure 2.3 shows the surface dust concentratiopriim, whereas Figure 2.4 shows a
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forecast of the aerosol optical depth (AOD) at 550nm, withdifferent variables shown
for each campaign reflecting an update in the flight plannifigrmation and model out-
put between the DODO campaigns.

Figure 2.3 shows low forecast concentrations of advectstialer the ocean around
Dakar during flights b168, b173 and b174. Dust was forecase tadvected further over
the ocean towards the southwest between flight b173 and bigi, so that the same
dust outbreak was sampled on consecutive days. Contrastimgiler concentrations of
dust forecast over Mauritania can be seen in Figure 2.3(dyevh heavier dust storm was
encountered during flight b175.

Figure 2.4 shows the sequence of forecast dust events ttiatred during DODO2.
On 21st August high optical depths are forecast over nartheli which were sampled
during the transit flight (b236) between Niamey and Bamakairig22nd-25th August a
tropical depression (Debby) developed and moved westvilamatsDakar, and can be seen
by the circular area of very low AOD values. This resultedontheasterly flow across
the coastline north of Dakar, transporting dust over thendge/hich had previously been
sampled over land during b236), which was sampled in fligB7b@igure 2.4(b)). High
optical depths were forecast over western Mauritania od 28igust, which were sam-
pled during flight b238 when a heavy dust storm was encouhteffggures 2.4(d) and
2.4(e) show that lower dust AODs were forecast over the oda&ng flights b239, b240
and b241 (24th and 25th August). On 26th and 27th August - ddgs no flights were
performed - the main dust outbreaks were not close to theDalg#on. Finally on 28th
August (Figure 2.4(h)) there was dust forecast over therottethe north of Dakar, which
was sampled during flight b242.

Note that though the CAMM forecasts give a good indicatiorhefrhovement of the
dust outbreaks during DODO, and have the advantage of shaiuist aerosol only and
not being limited by cloud presence obscuring the dust, tleegot necessarily represent
reality, and for this purpose satellite images must be emadi Indeed, one of the aims
of DODO was to validate dust model forecasts (e.g. Getead,, 2008).

Figures 2.5 and 2.6 show dust product images from the MSGgdéat Second Gen-
eration) SEVIRI (Spinning Enhanced Visible and Infrared g@@g instrument (Schmetz
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et al, 2002). Brightness temperature differences are calcufabed SEVIRI measure-
ments of narrow band infrared radiances over wavelengtiis— 10.8m, 10.8 — 8.7um
and10.8um (Schepansket al, 2007). The spectral absorption characteristics of dust al
low its detection, and it appears as pink in the false colmages. Therefore dust activity
during DODO can be seen and differentiated from other type®imsol. These images
are available in 15 minute time resolution, and therefoecadso useful in following the
movement of the dust storms which were sampled during DOD@ait to determine
whether different flights sampled the same dust plumes. eftwer the images shown in
Figures 2.5 and 2.6 are at appropriate times for each flight.

Figures 2.5 and 2.6 clearly illustrate the different metémyy between DODO1 and
DODO2. In DODO1 deep convection associated with the irdpital convergence zone
(ITCZ) can be seen in the red-coloured cumulonimbus cloudisetsouth of the equator,
whereas during DODO2 these can now be seen over northereAfri Figure 2.6(a) the
convective cloud of Tropical Depression Debby can also ee s& the left hand side of
the image. The large amount of cloud that was frequentlygmteduring DODO1 can
also be seen in Figure 2.5.

The dust sampled at the end of the transit flight b168 can beaea dull pink over
the ocean around Dakar. The dust around the coast to theof@tkar on 14th February
(flight b173) and to the south of Dakar on 15th February (flighf4) is difficult to see
due to the presence of cloud above the dust. The dust sammethad on 16th February
in Mauritania can just be made out as a light pink colour, jaghe west of the band of
cloud stretching across West Africa.

Similarly the dust sampled during DODO2 can also be seengarEi2.6. On 21st
August the dust over Mali that was sampled during b236 (tesit flight) can be seen.
By following the succession of 15 minute images (not shovirtam be seen that this dust
is the same dust that was then sampled over the ocean to tieoh@akar during flight
b237 on 22nd August, and that the skies were clear in thismegdetween 23rd - 27th
August a large amount of dust can be seen over northern Afmacstly over northern
Morocco and Algeria (note that this was not well forecast byMM in Figure 2.4),

which appears to have been uplifted in the vicinity of an MCS®4goscale convective
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system) overnight on 22nd August in southern Algeria. Thistdleveloped into a long
swathe, part of which broke off and was transported towardarifania and encountered
during b238 (23rd August). This dust was then advected dwerotean and appears
much less intense in the SEVIRI images in Figures 2.6(d) aé@R. Since the dust in
Morocco was out of reach of the aircraft, the lower dust coire¢ions were sampled
over the ocean under moderate amounts of cloud on 24th AigR3® and b240) and
25th August (b241, which included an intercomparison with NASA DC-8 aircraft).
Again, for these images (Figures 2.6(d) to 2.6(e)) the duditfficult to see due to cloud
presence.

Three days later on 28th August flight b242 was performed st duer the ocean
in moderate dust loadings, which can be seen in Figure 2.8(® 15 minute resolution
images can again be used to trace the dust from b242 backmatidee. This does not
reveal any obvious source or MCS uplifting the dust, but sagtee dust is traceable
to roughly the southern Algeria/eastern Mali area. Agdie, frequent cloud coverage
prevents being able to fully track the dust outbreak backearer time.

Figures 2.7 and 2.8 also show the sequence of OMI (Ozone bfomgtInstrument)
Aerosol Index (Al) during the DODO campaigns. These are shsivce they have the
advantage of representing the real situation (as oppodéd tnodel forecasts), and since
they are based on UV radiance they are not affected by clouchwimited the detec-
tion of dust in the SEVIRI images. The Al is based on the radtameasured at two
wavelengths340 and380nm) in the UV, where dust is absorbing, and measurements of
the Al over north Africa are made around midday, once per dalyll can also detect
dust aerosol over the desert, due to the low albedo of dasdaices at UV wavelengths
. However, interpretation should be cautious since othersattypes, including biomass
burning aerosol, can also be detected. Additionally the @M$ dependent on the height
of the boundary layer, and may not detect aerosol if the bagyndyer height is very low
(e.g. Mahowald and Dufresne, 2004).

Figure 2.7 supports the pictures illustrated by the CAMM ¢asts and fills in some
gaps from the SEVIRI images. Figure 2.7(a) shows the aeraesopked during b168 to

the south of Dakar. Dust in the same region can be seen indsdli7(b) and 2.7(c),
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though in all cases, the presence of biomass burning agskeély to elevate the Al
above what it would be for dust alone. Note that the dust emeoed to the north of
Dakar in flight b173 is not visible in Figure 2.7(b), and thisyrbe related to the dust
being at very low altitudes. As with the SEVIRI images, thetdmger Mauritania is
visible in Figure 2.7(d).

The higher Al values seen in Figure 2.8 reflect the higher dostentrations found
during DODO2 compared to DODO1. The dust sampled in the itrfiight b236 over
Mali can be seen in Figure 2.8(a), which is then located @rrtest over the ocean
on 22nd August during flight b237 (Figure 2.8(b)). The higlstdtoncentrations found
during flight b238 over Mauritania can be seen in Figure 2,8{(here the dust over
Morocco is also evident. The lower concentrations of dustr dlle oceans which were
sampled during Flights b239, b240 and b241 (Figures 2.8(d@a8(e)) can also be seen.
Finally the higher dust Al over the ocean which was samplathdulight b242 on 28th
August can be seen in Figure 2.8(h). During DODO2 when bigrbasning aerosol was

not dominant, the aerosol detected by OMI is much more likelye dust.
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Figure 2.3: 12 hour CAMM forecasts of surface dust concentratiosim—> for the days on which dust
flights were performed during DODOL1. The flight number perfed on each day is indicated below each
figure.
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Figure 2.4: Forecasts from CAMM of optical depth at 550nm for each dayrdguDODO2. The flight
number performed on each day is indicated below each figure.
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(c) 1200 15/2/2006 b174 (d) 1200 16/2/2006 b175

Figure 2.5: SEVIRI Meteosat dust product images for each day dust figdrts performed during DODOL.
Magenta colours indicate dust, red is high cloud, orange-taigtl cloud. The times of the satellite images
shown correspond to the DODO flight times.
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Figure 2.6: Same as Figure 2.5 but for DODO2.
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Figure 2.8: OMI Aerosol Index for each day during DODO2.
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2.2.3 DODO Flights

During the DODO campaigns a series of flights was performetjuke FAAM (Facility
for Atmospheric Airborne Measurements) BAe-146 aircra¥er land (desert areas) and
ocean. The flight tracks are shown in Figure 2.1 and a sumnidahgdocation, duration

and nature of the flights is given in Tables 2.1 and 2.2.

Radiation measurements

Vertical

DUST N
Profile

In-situ sampling B

Radiation measurements

OCEAN

Figure 2.9: Schematic of typical DODO flight pattern. Arrows indicateceaft manoeuvres.

The results and aircraft measurements presented in tlus th@me from aircraft ma-
noeuvres consisting of vertical profiles, measuring thécedrdistribution of the aerosol,
and ‘straight and level runs’ (‘runs’ hereafter), where sw@aments were taken at a con-
stant pressure level or altitude. The straight and leved usually last for a duration of
time between 5 and 30 minutes, covering up to arakttdm, in order to obtain enough
data to allow the horizontal variability to be measured,cocdllect enough aerosol par-
ticles on filter samples. Runs are performed within aeros@riato take in-situ mea-
surements, and at low and high altitudes to take radiometg@asurements, as illustrated
in the schematic diagram in Figure 2.9. The aim is for the level runs to be below all
aerosol, and for the high level runs to be above all aerogblng clouds present. In prac-
tice airspace and time limitations may mean that this is hedygs possible. For example,

over the sea the BAe-146 can fly as low as 15m (50ft) duringlpsodir 30m (100ft) dur-



Chapter 2. Methodology 54

ing runs, whereas over land the lowest altitude achievethg@ODO was 70m (200ft).
Additionally the presence of clouds may prevent high algtwadiation work.

Vertical profiles range from either ground level (in the cattake-off or landing) or
the aircraft’s minimum safe altitude of 20m (50ft) over seapproximately 70m (200ft)
over land, to above the aerosol layer. Since the altitudeeoditist varied between seasons,
the altitude range of deep profiles also varied between DO&@IDODO2. The aircraft
flies at110ms~! but ascends and descends$ats~' and therefore covers considerable
horizontal distance during a profile, which means that timedata is invaluable in terms
of showing the horizontal variation. Most instruments oa BAe-146 sample at least at
1Hz, giving good resolution of data in the vertical and honital. The locations of the

runs and profiles performed in each flight can be seen in FL@
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Locations of Aircraft Profiles During DODO
—20 —15 —10 —5 0

Locations of Aircraft Runs During DODO
—20 —15 —10 —5 0

Figure 2.10: Locations of (a) profiles and (b) runs during DODO. Each flightepresented by a different
colour as indicated in the legend. Circles represent themrieeation of a run or profile.
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Flight Date Take-off Operating Area Objectives Cloud
& landing present?
time

b168 3 Feb 2006 074628, Land areas betweenransit flight (Niamey-Dakar), inyes
170016 Niamey and Dakarsitu and radiometric measurements
refuel at Bamako  of dust

b169 7 Feb 2006 112228, Over ocean south dihstrument shake-down, biomages

141834 Dakar burning aerosol sampling
b170 11 Feb 2006 095447, Over ocean south din-situ biomass burning aerosges
145335 Dakar sampling
b171 12 Feb 2006 084911, North of Dakar (up toModel validation for major dusyes
(b172) 130656 25°N), over ocean storm to the north of Dakar. Dust

storm not encountered and aircraft
lost science power during refuel and
therefore no data available for b172

b173 14 Feb 2006 094953, Coastal region bek-situ sampling of dust over coasyes
143615 tween Dakar andine and land

Nouakchott
b174 15 Feb 2006 094400, Over ocean north anth-situ sampling of dust advecteges
131354  south of Dakar over ocean and biomass burning
aerosol, probably same dust event
as b173

b175 16 Feb 2006 085143, Land regions (desertn-situ sampling and radiometrico
141538 in northern Maurita-measurements of dust over desert;
nia moderate dust loadings

Table 2.1: Summary of flights performed during DODOL1.
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Flight Date Take-off Operating Area Objectives Cloud
& landing present?
time

b236 21 Aug 2006 072144, Land areas betweeRransit flight (Niamey-Dakar), inmostly
160735 Niamey and Dakarsitu and radiometric measuremerytss

refuel at Bamako of dust between Niamey and Ba-
mako. Lack of fuel at Bamako
meant a direct flight from Bamako
to Dakar

b237 22 Aug 2006 135855, Over ocean northin-situ and radiation measurememts
182401 west of Dakar of dust over ocean. Possibly same

dust event as b236.

b238 23 Aug 2006 130025, Land regions (deserin-situ and radiometric measureiostly
173152 in northern Maurita-ments of dust over desert; high dust

nia loadings and low visibility

b239 24 Aug 2006 095141, Over ocean, betweelm-situ measurements of dust owges

135328 and to the south obcean
Dakar and Sal (Cape
Verde Islands)

b240 24 Aug 2006 151619, Over ocean, to northin-situ and radiometric measureiostly
193645 west of Dakar ments of dust over ocean. No cloud

physics data available.

b241 25 Aug 2006 135438, Over ocean, to northintercomparison with NASA DCmostly
183200 west of Dakar 8 aircraft and high-altitude calibrazo

tion of radiometers

b242 28 Aug 2006 110243, Over ocean, to northin-situ and radiometric measureiostly

153338

west of Dakar ments of dust no

Table 2.2: Summary of flights performed during DODO2.
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2.3 BAe-146 Instrumentation

2.3.1 Overview of Instruments

The FAAM BAe-146 aircraft was equipped for in-situ aeros@asurements, radiometric
measurements and measurements of standard meteorolagiedlles during the DODO

campaigns. A summary of the instruments relevant to thisishe given in Table 2.3, and
a full overview of all instruments is given in Haywoed al. (2009).

At this point it is necessary to define how the terms ‘coarsdehand ‘accumulation
mode’ will be used in this thesis. The core instruments m@agun-situ aerosol prop-
erties (nephelometer , PSAP (Particle Soot Absorptiondtheter) and PCASP (Passive
Cavity Aerosol Spectrometer Probe)) will be assumed to meamly the fine and accu-
mulation mode, and to exclude the coarse mode. The size rmaegsured by the PCASP
isr = 0.05 — 1.5um (d = 0.1 — 3um), and therefore this range will be taken to repre-
sent the accumulation mode in this thesis. The cut-off dhe PSAP and nephelometer
Rosemount inlets are thought to be arodpeh diameter (see Section 2.3.4) and therefore
the same definition is applied to the PSAP and nephelometr struments measuring
the coarse mode-(> 1.5um or d > 3um) are non-core instruments and are described
further in Section 2.3.6.

The following sections describe some of the key instrumesdsarements, correc-
tions and limitations - particularly with regard to the nefdmeter which developed a
fault during DODO2. A more detailed analysis of the pyrantendata has been carried

out and forms the content of Chapter 5.



Type of Instrument Abbreviation  Details Comment
Measurement
Aerosol PMS Passive PCASP Size distribution; = 0.05 — 1.5um Wing-mounted
Microphysics  Cavity Aerosol
Spectrometer Probe
100-X
Droplet  Measure- CDP Size distribution, measures= 0.01 — 31um, Mounted on aircraft fuselage. Operated on se-
ment  Technology only data fromr = 2.5 — 20um used lected DODO2 flights, corrections applied for
Cloud Droplet Probe non-optimal mounting.
Optical Prop- TSI 3563 Integrating Total scattering and hemispheric backscatterin§upplied by Rosemount inlet. DODO2 data
erties Nephelometer coefficients (dry) att50um, 550m, 700um corrected to agree with NASA DC-8 data.
Radiance Research PSAP Aerosol absorption coefficienttrum Supplied by Rosemount inlet.
Particle Soot
Absorption Pho-
tometer
Chemical Filter Samples 90mm nucleopore filters withm pore size DODOL1 filter samples had largéuf:) pore
Composition sizes
Aerodyne  Aerosol AMS Aerosol mass size distribution of
Mass Spectrometer organics, nitrates, ammonium and
sulphatesd = 0.05 — 1um)
Radiation Eppley PSP Clear 0.3 — 3um up and downwelling See Chapter 5 for correctional procedures

dome pyranometers

hemispheric irradiance

Eppley PSP Red
dome pyranometers

0.7 — 3um up and downwelling hemispheric See Chapter 5 for correctional procedures
irradiance

Gas Phase Various

Chemistry

Ozone, Carbon Monoxide TECO 49 UV Photometric lmstent, AL50002
Carbon Monoxide Instrument

Core data

Various

Pressure, altitude (radar, GPS, pressigat),
GPS location, temperature, dew point tempera-
ture, aircraft pitch & roll.

Table 2.3: BAe-146 aircraft instrumentation relevant to this thesisl& ODO.

AbBojopoyiapy "z 181deyd

65
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2.3.2 Uncertainties in PCASP Measurements

The Passive Cavity Aerosol Spectrometer Probe (PCASP) is @cabparticle counter
which measures aerosol particle concentrations as a fumotisize, allowing a size dis-
tribution to be retrieved. The amount of light scattered mgividual particles between
scattering angles & — 120° is measured, and assumed to be dependent on particle size.
The scattered radiation is also sensitive to the shape dradtiee index of the particles.

The PCASP is calibrated using polystyrene latex spheresawitifractive index of 1.588-
0.0i. Therefore aerosol particles with a different refracindex, and non-spherical shape
may result in inaccurate sizing by the PCASP (McMeelahgl., 2008).

The number of particles measured per second is convertechtionber concentra-
tion (¢m—?) using the flow rate through the PCASP. This is not measuredtiijrduring
flights, but can be calculated using measurements of amtaergerature and pressure
during the flight, if the flow rate through the PCASP has beensorea on the airfield
before take-off (McMeekingt al, 2008). If this correction is not applied, PCASP data
from high altitude runs may be underestimates of the truelmumoncentrations.

It has only recently (in the last month) become evident thatRCASP data from
the aircraft had not been corrected to the appropriate flosv fEherefore data presented
in McConnellet al. (2008) do not include this correction. However, much of tlagad
from the PCASP is presented in terms of normalised size loligions - i.e. the number
concentrations are relative to the total number measuredaokun. These measurements
will remain unchanged even if flow rate corrections are madbe PCASP data.

The effects of the PCASP flow rate corrections on the numbecesdrations are
greatest at higher altitudes. This has been investigatediafa from DODO. Changes to
the absolute number size distributions range from very Isfuatier5%) at low altitudes
(under 1km) to very large at high altitudes (increases itiggarnumber concentrations
of around70% at 5 km altitude). Since this only affects data presenteeims of the
absolute number concentrations, the only data (and r¢sifested in this thesis is the
analysis of the coarse mode size distributions and optrcgigaties in Chapter 4, Section
4.5. The PCASP data presented there is from an altitude of Wkrare the pressure and

temperature changes would result in an increase in pantictger concentration d2%.
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This change has been applied to the results, which were nsitise to a change of this
magnitude.

Assigning uncertainty to the PCASP measurements from DO Qaldifferences in
dust refractive index (from latex) and due to non-sphepealicles is more difficult due to
lack of information on these properties. Osboet@l. (2008) investigated uncertainty in
PCASP measurements due to non-spherical particles (poylateers and spheroids) and
spheres with a refractive index of 1.53-0.0004i and fourad tinere was a tendency for the
PCASP to undersize particles by a factor of around 0.8 foigbestsmaller thai®.2um
radius. For particles larger than this, the sizing was wedémated or overestimated by
a range of factors from 0.91-1.19 for different sized p#&#sc Therefore the uncertainty
in the sizes of particles measured by the PCASP during DODiKeily Ito be aroun®0%
since the real part of the refractive index of dust assumeel &ued the aspect ratio of the
particles from DODO (Chowet al., 2008) are likely to be similar to those from the tests
performed by Osbornet al. (2008).

2.3.3 PSAP Corrections

The Particle Soot Absorption Photometer (PSAP) measurggydate absorption by
monitoring the change in transmission across a fibrous diléexs Standard correction
procedures have been applied to the PSAP data as descriBaohdet al. (1999) and
Haywood and Osborne (2000). These corrections includestd@nts for inaccuracies in
the filter spot size, flow rate, overestimations of absorptlae to scattering being mis-
interpreted as absorption, and for multiple scatteringe fow rate on the PSAP on the
BAe-146 is set manually, typically t8Lmin~'. The flow rate is uncontrolled during
profiles, and therefore PSAP data from vertical profiles isused. During straight and
level runs when the flow rate is controlled and therefore diaita is used for absorption
calcuations.

The PSAP measures absorption at 567nm whereas the nepbaioneasures scat-
tering at 550nm. The corrected absorption coefficient nreasby the PSAR;257, has
been adjusted to 550nm assuming thavaries asl/\ (Haywood and Osborne, 2000),

to obtaing>°.
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2.3.4 Nephelometer Corrections

The TSI 3563 nephelometer on the BAe-146 measures the dsaagtering coefficient
at 450nm, 550nm and 700nm wavelengths over scattering angles7f 170° and is
supplied from the aircraft exterior by a Rosemount inlet. TH@DO nephelometer has
been corrected as advised by Anderson and Ogren (1998) fsechiforwards scatter-
ing, assuming that the aerosol is submicron particles dtleetpassing efficiency of the
Rosemount inlet.

During DODO2 the BAe-146 flew a wing-tip to wing-tip intercparison flight
(b241) with the NASA DC-8 aircraft which was based at Sal, Capal¥, during part
of DODO2 as part of the NAMMA (NASA African Monsoon Multidigdinary Analy-
ses) project. The intercomparison part of the flight inctutteee straight and level runs
within dust in the SAL to the north of Dakar over the ocean.sigrovided the opportunity
to compare measurements from the nephelometers on therovafai

The DC-8 operated a TSI 3563 nephelometer (identical to théte BAe-146), but
behind a NASA LaRC type inlet, which has been shown to gi%8% loss of dust parti-
cles above3.5m aerodynamic diameter, giving an optically equivalent dééan of2,m
(McNaughtoret al,, 2007). The BAe-146 Rosemount inlets which supply the nephet
ter (and PSAP) have been estimated to have an upper limitufstr ghrticles of around
3um in terms of optically equivalent diameter (Haywoetlal,, 2003), though the true
passing efficiency and cut-off are not well defined. Howetlex,estimated inlet cut-off
diameters supplying the two nephelometers are similar.

The nephelometer data for the two aircraft have been cordparel is described in
McConnellet al. (2008). For information purposes, the findings from this panson
are described here. The two nephelometers were found touneetiee same variability
in the dust layer, but showed significant offsets betweentweinstruments with the
DC-8 nephelometer measuring more scattering by a factoBo®2736 and 2.4 at 450nm,
550nm and 700nm respectively. It is thought that the BAe+igjthelometer developed a
fault during AMMA (the campaign preceding DODO2) and lostngosensitivity due to
high dust loadings experienced by the BAe-146 when the neptater was not closely

monitored and may have resulted in the detectors becomribg didditionally the blue
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scattering signal was especially low.
Therefore the BAe-146 nephelometer data have been calriecégyree with the DC-
8 nephelometer data as described in McConetedll. (2008), for the whole of DODO2.
The underestimation of scattering by the BAe-146 nephelentan also be shown
by comparing aerosol optical depths (AODs) measured by Hi@DAERONET station
at Mbour to those obtained by integrating the vertical pesfibf scattering as measured
by the nephelometer, according to,

z 550
7'550:/ as—dz, (2.1)

ac 550
0 “o

where7> is the optical depth at 550nm measured by the aircsaff, is the scattering
coefficient (including both standard corrections and the®&xrection), andj* is the
single scattering albedo of dust calculated from a hordontn in a dust layer at an

appropriate altitude, according to,

550
G = T (2.2)

550 550’
US + Ua

whereos?®® and o> are the scattering and absorption coefficients measuredaone,
again corrected for both standard corrections and for the8[@Grrection in the case of
020, since it is not possible to use PSAP data from vertical msfil

Aircraft-measured optical depths for 13 deep profiles fro@OD, either landing
or taking off at Dakar airport, have been calculated, andsam@vn in Table 2.4 with
AERONET aerosol optical depth measuremenis’,). DODOL1 profiles underestimate
aerosol optical depth (AOD) by a factor of 1.54 on averageomgarison to AERONET
measurements. DODO1 data is assumed not to be affected beloapeter problems,
but similarly affected by any inlet losses which may be odagrduring DODO2. It
is possible that there is a substantial difference in thewsrhof coarse mode between
campaigns which causes this difference. However, the nedde behaviour of all three
nephelometer channels during DODO1, and a realistic zgraksuggest that the neph-
elometer was behaving normally. Therefore the underetibmaf 1.54 is not surprising

and is attributed to the loss of coarse mode patrticles in tteeRount inlet. This under-



Chapter 2. Methodology 64

estimation is consistent with that observed during SHADwizod et al. (2003). Using
the DC-8 nephelometer corrections described in McCoreteill. (2008) for the DODO2
data, a similar underestimate of 1.35 is obtained. Using dat corrected to agree with
the DC-8 data (but still adjusted using standard correcktipracedures) results in the

AOD being underestimated by an average factor of 3.1 for DQDO

Flight Profile 7250 75350, 7090, /7250
b168 P17 0.21 0.38 1.83
b169 P1 0.30 0.24 0.81
b171 P1 0.11 0.11 1.00
b173 P1 0.09 0.12 1.34
b174 P10 0.05 0.11 2.03
b175 P1 0.12 0.15 1.19
b175 P8 0.04 0.11 2.56
DODO1 Mean 1.54
b236 P10 0.33 0.23 0.71
b237 P8 0.61 0.64 1.06
b238 P1 0.38 0.68 1.80
b238 P9 0.42 0.48 1.16
b242 P1 0.18 0.42 2.30
b242 P11/P12 0.27 0.29 1.08
DODO2 Mean 1.35

Table 2.4: Aerosol optical depth at 550nm, from aircraft measurem¢nis®) for various profiles and

from the Dakar (Mbour) AERONET station’(%;) at the same times. Also showni$y,/725°, the

ratio between the two measurements of optical depth. Adrrafir calculations come from Equation 2.1

and incorporate standard corrections to nephelometer aB&P data, and DODO2 nephelometer data is
corrected based on the NASA DC-8 nephelometer data.

The variability in732,/722% in Table 2.4 is probably related to differing amounts
of coarse mode aerosol particles being present, which wesldalt in smaller or greater
underestimates of AOD. Some of the variation may also be alakstrepancies in inlet
passing efficiency between the two aircraft which would iteswa different scaling factor
being required for different size distributions.

Hygroscopic growth can result in aerosol particles becgmmore scattering in hu-
mid environments. Since the nephelometer measures drydityjthe measured scat-
tering can be an underestimate of the true ambient scajteRew estimates of hygro-
scopicity for Saharan dust exist, though it is likely thag gffects of humidity are small
(e.g. Li-Jonest al,, 1998; Carriceet al., 2003). However, when dust is mixed with other
aerosol particle types, the effects of humidity can becomeennmportant. The effect

of hygroscopic growth on the nephelometer measurementbédas tested here using
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hygroscopic growth values for submicron Asian dust mixéupé Carricoet al. (2003)
and biomass burning aerosol values from Magi and Hobbs (2008s resulted in AOD
values far greater than those from AERONET, and therefoggdsgopic growth is not
accounted for here, though it is acknowledged that it coait in small increases in
aircraft calculated AOD.

Another factor contributing to the variability of the vakian Table 2.4 could be the
distance from the aircraft to the AERONET station - i.e. ttiat two measurements do
not represent an identical aerosol column. Additionally #ircraft covers substantial
horizontal distance during a profile. The average distaet&dren the mean point of the
aircraft profiles and the AERONET station varies betweenrZ9264km with a mean of
114km. However, there is no apparent correlation betwestanite from AERONET and
the correction factor, so this is unlikely to be the main eaoisthe difference in AOD.

The comparison between aircraft-measured AODs and the AEROdata shows
that the behaviour of the nephelometer data throughout D®®&s consistent and sup-
ports the scaling of the BAe-146 nephelometer data destnibglcConnellet al. (2008).
Therefore the nephelometer data for the whole of DODO2 has berrected based on
the DC-8 comparison. No corrections for hygroscopic growtthumid environments
have been made, since the detailed results using the nepételodata in this thesis come
from straight and level runs within dust layers. These layegre typically very dry (far
drier than was experienced in the vertical profiles), wittagarage relative humidity of
46% during the whole of DODO, which would result in negligiblegrgscopic growth
(Li-Joneset al., 1998; Carriceet al, 2003).

2.3.5 Filters

Bulk filters were used to collect samples of airborne dustrdustraight and level runs
lasting at least 20 minutes in order to guarantee sufficeadihg of the filter samples.
The sampling system on the BAe-146 is identical to that froen@-130 and is described
in further detail by Andreaet al. (2000), and by Formengt al. (2008) with regard to
the DODO campaigns. Andreae al. (2000) estimated the inlets to the filter samples to

sample35% of the coarse mode by mass. Aerosol particles were samplidttaton onto
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a stacked filter unit using one stage containing a 90mm Npolexfilter with a nominal
pore size of0.4um. Unfortunately the DODO1 samples were mistakenly coligéaie
different filters with pore sizes dfum, which means that many particles with diameters
smaller than this may not have been sampled.

The filter samples from DODO have been analysed in two ways:

1. Elemental concentrations for the combined accumuladimh coarse modes were
measured by particle induced X-ray emission (PIXE) at thbdtatorio di Tec-
niche Nucleari per i Beni Culturali (LABEC) at Florence, Italy (@h et al., 2005;
Calzolaiet al, 2006). PIXE results are available for most of the runs erauwhin

this thesis.

2. Scanning electron microscope (SEM) and transmissiatrelemicroscope (TEM)
analysis was performed at the Laboratoire Inter-univairsitdes Sygtmes Atmo-
spteriques (LISA) in Ceteil, France on a limited number of samples (see Table
2.5) during a one week period. This allows the compositiosinfjle particles to
be determined using an energy dispersive X-ray detectietesy Further details
of the SEM and TEM used can be found in Chedtal. (2008).

The SEM can detect particles with diameter greater than, whereas the TEM
measures the composition of particles smaller thamum diameter, so there is
some overlap in the particle size measured by each instriui8&M images of the
filter samples have also been used to calculate coarse nemldisiributions (see
Section 2.3.6).

Flight Run SEM TEM Comment

b175 R7.1/R7.2 Y N Larger pore sizes, but still clear
evidence of coarse particles

b237 R2 Y Y
b237 R5 Y Y
b238 R4.1 Y N
b242 R5.1 Y N

Table 2.5: DODO filter samples analysed using the LISA SEM and TEM. Y aimdlidate whether SEM
or TEM analysis was/was not carried out.
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2.3.6 Coarse Mode Size Distribution Measurements

Measurements of the coarse mode size distribution are nesshwell defined than those
for the accumulation mode (e.g. Reagtlal, 2003b), and measurement techniques on the
BAe-146 are less well validated. During DODO the coarse neide distribution was
measured by a CDP (flights b237, b238, b239, b240). Additipitdias been possible to
use scanning electron microscopy (SEM) on filter samplesdardo use particle counting
software to calculate a coarse mode size distribution. EHathument, limitations, and

corrections applied, are described below.

1. Cloud Droplet Probe (CDP)

The CDP is an optical particle counter which uses scattegadt size the particles
as they traverse a laser beam. It is mounted non-optimaliynl@way from the
aircraft skin which resulted in some initial uncertaintytire sample volume as a
function of particle size. Subsequent comparisons witkesdwcloud instruments
were used to determine the sample volume which showed astensbehaviour
for droplet sizes below = 20um (Abel, 2007). On the basis of these comparisons
the CDP number concentration for particles up to this sizebeas adjusted by a
factor of 0.35 to account for uncertainties in the sampleved. Abover = 20um

the CDP has a shadowing effect due to its position on the &iranal hence data
from sizes larger than this has been discounted. The loveggs ethe CDP size bin

is not well defined and has also been discounted.

In cases where full size distributions have been used intti@sis, the CDP size
distribution has simply been joined onto the PCASP sizeildigion, and in most
cases the transition from PCASP to CDP size distribution agpgaooth. The
CDP made measurements roughly eviiy during DODO2, and therefore data is

available for both straight and level runs, and verticafifgs.

2. Scanning Electron Microscope (SEM)

Particle counting software was used on SEM images of dusplesrtsuch as Figure
3.7, Chapter 3) to obtain a size distribution. The softwaesusightness levels to

detect the particles and fits an outline to them. From thisctreamference, and
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a circular equivalent diameter can be calculated (Cétoal,, 2008). The smallest
four size bins from the SEM size distribution were defined ¢ate same as the
largest four bins from the PCASP, so that the two size diginbs overlapped and

could be compared directly.

This is a 2-D procedure which measures geometrical diambi@n-spherical flat

particles are likely to be deposited on the filter sample# he side of largest
surface area lying parallel to the filter. This may lead toarestimate of diameter
in comparison to the optical particle counters which measiimmeter of particles
in all orientations. Measurements of SEM size distribugithom specific cases are

examined in more detail in Chapter 4.

2.4 ldentification of Dust Aerosol

The dominant aerosol types encountered during DODO werenadiust (both cam-
paigns) and biomass burning aerosols (DODOL1 only). In cwlésolate runs where the
accumulation mode was dominated by dust only, runs whergesicey from the neph-
elometer at 450nm was greater than 550nm and 700nm were eelmv the assumption
that these runs were dominated by biomass burning aeroberéithe predominance of
smaller particles result in greater scattering at smalkaralengths).

For the remaining runs, data from the AMS and filter sampleth(8EM and TEM
analysis) have been used. Filter sample data for SEM sarfiplesflights b175, b237,
b238 and b242 have been analysed using the SEM, and do nassuggy mixing of
aerosol types or the presence of other components, ingjugliiphate coatings on the
dust particles. The results are described in more detail ap€in 4, but in these samples
very few particles other than dust were observed.

AMS data is available for all the runs during DODO1, but netD®DO2. The AMS
provides results on the composition in termggfn 3 of organics, sulphates, nitrates and
ammonium, and these results represent the submicron paoftibe aerosol. The PCASP
size distribution data for these runs has been used to eddctile total submicron mass,

from which the percentage of non-dust submicron mass caalbelated using the AMS
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data. These results show that the runs selected had lessithiaof the submicron mass
constituted by organics, sulphates, nitrates and ammandwere therefore dominated
by dust. For the runs selected from flights b168 and b175 ubhm&ron mass of the non-
dust components reached a maximunm %t whereas the dust encountered during flights
b173 and b174 reached a maximumi1é6f; of the mass being supplied by the non-dust
components, with the average mass of sulphates contrgpbttweer).7 — 1.1gm 3

for b173 and b174 (low loadings). Thus it appears that thé fdois b168 and b175 was
much purer dust than was sampled during b173 and b174. Thisbmaelated to the
trajectory that the air had taken before passing over thar@atvhich appeared to be the
Spain/Portugal region (see Chapter 3). However, despgeiths clear that the samples
were dominated by dust.

The results presented in Chapter 3 examine the likely origirthe air masses in
which dust was measured. These results were not used inéeice criteria for the runs
chosen, but are consistent with the runs chosen being deedibg dust, having origins
over the Sahara. The runs selected as being dominated bpehesol are described in
Table 2.6, and are examined in the following chapters in $ewfitheir microphysical and

optical properties.

2.5 Chapter Conclusion

This Chapter has described the meteorology and dust eveatt®dhurred during the

DODO campaigns, and the instrumentation and relevant ciwreprocesses that have
allowed measurements of the dust to be made. The followingQhapters describe the
dust vertical profiles encountered, dust sources and dogbasition (Chapter 3) and the

dust microphysical and optical properties (Chapter 4).
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Flight Run Altitude/lkm  Comment
b168 R6 0.5 Low level dust over Mali
R15 0.1 Low level dust north of Dakar over ocean
R16 1 Low level dust north of Dakar over ocean
b173 R8,R9 0.5 Low level dust, runs parallel to and along Mauritanian
coastline
bl174 R3.1,R3.2 0.2 Low level dust south of Dakar over ocean
R4.1, R4.2, R4.3, R4.4, R4.50.05 Low level dust south of Dakar over ocean, successive
runs nearer to Dakar (upwind)
b1l75 R2 0.3 Moderate dust storm over Mauritania
R6 1.5 Moderate dust storm over Mauritania
R7.1, R7.2 0.25 Moderate dust storm over Mauritania
b236 R2.1 6 Top of well mixed dust layer over Mali/Mauritania
R5.1 15 Bottom of well mixed dust layer over Mali/Mauritania
b237 R2 5 SAL over ocean
R3 2.5 SAL over ocean
R4 0.03 Below SAL over ocean
R5 0.03 Below SAL over ocean
R6, R7 5 SAL over ocean
b238 R3.1,R3.2,R3.3,R3.4 0.3 Heavy dust storm over Mauritania
R4.1 1 Heavy dust storm over Mauritania
R5.1 2.5 Heavy dust storm over Mauritania
R6.1 3.5 Heavy dust storm over Mauritania
R7.1 5 Heavy dust storm over Mauritania
b239 R1 2.5 SAL over ocean
R2-4 2.5 SAL over ocean, three runs of short duration merged
R5 3 SAL over ocean
R6 2 SAL over ocean
b241 R2 2.5 Intercomparison with NASA DC-8, SAL over ocean
R5 0.5 Below SAL over ocean
b242 R1.1 4 SAL over ocean
R5.1 3.5 SAL over ocean

Table 2.6: Runs selected (as being dominated by dust aerosol) and uosttisithesis for analysis of
microphysical and optical properties. Note that no runsnfr®240 were used due a computer failure
resulting in no cloud physics data being available.
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3.1 Introduction

It is important to understand how the meteorology in bothssea affects the vertical
profiles of the aerosol and where the dust originates frorbpés of these factors affect
the transport of the dust, and therefore potentially the slistribution. The chemical

composition of the dust is equally important and is examinek, along with potential

dust source regions, which are expected to determine (@aat Influence) the chemi-
cal composition of the uplifted dust. Section 3.2 descritteesvertical structure of the

aerosol encountered during DODO, Section 3.3 investightepotential sources of dust
measured during DODO, and Section 3.4 describes the resaliisible on the chemical
composition of the DODO dust.

3.2 \Vertical Profiles

3.2.1 Scattering Profiles

Figure 3.1 shows selected cases of the vertical profiles r@isakscattering at 550nm
from the nephelometer, the Angstrom exponent over wavéhsrigbOnm to 700nm, and
temperature and dew point temperatures. Small or negatigstfom exponent values
indicate larger particles, more likely to be dust, whereagdr values indicate biomass
burning aerosols or anthropogenic aerosols. Large amotiatatter in the Angstrom ex-
ponent indicate noise in the scattering signal due to vemalmounts of aerosol particles.
The structure of the temperature and dewpoint temperatafdgs gives an indication
of the humidity of the air and can indicate the location of tleeindary layer, as well as
temperature inversions which can limit vertical mixing. eTAmount of scattering indi-
cates the amount of aerosol present (though the size of ttieles will also affect the
scattering).

Over land, close to dust sources, vertical profiles are autélar for both the dry
and wet season (Figures 3.1(a), 3.1(b)), both showing aldyst close to the surface,
indicated by the scattering profiles and small to negativeegof Angstrom exponent.

Figure 3.1(a) for the dry season shows a thick dust layemektg from the surface to
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Figure 3.1: Vertical profiles of aerosol scattering at 550nm from thetrelpmeter ilM/m ! (corrected as

described in Chapter 2), the Angstrom exponent over wagglerb50nm to 700nm, temperature and dew

point temperature. Cases shown are for over desert in Mauidt (top) and over ocean (bottom) in the dry
season (left) and wet season (right). Flight numbers andilprnames are indicated below each figure.
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3000m with the largest scattering towards ground levelui@@.1(b) for the wet season
shows a similar layer also extending to around 3km, but withkpscattering at around
1km. Above 3km, low scattering values (100M/m ') extend up to 6000m, whereas in
the dry season no aerosol was seen above 3000m. The temmpexatudewpoint tem-
perature profiles indicate that the altitudes at which tlaétedng drops off sharply is the
same as the altitude where temperature inversions occékrain the wet season (Figure
3.1(b)) and at 3km in the dry season (Figure 3.1(a)). Theadsis a minor temperature
inversion at around 1500m in Figure 3.1(b), level with thté@wde where scattering drops
off sharply above the scattering peak at 1km. Thus the boynalger heights are strongly
linked to dust profiles, as would be expected.

Figures 3.1(c) and 3.1(d) show the typical vertical profdesr the ocean during the
dry and wet seasons, from flights b174 and b238. There aredvasal types present in
Figure 3.1(c): the lowest aerosol layer below 1km being,drmttaining larger particles
(indicated by the small to negative angstrom exponent g3J@ad the layers between 1.5
to 4km being biomass burning aerosol dominated by smalleicfes (indicated by the
much larger Angstrom exponent values of between 0 and 1.& €kapter 2 for a more
detailed examination of aerosol species). Carbon monoxideoaone were also found
to be positively correlated with scattering in this uppearela again indicating biomass
burning aerosol. This type of profile was typical of the DOD@fy season) flights over
the ocean, especially to the south of Dakar, with a low alétlayer of dust, present to
varying degrees, and a higher altitude layer(s) of biomassihg aerosol.

In contrast, during the wet season the aerosol profile oeeotean is very different
to the dry season. In Figure 3.1(d) there is no biomass bgaenosol present, and instead
a layer of weaker scattering particles is present, padrbubetween 4-6km, which is the
Saharan Air Layer (SAL), containing mineral dust, againhvgtnall to negative values
of the Angstrom exponent. This dust has been uplifted oveSdhara (see Section 3.3)
by moist or dry convective activity to altitudes with a higbtential temperature, and
then advected westwards over the Atlantic Ocean where drhes separated from the
surface by the cooler, moister marine boundary layer. Asatdd by the temperature and

dewpoint profiles, the SAL is dry and humidities are mosthy lmnder60%), and there
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is a strong temperature inversion at the top, which is tym€she SAL. Below around
4km dust is still present but with lower scattering valueslicating less dust. Between
1.5km and 4km, it appears from the temperature profile thatishdust within another
dry air mass, separated from the layer above by a slightlyst@olayer. From 6km to
1.5km, the Angstrom exponent shows a gradual decrease fitoml0 indicating larger
particles present towards the base of the layer. Below 1.8knets an absence of aerosol
particles down to 1km, where the marine boundary layer Isggithich also contains
dust particles, with negative Angstrom exponents and highidities (over’0%). Filter
samples indicate that this aerosol was indeed dust andegégible sea salt aerosol was
present (see Section 3.4). The very negative Angstrom exgsrsuggest the presence
of larger particles and possibly deposition from the dugetaabove. (The origin and
chemical properties of this aerosol layer are discusseddum Section 3.3). Though the
general picture of wet season dust transport is for the rnitgjof dust to be within the
Saharan Air Layer, it appears that dust is also found withénmharine boundary layer, as
has been suggested by Colaetal. (2003) and found from lidar measurements by Liu
et al. (2008b).

Figure 3.1 shows a selection of profiles from DODO which wegresentative of
the other profiles performed during the campaigns. Duriegdity season, dust was not
always found below the biomass burning layers, but whenepteghe vertical extent
varied betwees00 to 1500m, and always extended right to the ocean surface (or within
the 30m altitude permitted for the aircraft). The verticailisture was mostly a single
layer, which dropped off sharply at the top of the layer atdhligude of the temperature
inversion. Occasionally two dust layers were observed. drieseason biomass burning
aerosol layers were found between a minimum @f0m to a maximum oH000m, and
the structure varied between a single layer to multipleraye.g. Johnsoast al,, 2008).
There was always a ‘clean slot’ with no aerosol present batvitbe biomass burning
aerosol and the lower dust layer. Therefore Figure 3.1(c@psesentative of the range
of flights during DODO1. The flight over the Mauritanian deg&igure 3.1(a)) cannot
be analysed in terms of representativity, since this wasiiedry season flight over the
desert. Airborne lidar data, such as that from CALIPSO, wélMaluable in evaulating
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this.

In the wet season the vertical structure of the dust was manahble. There were
frequently several layers in the dust outbreaks over thamcand the vertical span of
the dust varied from very narrow (arouftOm during part of flight b239) to very broad
(4000m in the case of one profile during b239) and more evenly digteithin the vertical
than that for b237. Vertical profiles from flight b236 over thesert show quite a different
structure to that from b238 in Figure 3.1(b) - the dust wasatd above 000m, and
during different profiles peaked at altitudes betw8eo0Om to 5000m, perhaps because
the dust was being transported from further afield, rathan theing in the process of
uplift as in b238.

The vertical profiles shown in Figure 3.1 are broadly coesisivith what is expected
from West African seasonal dynamics, with the greater ccie activity during the wet
season allowing dust to be uplifted to higher altitudes, aiild low-level dust transport
in the dry season. The seasonal variation in vertical psoWlidl have important effects in
terms of the longwave radiative effect, which depends omltiteide of the dust layer (e.g.
Highwoodet al., 2003), and also on deposition of nutrients to the oceanpeegs which
might be expected to take longer for a higher altitude dysdrlaHowever, considerable
variation within this idealised picture is evident, suchtlae deeper dust layer shown
in Figure 3.1(a) extending to 3km and dust within the marioargary layer in Figure
3.1(d). A ubiquitous biomass burning aerosol layer wasaleteby the instrumentation
and clearly visible by eye during almost all the flights dgrthe dry season, but notably
not during the more northerly flights, including flight b17A%e0 the desert in Mauritania.
The difference between vertical profiles over land and odgsapparent, in particular
with the warm dusty SAL air overlaying the marine boundaryelain the wet season
but not in the dry season. The differences shown in Figured8rhonstrate that dust
was being transported differently during each campaigindgupODO, and may have
different impacts on the size distributions between cagmmi

Additionally the differences in the height of the boundaaydr containing the dust
between the two seasons is of importance. Several studieddtated dust sources based
on the TOMS Aerosol Index (Al) (e.g. Hermahal, 1997; Prosperet al., 2002; Ginoux
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et al, 2001; Goudie and Middleton, 2001; Engelstaeétal., 2006), by locating regions
of North Africa with persistently high Al values as dust soes. However, as pointed
out by Mahowald and Dufresne (2004), the TOMS Al is sensitivéhe boundary layer
height, with higher boundary layers leading to greater eslaf Al. The results shown
here confirm that dry season dust is found at low altitudet) thie boundary layer and
dust top level varying between 500m-3km. Thus, as shown blgadwald and Dufresne
(2004), low boundary layer heights in the dry season ardylit® lead to dry season
dust sources being underestimated. For example, the TOM®ades in Chapter 2 do
not show the dust encountered over the coast during fligh bAfich reached altitudes
of 1.5km, wherease they did show the b175 dust which extend&dita Comparison
with dust from the other dry season flights is not straighténd due to the presence of
biomass burning aerosol above the dust layers, which TOBSdgtects. However, very
recent studies using new space-borne lidar data (such ast laili(2008b)) to examine

dust outbreaks should provide a good way to overcome thitaliion.



Chapter 3. Dust Vertical Profiles, Sources and Composition 78

3.2.2 Size Distribution Profiles

Figure 3.2 shows how the measured size distributions chartpe vertical. The colours
indicate the number concentration at a particular radiusis Tigure format is used as
it provides a detailed view of how the size distributionsmadpin the vertical, without
having to average over layers. (See Section 4.2.3 for coiovext plots of size distribu-
tion changes in the vertiacl). The accumulation mode sig&idution is measured by the
PCASP, and extends to a radiuslofum. The CDP was available only during DODO2
and covers the range= 1 — 20um. As described in Chapter 2, the CDP was an experi-
mental instrument during DODO2 and cannot be accuratelgdeipon, which explains
why the CDP and PCASP overlap is not always smooth in FigurelBdaes, however,
give a good qualitative indication of the vertical changesoarse mode size distribution,
particularly since the profiles shown in Figure 3.1 do notjte any information on the
coarse mode particles.

In general, the size distribution profiles are complimentarthe scattering profiles
shown in Figure 3.1. Over land, it is clear that the peak dastentrations were found
closest to the surface, with both the number concentratidrifae contribution from larger
particles decreasing with altitude. In Figure 3.2(a), thenber of particles larger than
0.2um drops sharply at 3km, consistent with the sharp drop sedreisdattering profile
in Figure 3.1(a). Interestingly, the PCASP data shows thegmee of particles smaller
than this up to 5km, though since this is not seen in the nepheter scattering data it
indicates that these patrticles are not very optically &ffec In Figure 3.2(b) there is a
significant number of particles all the way up to 6.5km, cstesit with the altitude in
3.1(b) at which scattering drops off sharply and the tentpegainversion occurs. For
both profiles in the dry season, the greater number of largeicfes closer to the surface
is consistent with Stokes’ theory that smaller particleguiring smaller uplift velocities,
can be uplifted to greater altitudes.

Over the ocean the profiles of size distribution are alsoisters with the scatter-
ing and temperature profiles. Figure 3.2(c) clearly showshilbmass burning aerosols
between 1-4km with radii smaller than around,m. The dust layer can be seen below

1km, with more particles of radius greater thtaum in comparison to the biomass burn-
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ing layer. There is a sharp decrease in the number of pattlaround00m where the
dust layer ends - this occurrs at all radii (though due to tieae of colour bar the drop
in number concentrtion in the orange colours appears mornewd). In the wet season,
the very different profile can be seen in Figure 3.2(d). Hex@kmumber concentrations
in the coarse mode are found between around 3.5-4.5kmilgligiver than the peak in
accumulation mode patrticles and in scattering from Figut€d3. This is an indication
that the nephelometer is reacting more strongly to pagticiéhe accumulation mode, and
that variations in scattering due to coarse mode partickesat reflected in the scatter-
ing data. The cleaner layer seen in Figure 3.1(d) betweebHlrlis also seen in Figure
3.2(d). Here the number concentration of coarse mode festiand accumulation mode
particles in the range = 0.5 — 1.5um drops off sharply. This may be because the two
layers are being transported from different locations amdieu different meteorological
conditions. The temperature inversion then prevents them fmerging. Below 500m,
there is a sudden increase in the number of coarse model@sktibich is not so marked
in the accumulation mode data. This increase in large pestimay be due to the dust
layer above depositing larger particles.

In summary, the vertical profiles of size distribution diffeetween the two DODO
campaigns and between land and ocean cases, and can baexphathe differing mete-
orology between the dry and wet season. It is clear that ffereint meteorology results
in a different vertical structure to the dust, differentnisport mechanisms, and different

size distributions.
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Figure 3.2: Vertical profiles of size distribution for the same casesrem\s in Figure 3.1. Colours indicate
number concentration%g, em™3um™1). Size distributions are covered by the PCASP for the actasmu
tion mode (up to- = 1.5um) and the CDP for the coarse mode & 1 — 20um). CDP data is only
available for DODO2 flights. Corrections to CDP data are déised in Chapter 2.
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3.3 Source Attribution using NAME

3.3.1 Methodology

The origin of the air masses observed during DODO have beestigated using the Met
Office Numerical Atmospheric-dispersion Modelling Envimbent (NAME) (Ryall and
Maryon, 1998). This is a Lagrangian particle model in whiahissions from pollutant
sources are represented by air parcels driven backwarasaerby meteorological fields
from the Unified Model (Cullen (1993)). Although NAME was iiaily designed as an
emergency response tool, it has subsequently been deddlmpeumerous applications,
including tracing the origin of air masses containing ael®$e.g. Glosteet al, 2007,
Witham and Manning, 2007; Webstetral.,, 2007).

NAME has been used for DODO by tracing air masses backwaetdige days from
locations where the aircraft sampled dust, in order to gaumralerstanding of the possible
dust source locations. This has been done using the losadioruns where the aircraft
measured dust, since data from these runs have been usddutateathe dust optical
properties in Chapter 4. NAME was initiated at times corresiiog to the duration of
the aircraft runs, and at locations (latitude, longitudd ahitude) corresponding to that
of the aircraft over the entire run. The trajectories of jgéas released within this volume
are then followed backwards in time by NAME, over 5 days - ddgblifetime of dust
in the atmosphere. When the particles enter a layer closeetsutface, chosen to be
altitudes of 0-200m, the location of the particles has besonded and mapped. Thus
the origin of the air masses sampled can be traced back to thiegrwere close to the
surface, which is likely to indicate the location of dustittpl

Caution should be exercised when interpreting the NAME tsstlowever. The
results indicate where the airmasses were close to thecsurfat where dust was actually
uplifted. Dust upliftis dependent on many factors, suchuafase windspeeds and surface
moisture. Since NAME is not a dust uplift model, these faxtme not taken into account
in the results shown in Section 3.3.2. Therefore the reshlsvn in Section 3.3.2 should
be interpreted as showing locations where possible du#t amy have occurred, had

sediment availability and uplift conditions been favodeabTherefore if source regions
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occur over the ocean, this indicates only that air origidateer the ocean, not that the

ocean is a dust source.

3.3.2 NAME Results

Results from NAME are shown in Figures 3.3, 3.4 and 3.5. Theyvdthe locations of
the air masses when they were close to the surface, in thesi@96m of the atmosphere,
in order to give an indication of possible dust uplift locais for the dust measured by the
aircraft.

Figure 3.3 shows that during the dry season the dust ladesaaipled by the air-
craft had been transported in well defined plumes from a eagterly direction, consis-
tent with climatological winds over North Africa. Thus madtthe dust sampled during
DODOL1 is likely to have been uplifted in Mauritania, Moro¢ddestern Sahara and Al-
geria. The dust sampled during b168 appears to have a letberpitrajectory than the
rest of the DODO1 dust, with sources also including nortidati. The overall picture
of dust transport during DODO1 is consistent for all casesmm@red, with dust being
transported by a well-defined plume from the northeast.

NAME results in Figures 3.4 and 3.5 indicate that this is & tase for the wet
season. Dust sampled during the various runs appears toohgugated from a variety
of widespread geographic locations. This indicates th#t Host sources and transport
mechanisms were different and more varied during DODO2.cHses of dust measured
during flights b237 and b238 shown in Figure 3.4 show that evéimn single flights,
the dust measured at different altitudes originated frdiferdint parts of Africa. For both
b237 and b238 the dust encountered at higher altitudes leadti@nsported from further
east than dust measured at low altitudes.

Interestingly, all the cases where dust was found at lowudkis during the wet sea-
son (Figures 3.4(a), 3.4(d), 3.4(e) and 3.5(g)) appear ¥e hartheasterly origins with
obvious plume patterns, in a similar way to the DODOL resutighe case of b237 R5
and b241 R5 (Figures 3.4(a) and 3.5(g)) the principal oridithe airmasses where dust
was sampled appears to be over ocean, though some air folRB28@es originate from

Western Sahara and Morocco and some air for b241 R5 also atégifrom Mauritania,
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Mali and Niger. Note that these runs have been identified asftam the procedure de-
scribed in Chapter 2. In particular, the case of b237 R5 willX@rened in more detail
in terms of composition in Section 3.4.

It is interesting to note that the dust found during flight B24d b241 R2 has more
southerly origins (b242 - southern Algeria, Mali and Nige241 - Mauritania, Senegal,
southern Mali, Burkina Faso, southern Niger and western Ctiedt) the other flights.
Since dust originating from more southerly sites in the $&l&ahel are thought to have
higher contents of absorbing iron oxides (e.g. Clacgtil, 1999; Alfaroet al, 2004;
Lafon et al,, 2006), this is of interest, and will be discussed furthethwespect to the
optical properties in Chapter 4.

Itis noticeable that the plumes from flights b173 and b174£aigins towards Spain
and Portugal as well as over northwest Africa, and that thenay therefore contain
anthropogenic European pollution or aerosols. Filter dasifpom these flights have not
been analysed and therefore cannot confirm this. HoweverAMS submicron mass
percentage of sulphates was higher for the runs in b173 and (hapter 2), which is
consistent with the NAME results. However, the total petaga of non-dust mass was
still very low.

In order to account for the NAME results not including uplifotential, forward
model runs were undertaken for the cases in flight b238, winicbrporated a dust up-
lift scheme (Athanassiadaet al, 2006). In this dust model, dust is dynamically lifted,
transported and deposited on the basis of the surface piegpand meteorology. The
results indicated that essentially all the dust observéalagltitude (Run 3.3) originated
from the region west of°£. This region accounted for approximately 80% of the dust
observed at mid level runs (Run 5.1), but only 10% of the dusenled at high altitudes
during Run 7.1, with the remainder having been transportad further east. Therefore
these dust model results support the hypothesis drawn fthenNAME air mass origin
results that for b238 the high altitude dust had been tratesgpover larger distances than
the dust sampled at lower altitudes, and also that the dustes were different at differ-
ent altitudes.

The dust sampled during b173 and b174 appear to have verlasiai mass ori-
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gins, both having sources in northern Mauritania, norttWestern Sahara, and southern
Morocco. Thus it appears that the same dust event was emeedrdn consecutive days,
with b173 encountering it along the west African coast antdslampling it further down-
stream to the southwest of Dakar. This makes these two flggrtecularly interesting, as
they can be potentially used to analyse the direct effectsaasport on dust, which will
be examined in more detail in Chapter 4.

In summary, the dust measured appears to have differenteobetween the two
DODO campaigns. This suggests firstly that the dust may hdfereht composition,
if the properties of the parent soils differ, and secondbt tie transport distances are
different, which may affect the size distributions. Additally during the wet season
there is a greater variation in the suggested location olstheces, both for different
flights and within a single flight. Thus if this causes vaoatin the microphysical and
chemical properties of the dust, the optical propertiedctbea expected to be more varied
during DODO2 than during DODOL1. However, it should be noteat more dust flights
were operated during DODOZ2 than DODO1, and differencesdmvthe two campaigns
may be partly due to the limited meteorology experiencethgudODOL1, rather than a

true seasonal difference.
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(a) b168 R6, 500m (c) b168 R16, 500m

& & 2

(g) b175 R7, 150m (h) b175 R2, 150m (i) b175 R6, 1450m

Maximum value = 6.06e06 gs/m3

1.00e09 1.00e08 1.00e07 1.00e06 1.00e05 1.00e04

Figure 3.3: Dry season results of five day particle release experimeaata the UK Met Office NAME
model, indicating the likely origin of dust encounteredidgmruns where the aircraft sampled dust. Colours
indicate particle concentration within the lowest 200mtwd aitmosphere. Results from the same flight are
grouped by line, starting with dust found at the lowest attés from the left. Text below each figure
indicates flight and run number, and altitude of the run whaust was measured. Altitudes correspond to
the runs where optical properties are calculated, as ddsatiin Chapter 2. Units are arbitrary, but should
be interpreted as the number of particles within the 0-208@yet Black cross indicates the location where
the aircraft measured the dust.
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(g) b238 R6.1,3750m  (h) b238 R7.1, 5300m

Maximum value = 6.06e06 gs/m3
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Figure 3.4: Same as Figure 3.3 but for flights b237 and b238 during the easan.
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(h) b242 R1.1,4100m (i) b242 R5.1, 3900m

Maximum value = 6.06e06 gs/m3

1.00e09 1.00e08 1.00e07 1.00e06 1.00e05 1.00e04

Figure 3.5: Same as Figure 3.3 but for flights b239, b241 and b242 duriegntbt season.



Chapter 3. Dust Vertical Profiles, Sources and Composition 88

3.4 Composition of DODO Dust

3.4.1 Elemental Ratios

Elemental concentrations for the combined accumulati@ah@rarse modes were mea-
sured by particle induced X-ray emission (PIXE) at the Labanio di Tecniche Nucleari
per i Beni Culturali (LABEC) at Florence, Italy (Chiagt al., 2005; Calzolaet al., 2006).
Ratios of elemental concentrations usually associatedduigih have been calculated for
the same cases as those described in Chapter 2 and are shabtei3T along with sim-
ilar results from other work. Elemental ratios are usefulmderstanding the composition
of the dust, as well as giving an insight into different dusiree locations (e.g. Chiapello
et al, 1997). Note that the ratios here are for runs corresportditige runs examined in
terms of optical properties in Chapter 4, and differ from tHe@D results presented in

Formentiet al. (2008), who present results from the whole of DODO.

Campaign/Measurement Reference Si/Al Ca/Al K/AI FelAl
Location

DODO1 27(0.2) 1.1(0.4) 0.3(0.1) 0.7(0.1)
DODO2 2.6(0.3) 05(0.2) 0.2(0.1) 0.7(0.1)
DABEX Formentiet al.(2008) 3.0 (0.6) 0.5(0.3) 0.3(0.2) 0.7(0.3)
Banizoumbou, Niger Formengi al. (2008) 2.7 (0.3) 0.4 (0.1) 0.2 (0.05) 0.59 (0.06)
Izana, Tenerife Kandlest al. (2007) 2.14 0.28 0.2 0.58
SHADE, Eastern Tropical Formentiet al. (2003) 2.18 0.35 0.21 0.53
Atlantic

Barbados Rei@t al. (2003a) 2.13 0.38 0.17 0.3
Sahelian dust at Sal Chiapebtal.(1997) 2.03 (0.09) 0.2 (0.1)

North Saharan dust at Sal Chiapetipal. (1997) 2.32 (0.05) 0.6 (0.19)

Table 3.1: Mean elemental ratios measured from PIXE for DODO filter seamporresponding to the runs
examined in Chapter 4. Values in parentheses representtandard deviation of the sample. Elemental
ratios of Saharan dust for other studies are also shown.

Average ratios for Si/Al ar@.7 + 0.2 and2.6 + 0.3 for DODO1 and DODO?2 re-
spectively. These are somewhat higher than previous sealh SHADE in Formenti
et al. (2003) and from the range of results for different origingegi by Chiapellcet al.
(1997), but less than the value in crustal rock Mason (1966gk which has not been
uplifted. Itis possible that transport affects this rasimce some of DODO1 and DODO2
samples were much closer to the source of the dust than thake previous studies. It

is also possibly due to different source regions havingediifit characteristics. Chiapello
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et al. (1997) suggest that dust from the northern Sahara has h8i#dratios based on
the lower kaolonite content in the soil. Of all the clay malsr kaolonite has the lowest
Si/Al ratio. However, despite some of the DODO2 sources appeg to be more towards
the Sahel, there is no significant difference between the DOBnd DODO2 samples for
Si/Al, or indeed between the ratios for the individual fligiihot shown). Formenét al.
(2008) examined illite to kaolonite ratios for b238 dust gamred to other ground-based
samples taken at Banizoumbou, Niger, and aircraft measutsfrem DABEX flights
over northern Niger, and found b238 to have much higheeittit kaolonite ratios (0.6)
compared to the other samples (0.1-0.3), indicative ofsim northern Africa. This
is in agreement with the NAME results for this flight in Figar@.4(d), 3.4(e) and 3.4(f)
suggesting sources in northern Africa.

DODO1 shows substantially higher Ca/Al ratids1(+ 0.4) compared to DODO2
(0.5 + 0.2). Work by Formentiet al. (2008); Rajotet al. (2008) indicates from dust
measured in Niger during AMMA that sources in northwest édrare richer in calcium.
Analysis of soil samples by Stz and Sebert (1987) and Gomes (1990) also suggest that
soil from the northern Sahara is rich in calcite. This fits itttmthe dust sources indi-
cated in Section 3.3, with DODOL1 sources being based morartisanorthwest Africa
(Morocco, Western Sahara, northern Mauritania and noghiigeria) than the DODO2
sources. DODO1 was particularly high in calcium comparettiéoother results shown in
Table 3.1, though the average ratio falls within the totalgeof results shown by Chia-
pello et al. (1997). The Ca/Al ratio for b173 R8/R9 was particularly high &, though
this has little effect on the DODO1 average due to the largebar of samples.

The K/Al ratios are low at((.3 + 0.1) and (.2 + 0.1) for DODO1 and DODO?2,
similar to the other results for Saharan dust shown in Taldle Be/Al ratios are similar
for DODO1 and DODO?2 at((7 + 0.1) for both campaigns. These values are slightly
higher than was found from other measurements as shown ie Bab The different
source regions for the two campaigns as indicated by NAMEat@ppear to affect the
Fe/Al ratios. This agrees with results from Formesitial. (2003) who show that the
Fe/Al ratio is not sensitive to the source region, whereasiribn oxide to iron ratio is.

The DODO results appear to have higher Fe/Al ratios than theraesults shown in
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Table 3.1. This may affect the optical properties, thougk the amount of absorbing
iron oxide that is thought to be important to this, rathentttze total amount of iron (e.g.
Lafonet al, 2006). The iron content is explored further in Section3.4.

It is interesting to note that Chiapeléd al. (1997) find a good relationship between
the K/Ca and Ca/Al ratios, with Sahelian dust having low Ca/Al ligh K/Ca ratios,
and North Saharan dust the reverse. The DODO elementa fétioto this relationship
nicely, as shown in Figure 3.6 - the DODO1 samples origndtimm the Northern Sahara
have high Ca/Al values (an average of 1.1) and low K/Ca valussd@erage) whereas
the DODO2 dust, orginating from sources further south, kasage values of 0.5 and 0.5
respectively, consistent with the 'central Saharan’ diessification of Chiapellet al.
(1997). Figure 3.6 shows the results from all the runs useth&se averages, and shows
that there is some distinction between the two campaigngaiticular, the results for
b241 would be interpreted as having sources most southtdit the flights under the
conclusions from Chiapellet al. (1997), which is in agreement with the NAME results
in Figure 3.5(f) which show the most southerly air mass osgf all the NAME results.

Contrastingly, Chiapell@t al. (1997) also found that Fe/Ca and Si/Al ratios were
also a good indicator of dust source, with Si/Al values dasirey towards the Sahel,
while Fe/Ca values increased. Though the Fe/Ca value for DOIXDidcreased from
0.7 to 1.5 from the dry to wet season, consistent with nolgregurces being higher in
Ca, the lack of Si/Al change seen during DODO is not consisttfit this, though this
may be related to the greater number of data points used irp€@lot al. (1997).

Therefore the main differences in elemental ratios betw2@bO1 and DODO2
are in the Ca/Al ratio, which reflect the DODO1 dust originsnigeiocated in northwest
Africa. This suggests that the composition of dust during thhvo DODO campaigns
differed, and may have an impact on the optical propertiescltigions about differences
between different flights and runs are difficult to draw sigeaerally the elemental ratios
show low variability between different filter samples witheach campaign, and only a

few samples are available for each flight.
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Figure 3.6: Elemental ratios of K/Ca and Ca/Al separated by flight and & mpaign, using the same

axes as shown in Figure 6 in Chiapelé al. (1997). Squares indicate DODOL1 flights, circles indicate

DODO2 flights. Low K/Ca and high Ca/Al ratios are expectedidi¢ate dust sources in northwest Africa
while the reverse indicate Sahelian sources.

3.4.2 Mineralogy
3.4.2.1 Technique

It has been possible to analyse a limited number of filter $asnfor mineralogy using
a scanning electron microscope (SEM) and transmissonr@henticroscope (TEM) at
LISA, Paris (as described in Chapter 2. This allows the comtipasof single particles to
be determined. In contrast to the results presented in@e8td.1, the SEM and TEM
results can be analysed in terms of particle number (rattar by mass), and can be
separated into fine and coarse modes. The composition atlparhas been categorized
based on those described in Kandd¢ial. (2007) and Otteet al. (2009) using SEM and
TEM analysis, and is also similar to that used by Clebal. (2008). An example SEM
image is shown in Figure 3.7.
Dust was collected on 90mm diameter Nucleopore filters watle [sizes ob.4um

during DODO2. However, DODO1 samples were mistakenly ctélé on different filters

with pore sizes obum, which means that many particles with diameters smallem tha
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Figure 3.7: An example of a SEM image from b238 R4.1. Bar on image indicai@le. Small black holes
are pores on the filter, larger lighter shapes are dust padetc

this may not have been sampled. However, it was clear fronbifi® sample (the only
DODO1 sample analysed) that many particles smaller thansikae were still present,
though they may not be representative of all particles.

Five samples from runs during DODO have been analysed arshaven in Figure
3.8, as well as two from DABEX which are also shown for comparipurposes. Time
limitations prevented further samples being analysed agésallimited the number of par-
ticles per sample which could be analysed, which are showimeitegend in Figure 3.8.
This number also varied between flights due to the densityusf garticles on the filter
samples. It is clear that these numbers are not large enough statistically rigorous,
especially for the DABEX flights where the density of dust judes on the filter samples
was lower. The data do, however, give some indication of tammmnineralogy of the dust
and of the contribution from different minerals.

The SEM data represent composition of particles with di@mgteater than um,
which covers the upper portion of the measured PCASP sizeébdisbns as well as the
coarse mode. The TEM data represent particles smalleritsam: diameter, so there

is some overlap in the particle size measured by each instrtunParticles have been
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classified according to the the main signal from both SEM aBMTThis means that the
presence of trace minerals is not represented in thesdgedal example, Fe was often
evident in the signal even though Silicon and Aluminium wiieprincipal components.
Therefore these results are not exclusive, and more sagatedd techniques such as those
described in Formentt al. (2008) are required to fully analyse the chemistry of the
dust samples. However, Formeasti al. (2008) only examine b238 data, so the results

presented here are useful for contrasting the various DOIgftdl

3.4.2.2 Mineralogy Results

Both Figures 3.8(a) and 3.8(b) show that most particles araiab-silicate clays. This is
consistent with other measurements of African dust (e.gnEatiet al, 2003; Kandler
et al, 2007; Formentet al,, 2008; Ottoet al,, 2009). Figure 3.8(a) suggests much more
variation in the minerals present in DODO dust in comparisnthe DABEX samples,
with contributions in the DODO dust from gypsum, quartz, Na@ich may be sea salt
or mineral halite), calcium rich particles, and calciumbzarates. This suggests different
sources and composition between DODO and DABEX. Some difeerebetween flights
are also evident. For b175 (R7.1/7.2, the only DODO1 sampd¢ysed), contributions
from non-silicate minerals are much greater than for the @Q0lights. Differences in
composition between the DODO?2 flights are also evidentuatioly differences between
the two samples analysed from flight b237, which were cadiet different altitudes. R2,
performed at 5km, found more contribution from gypsum, tuand Ca-rich particles,
whereas R5 performed at 50m was much more dominated by ssicat

The TEM results in Figure 3.8(b) show some differences t&tE® results. Particles
composed of carbon, iron and mixtures are now present, \@ldhey were not in the
larger particles. Notably no sulphate particles are presethe fine mode, indicating
a lack of anthropogenic pollution in the dust sampled. Thisdnsistent with Formenti
et al. (2008) finding a lack of coatings on dust particles, but casts with Kandleet al.
(2007) who did find sulphate coatings. No contribution froodadz, NaCl or Ca-rich
particles was found in the TEM results, which indicates thase minerals are likely to

be larger particles.
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Mineralogy from SEM samples
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Figure 3.8: Particle minearlogy for selected flights from scanning gtatmicroscope (SEM) and transmis-

son electron microscope (TEM) analysis as a function of thetibn of particles analysed. CC indicates

calcium carbonates, numbers in parentheses indicate nuofiygarticles counted. b162 and b169 were
flights from DABEX and are shown for comparison.
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It is interesting to contrast the results for b237 agaings¢hmeasured at 5km (R2)
and 50m (R5) altitudes, and between the fine and coarse caipasisults, especially
if the R5 results are indeed for dust being deposited to tharofrem the layer above. If
this is the case, these results suggest that the partidles teposited have different com-
position to those still at higher altitudes. Though botrelayare rich in silicate particles,
a difference is that the lower layer was lacking in gypsumartgiCa-rich and Fe-rich
particles, which could have an impact on ocean nutrientlguparticularly through iron.
Though the results shown here are not representative ofgbnoarticles to form strong
conclusions, the results certainly suggest different dostposition in layers of different

altitudes.

3.4.3 Iron Content

It has been possible to gain an insight into how the amounbsbiing iron oxide is
related to the optical properties of the dust measured gfir@ucombination of the SEM
and TEM results, and the iron oxide content measured frorfilteesamples.

Figure 3.9 shows the fraction of particles (of those analy&®m various runs and
flights, which were found to contain Fe, even if it was not tr@Emelement in each dust
particle. For the SEM results (representing particlesdsize- 0.5um,d > 1um) most
iron particles were found for b242, b238 and for b237 R2 (indlevated dust layer).
Significantly fewer Fe particles were found in the DABEX fliglib169 and b162), b175
(DODOL1 - though the usage of different filters for this flighteyents proper compar-
isons), and b237 R5 (in the lower dust layer). This is intémgstsince it firstly supports
that the wet season dust had different sources and congrositithat from DODO1 and
DABEX, and suggests that the wet season dust may have beeratyswebing than dust
from the dry season, if the number of particles containings-eepresentative of the
amount of absorbing iron oxide present. Secondly, a largérast in the number of Fe
particles is seen between the two layers of dust in b237, théhupper layer containing
more Fe particles. Therefore it appears that the two dustr$agbserved during b237
had different dust sources, different size distributi@ms] different composition. Thirdly,

b242 R5.1 shows the largest number of Fe particles of all thktfifor the SEM results,
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which may be linked to the more southerly dust sources stggéy the NAME results.
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Figure 3.9: Fraction of particles which were found to contain iron frofal8 and TEM analysis. Note that
b175 filters had a larger pore size and therefore may undpregent the smaller particles.

Itis also interesting that the TEM results, for particlesesir < 0.75um, d < 1.5um,
show many more particles containing Fe than occur for tlgelgparticles from the SEM
results. There is not much difference in the fraction of ipke$ containing Fe between
the two b237 runs examined. This does suggest that thereasaasition difference
between the accumulation mode and the coarse mode, howavecularly for the lower
dust layer in b237.

It should be noted that only a small number of particles haenlkcounted in deter-
mining these statistics (as shown in Figure 3.8), and tleaktbre they are not stastically
representative. Nevertheless, it is useful to observedhgosition differences between
the accumulation mode and coarse mode, and also the difesdretween flights. In
order to draw firm conclusions, a larger number of particlesid need to be analysed.

Iron oxide content, in relation to the amount of iron and ahiom, has been calcu-

lated from the filter samples for a few selected flights and @ourtesy of P. Formenti),
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and is shown in Table 3.2. This data is valuable since it isigho to be the amount of
absorbing iron oxide present in dust, rather than the totaiuant of iron, that is important

to the optical properties (e.g. Laf@b al,, 2006).

Flight & Run  Iron oxide/total Iron  Iron oxide/total Alumiam

b238 R3.1/3.2 0.52 0.35
b238 R4.1 0.56 0.38
b238 R5.1 0.53 0.35
b242 R1.1 n/a 0.33
b242 R5.1 0.59 0.39

Table 3.2: Iron oxide content for selected runs with respect to theltotass of iron and aluminium,
courtesty of P. Formenti.

In terms of both iron oxide content in relation to total iramdetotal Aluminium, the
ratios for b242 R5.1 are higher than those from b238. This@upfhat the dust measured
during b242 had different sources to that from the rest of [@2Pand as expected, the
greater iron oxide ratios are higher for more Sahelian ssurcThis also implies that
the dust may be more absorbing, and will be examined in Chdpt8urprisingly b242
R1.1 shows much lower iron oxide ratios, lower even than trfg&8batios. Considering
that the NAME results showed similar sources for these tw&2lb2ins, the differences
in iron oxide ratios are surprising, but may be a result of NMeME results showing
sources covering a large area, when in reality only smatsmdrthose areas may have the

appropriate soil moisture and surface wind conditions ebéndust uplift.

3.5 Chapter Conclusion

This chapter has examined the vertical profiles of some ekaogses from DODO, the
source locations of the dust encountered, and a limited atrafichemical composition
data.

The vertical profiles of scattering and size distributioeacly show differences be-
tween the two seasons. Dust in the dry season was found oltsegurface over land and
ocean, mostly below 1 km, though dust extended up to 3 km idéle@er boundary layer
above the desert in flight b175. Contrastingly, in the wet@eadust was found up to 6

km over both land and ocean, though the profiles were distiddferent with dust over
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the land having peak concentrations towards the surfacelasidover the ocean having
peak concentrations above 4 km, within the Saharan Air Lalfeis seasonal contrast is
due to the different seasonal meteorological dynamic$ mibre intense solar insolation
driving deeper convection in the wet season. The differentical profiles will have an
impact on the longwave radiative effect, which depends enaititude of a dust layer,
and possibly on the shortwave radiative effect depending/toether clouds are present
above or below the dust layer. The altitude of the dust layay also affect the rate of
deposition of dust to the ocean, which affects marine bylobhe transport of dust at
different altitudes may also affect the particle size disiion, and therefore the optical
properties of the dust.

The air mass origins shown by the NAME results suggest trettst was trans-
ported differently, and from different sources, betweendhy and wet seasons. DODO1
dust was transported from the northeast (in varying deyveiésn an well defined plume,
consistent with the meteorology from the campaign, anccgtpwvinter climatology, de-
scribed in Chapter 2. Considering the meteorology of the dag@e with northeast-
erly surface winds associated with the subtropical higks gerhaps not surprising that
DODOL1 dust sources were mostly from northwest Africa, idelg Mauritania, West-
ern Sahara, Morocco and Algeria. It is likely that dust araging from sources further
east (such as the Bodele Depression) is also transportediheasterly winds in the dry
season and would therefore cross the African coast furthehsand east than the area
around Dakar (for example as described in Kaufreaial. (2005)), which was of focus
during DODO. Therefore the location of possible dust sasifoethe DODO1 dust may
well be due to the location of sampling, rather than beinge®sgntative of all dust uplift
during the dry season. Nevertheless, there is a clear andi@feled source area for dust
sampled during DODO1.

During DODOZ2 in the wet season the dust sources were a lot naried than
DODO1, with dust being transported from both western andraeMorth Africa, and
with dust sampled during some flights originating from muantier south (such as
b241 and b242). Therefore it is likely that the microphysmad chemical properties

of DODO2 dust will be much more varied due to the greater Yarnain dust source
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(likely to affect chemial composition) and transport dmstas and altitudes (likely to af-
fect size distribution). It is also evident from the NAME udis that dust encoutered at
different altitudes during b237 and b238 had different dostrces.

Both the NAME and the chemical composition (elemental ratind mineralogy)
point towards dust sources being different between DODQIZ®DO2. DODOL1 dust,
originating from northwest Africa had much higher calciuontent than DODO2 dust.
Other studies (e.g. Chiapeltt al., 1997; Formentet al, 2008; Rajotet al, 2008) have
also found northwestern Saharan dust to be richer in Caldiamthose further south and
east. There was no difference in the Fe/Al ratios betwee®BO campaigns, though
this is not necessarily an indicator of absorption. Irondexcontent was found to vary
between the two flights analysed. The mineralogy results frmited DODO cases also
show that there is some variation in the dust compositiowéen flights and between the
fine and coarse modes. This suggests that it may not be amisofy model the dust

using one refractive index for all dust cases and particessi
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4.1 Introduction

This Chapter examines the microphysical and optical pragsedf the dust encountered
during DODO, both from measurements and through modelllige microphysical and
optical properties will be examined in terms of the meansfeach campaign, as well
as the variability observed during and between the two cagnpaSection 4.2 examines
direct measurements of single scattering albedos and sizédtions of the accumula-
tion mode and the variability of both, Section 4.3 descrilbesaverage optical properties
for the two campaigns, Section 4.4 examines the contribdtiom size distribution and
chemical composition to the optical properties, and Sacti® investigates the effect of
the coarse mode size distribution on the optical properiias larger part of the findings

reported in this Chapter have been published in McCoratell. (2008) (see Appendix).

4.2 Measured Optical and Microphysical Properties

In this Section, optical properties which have been meatirectly (i.e. single scattering
albedo at 550nm for the accumulation mode) and the measustdide distributions are

presented.

4.2.1 Measurements of Accumulation Mode Single Scattering Albedo

The single scattering albedo at 550n@}*’ ) can be calculated directly from measure-
ments on the aircraft. In order to do this, data measuredtbeaturation of a straight and
level run (selected and identified as dust, as described ipt€ha) have been averaged.
Averaging the data over a run lasting at least 5 minutes gesvilata that is more spatially
representative of the dust encountered than the data frerprtfiles, and can also give
a measure of the horizontal variability through the staddbaviation around the mean.
For each run, data from the nephelometer and PSAP have bemsgad and corrected as
described in Chapter 2.
The single scattering albedo has then been calculateddicgdo Equation 4.1 using

the corrected absorption coefficierjf® from the PSAP and the corrected scattering co-

efficiento°® from the nephelometer. Note that due to the aircraft inleiodudiameters



Chapter 4. Dust Microphysical and Optical Properties 102

(see Chapter 2), these single scattering albedos most bkéhdescribe the accumulation
mode. The uncertainty ing*° due to instrumental error (see Chapter 2) and atmospheric
variability (defined as one standard deviation over a rungleso been calculated. The
results forw3>® and the associated errors are shown in Figure 4.1. The déskedhow

the average single scattering albedo values for each cgmpadcluding the transit flights
(b168 and b236) since this data was not necessarily callécthe Dakar area.
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Figure 4.1: Single scattering albedo values of dust measured during D@D550nm. Shaded panels in-

dicate different flights. Solid error bars indicate instramal error, dashed error bars indicate atmospheric

variability. The two horizontal dashed lines indicate DOD@nd DODO2 campaign average single scat-

tering albedo values (and campaign standard deviation$).@f + 0.001 and 0.98 + 0.013 respectively.

These averages do not include results from the transit #ighb168 and b236 where dust was not always
measured in the Dakar area.

The horizontal dashed lines in Figure 4.1 show the campaigrage single scatter-
ing albedo values df.99 +0.001 and0.98 +-0.013 for DODO1 and DODO2 respectively,
with errors representing one standard deviation over the oontributing to this aver-
age (as opposed to the range of values shown in Figure 4.1)s D®DO2 dust was
more absorbing than DODO1 dust on average, though the eloarserlap. This may be
caused by the chemical composition or size distributiom$dh) varying between the
campaigns. Chapter 3 showed that the source regions and stiimpdor DODO1 and

DODO2 were indeed different. Section 4.2.2 will examinedktf=rence in size distribu-
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tions.

Figure 4.1 shows that there was much more variability in thgls scattering albedo
during DODOZ2 than DODO1, with DODO1 single scattering alb&dlues never drop-
ping below 0.985 for b173, b174 and b175 and DODO2 valuegmgrigrm 0.94 to 0.99.
The greater variability observed in the DODO?2 single scatealbedo values is con-
sistent with the greater variability in transport distasesd dust sources shown in the
NAME results in Chapter 3, which are likely to affect compumsitand size distribution,
and therefore the single scattering albedo. The lack ohbdity seen during DODO1
(in flights b173, b174 and b175) is also consistent with thé defined, less variable,
dust transport from the northeast from less varied dustcesurTherefore it appears that
the variability of the optical properties of the dust measuiny the BAe-146 in the Dakar
region during DODOL1 are affected by the seasonal meteoydlagpugh upwind dust
sources and transport processes.

It should be noted, however, that the DODO2 dust flights wendopmed over a
period of 8 days, whereas the DODOL dust flights were perfdrover 4 days, with one
flight on the 3rd February 2006 and the three other flights eetwl4th-16th February
2006. Therefore the DODO1 measurements may be limited iat@unt of variability
of both the meteorology and the dust that was uplifted, winay result in the data
presented here for DODO1 being less varied. During the ddyenviDODO1 dust was
collected, the flow was as would be expected from the clinogtol

Figure 4.1 shows that the single scattering albedo valuesi®8 (0.93, 0.94) were
significantly lower than those measured during flights bba34 and b175, and the error
bars (both atmospheric variability and instrumental grdar not overlap. These values
(for Runs 15 and 16) were performed at the end of the transtitfligst to the north
of Dakar, with the flow at this point in the campaign being mubre easterly than
in the subsequent weeks. This is reflected by the air masgorigr these runs from
NAME as shown in Chapter 3, which were southern Mauritaniararthern Mali. This
suggests that the source region is affecting the chemieaposition, and therefore the
single scattering albedo of the dust in flight b168. This ieri@sting, considering current

thought that dust from Sahelian sources is higher in absgribon oxides (e.g. Claquin
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et al, 1999; Alfaroet al,, 2004; Laforet al,, 2006).

It is interesting to note that in the same way that dust souaceed with altitude
for some flights (as shown in Section 3.3), the single saagealbedo shows the same
pattern. For example, Figure 4.1 shows much higher singléesng albedo values (over
0.99) for b237 Run 4 and Run 5 (performed at 50m) compared totties cuns for that
flight (performed between 2.5 - 5km;*° ranging from 0.97-0.978). Figure 3.4(a), 3.4(b)
and 3.4(c) show that the dust measured in Run 5 (also repatiseraf Run 4 due to the
similar timing, location and altitude) had significantlyffdrent air mass origins to the
dust measured in Runs 2, 3, 6 and 7. The SEM and TEM resultslasees somewhat
different mineralogy for the runs at lower altitude, congghto the runs at 5km. Thus it
appears that during b237 the upper layer of dust (shown mr€i8.1(d)) had composition
and transport processes which led to significantly diffecgrical properties to the dust
in the layer below 1km, sampled during Runs 4 and 5.

Similar features are also seen for b238 over land during D@DEere a series of
stacked runs was performed, measuring the properties ofatlvarious altitudes. Runs
3.1-3.4 were performed at 300m (as close as the aircraft emasifbed to the surface over
land), Run 4.1 at 1km, Run 5.1 at 2.5km, Run 6.1 at 3.5km and RuntBkna For
b238 it is noticeable that as the altitude of the dust in@gdise single scattering albedo
increases. The NAME results in Chapter 3 also showed diffes@urces at the different
altitudes, with dust at higher altitudes having sourcethirreast. Thus the dust observed
at the different altitudes may have different compositidnmay also be expected that
the size distribution would change with altitude, with kargarticles not being uplifted
to such large heights as smaller particles. The variatiaptical properties with altitude
seen during b238 may therefore be related to the dust atetiffaltitudes having different
composition, size distribution, or both.

During DODOL1 the dust was confined to a smaller range of diisu always below
1km, except in the case of b175 over Mauritania. During fllght5 runs were performed
at altitudes of 150m (R2, R7.1, R7.2) and 1450m (R6) and durinigtfbd 74 runs were
performed at 150m (R3.1, R3.2) and 50m (R4.1-4.5). Despitethirisneasured single

scattering albedos shown in Figure 4.1 do not change muajuréi.2 shows,*° as
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a function of altitude. This reinforces the picture thattak DODO1 dust was found
at low altitudes, whereas DODO2 dust was found at a much waege of altitudes,
and also had varying;™. There appears to be no evidence of DODG1’ changing
with altitude, whereas during DODO2 there is a suggestiodeafeased;™ at higher

altitudes, contrary to the pattern seen in b238.
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Figure 4.2: Single scattering albedo values at 550nm versus altitudackBndicates DODO1, red indi-
cates DODO2.

It is interesting that both b237 R5 and b241 R5 have high sirciéeying albedos
(greater than 0.99), and both these runs were distinct ind@ivemass origins, with most
air originating from over the ocean to the northeast of therait, and limited particles
being traced back to desert areas by NAME in Chapter 3. It hexs lgpothesised that the
b237 R5 dust was being deposited from higher altitudes, arychanze different chemical
composition to the dust above as a result of size dependempasition. It is equally
possible that this dust (both b237 R5 and b241 R5) originated sources in northwest
Africa, similar to those which were active during DODOL1, ukisg in different size
distributions and/or composition which result in highergle scattering albedos. Despite
being limited in terms of composition data (particularly fa241), it is clear that the
optical properties as well as potential source locationsHese two runs are different to
the other samples from DODO?2.

Single scattering albedo values for b242 (0.957 and 0.946)oaver than those for
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the rest of DODO2. The NAME air mass origins for this flight wdurther south than
others, with sources in southern Algeria, but also extepdmfar south as southern Mali
and southern Niger. This is interesting since Sahelianttasa higher content of absorb-
ing iron oxides, which may lower the single scattering athelthdeed, of the iron oxide
ratios (with respect to the mass of Aluminium) availablenirthe filter samples shown in
Chapter 3, the highest value was measured for b242 R5.1, singgasiependence of the
lower wg* values on the amount of absorbing iron oxide present.

b241 R2 also showed some air having originated from muchédugbuth - in fact
with a greater proportion of the air originating from furth&outh than that for b242
- though some air had also come from Mauritania and Westehar8a Interestingly
wg? for b241 R2 is not particularly lower than other DODO2 valuess-would be ex-
pected if there was a greater amount of absorbing iron oxidea dust. It does appear
though, that of the NAME runs with southerly sources (b1@&8lband b242), two out of
these three flights show significantly lowep values.

It should be pointed out that optical properties would beeexgd to vary if factors
such as sulphate coatings on dust particles, mixing of ditstather aerosol types (such
as anthropogenic pollution or biomass burning aerosolewecurring. As described in
Chapter 2, these cases have been selected for analysis masgedprincipal component
being dust, with runs being affected by biomass burningsén@moved, with no sul-
phate coatings observed on the filter samples that weresath(jrormentet al,, 2008),
and very few anthropogenic particles observed.

In conclusion, a variety of single scattering albedo vales50nm have been mea-
sured during DODO for the accumulation mode, ranging fro@8@o 0.99. Differences
in the single scattering albedo are observed between thed&inpaigns, between dif-
ferent flights (i.e. day to day) and between dust at diffeedtitudes (during DODO2).
These differences appear to be related to variations inukesburce, as supported by the
NAME results from Chapter 3, which are well defined during DAD&hd more variable
during DODO2. The variation in dust source is likely to imphoth the chemical com-
position and dust size distribution, which could then &ffibe single scattering albedo

(and other optical properties). Though it is clear that thetdource has a strong impact
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onwy®, it is unclear whether this is due to different chemical cosifion or different
size distributions at this stage. Limited chemical compasiresults (Chapter 3) support
a difference in composition between DODO1 and DODO2, anddent different flights
during DODOZ2. The following Section investigates the meadsize distributions from
DODO.

4.2.2 Observed Size Distributions (Accumulation Mode)

Size distributions measured by the PCASP instrument cayeadii from 0.06m to
1.5um were used to calculate the average size distribution foh €0@DO campaign.
Data from the same runs as used in the averages from Seidreshd McConnelket al.
(2008) were averaged over each run to calculate the avegedistribution for each run.
The size distributions were then normalised by the totalay@number of particles mea-
sured by the PCASP over the run in order to allow comparisotvedas runs where the
total dust loading differed. These normalised size distidms are shown in Figure 4.3,
along with the campaign averages (bold lines in Figuresa$ &td 4.3(b), and compared
together in Figure 4.3(c)).

Figure 4.3 shows that DODOL1 size distributions show lesmbdity than those for
DODO2. The fine mode size distributions< 0.2,m) for DODO1 show very little vari-
ability indeed. Most variation in the DODOL1 size distritmris are seen at > 0.2um.
Contrastingly, the DODO?2 size distributions show variatover the whole range mea-
sured by the PCASP, and also show much more variability cosaptr DODO1. This
is likely to be related to the NAME results and vertical prdilfrom Chapter 3 which
showed dust at a greater range of altitudes during the webaeand showed dust being
transported over distances which varied from quite locatania, Western Sahara) to
much further north and east. It is logical that the greategezof transport distances (both
horizontal and vertical) cause a greater variation in the distribution in the wet season,
which may also result in more variation in the optical praies:

The average size distributions shown in Figure 4.3(c) shoalldifferences between
the two DODO campaign average size distributions. The mdiffees are observed at

r > 0.2um; the fine mode size distributions at radii smaller than thes\aery similar.
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DODO1 Size Distributions DODO2 Size Distributions
100.000 T T 3 100.000 F T T

10.000 = = 10.000

1.000 1.000

T
T

T

1/N dN/dR, um™'
1/N dN/dR, um™'

0.100 0.100

T

T

0.010f E 0.010

T

0.001 1 1 0.001

Radius, um Radius, um
(a) DODO1 (b) DODO2

DODO Campaign Average Size Distributions
T T

100.000
10.000

1.000

1/N dN/dR, um™

0.100

0.010F

T

0.001 1 L
0.1 1.0

(c) Both campaigns

Figure 4.3: (a) & (b) Normalised size distributions measured by the PEf&fe and accumulation modes)

on all runs determined to be dust using nephelometer and SEWsis, for each DODO campaign. Cam-

paign average size distributions and errors (one standadiation) are shown by the heavy lines. (c)
Campaign average normalised size distributions for DODE&xlid line) and DODO2 (dashed line).

DODO1 shows more particles at the large end of the accuroalatiode, in the largest
two size bins of the PCASP (radiug) — 1.5m), while DODOZ2 has a greater proportion
of particles at the lower end of the accumulation mode, betde —0.35um radius. This
difference in the average size distribution may be impaitadetermining the reasons for

any differences in optical properties between campaigns.

4.2.3 Effects of Transport on Size Distribution

Figures 4.4 and 4.5 explore in greater detail how the medsaceumulation mode size
distributions change with transport and season. In orddotihis the average size distri-

butions for various runs have been combined to build up @bpitture from the DODO
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data. Details of the runs used to calculate each averageecimubd in Table 4.1.
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Figure 4.4: DODO accumulation mode size distributions averaged byouericategories of interest (see

Table 4.1 for details of runs used). Error bars represent stamdard deviation of the distributions used to

calculate the averages. Note the different y-axis on Figudrd(c) and 4.4(d). Figures 4.4(a)-4.4(b) show

normalised size distributions, Figures 4.4(c)-4.4(d)whabsolute size distributions and fractional change
in particle number.

Figure 4.4(a) shows the differences in the size distrimstimeasured over land and
ocean in both campaigns. Though the error bars overlapcie# that on average there
are more particles found over land at radii greater thapm. This is consistent with the
deposition of particles to the ocean (and land) as dust msp@arted westwards. Figure
4.4(b) expands on this idea by focusing on the size distabatfrom b173 and b174. Here
it is likely that the same dust outbreak was sampled, haviiggns in northern Western
Sahara and southern Morocco (see Chapters 2 and 3). Theatdftievs that the aircraft
sampled part of the same dust outbreak on consecutive tayfgst to the north of Dakar,

the second to the south of Dakar. Figure 4.4(b) shows tha¢ thed been a significant
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Figure 4.5: DODO accumulation mode normalised size distributions aged by various categories of
interest (see Table 4.1 for details of runs used). Error bapgesent one standard deviation of the distribu-
tions used to calculate the averages.

change in the size distribution between the two flights, watlatively more particles (at
r > 0.2um) being found on the first day and fewer during b174 a day lali&ely due
to dry deposition of dust to the ocean. Interestingly thenea significant change in the
observed single scattering albedo between these two flidesgpite the change in the size
distribution. This finding is consistent with other studsesh as Liuet al. (2008b) who
showed that dust optical properties remained relativeghanged during the first 3 days
of transport over the Atlantic during an August 2006 casdystu

Figures 4.4(c) and 4.4(d) show number size distributionstfe same runs (not nor-
malised here), in order to show the change in the absolutedsstributions for the same
cases. In the case of both b173/b174 and all of DODO land varoftights, the trends

are the same. Using these size distributions, the differertween the two lines has been
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Category Figure  Runs Used
Dust over land 44(a) bl73(R8,R9),b175 (R2,R6,R7.1,R7.2)
b238 (R3.1-R3.4,R4.1,R5.1,R6.1,R7.1)
Dust over ocean 4.4(a) b168 (R15,R16), b174 (R3.1,R3.2;R4.5),

b237 (R2,R3,R4,R5,R6,R7), b239 (R1,R2-4,R5,R6),
b241 (R2,R5), b242 (R1.1,R5.1)

b173 4.4(b) bl73 (R8,R9)
b174 4.4(b)  bl74 (R3.1,R3.2,R4.1-R4.5)
b173 source 4.5(a) b173 (R8,R9)
b175 source 45@) bi75(R2,R6,R7.1,R7.2)
b238 source 4.5(@) b238(R3.1-R3.4,R4.1,R5.1,R6.1,R7.1)
DODOL1 dust over ocean 45() bl68 (R15,R16), b173 (R1),
b174 (R3.1,R3.2,R4.1-R4.5)
DODO2 dust over ocean 45(b) b237 (R2,R3,R4,R5,R6,R7)9KR3,R2-4,R5,R6),
b241 (R2,R5), b242 (R1.1,R5.1)
b238< 500m 4.5(c) b238(R3.1-3.4)
b2381 — 2km 4.5(c) b238(R4.1)
b2382 — 3km 4.5(c) b238(R5.1)
b2383 — 4km 4.5(c) b238(R6.1)
b2385km 4.5(c) b238 (R7.1)

DODO?2 dust over oceah— 2km  4.5(d)  b239 (R6), b237 (R4,R5), b241 (R5)

DODO2 dust over oceah— 4km  4.5(d)  b237 (R3), b239 (R1,R2-4,R5), b241 (R2),
b242 (R1.1,R5.1)

DODO2 dust over oceah— 6km  4.5(d)  b237 (R2,R6,R7)

Table 4.1: Runs used in creating the average size distributions fohe&ategory as shown in Figures 4.4
and 4.5.

calculated, and is also shown (black dotted line). Thises@nts the size distribution of
dust which would be lost through deposition. Additionatlye fraction of particles lost
for each size bin is shown (black dashed line) in order to givendication of the size
dependence of deposition. For Figure 4.4(d) these meaassesne that the same dust
outbreak was sampled during both flights, and that the éiffee in size distributions was
due to deposition. For Figure 4.4(c) where a number of fliglgee used, and from both
seasons, no direct continuity is applicable and the reshligy a general picture of what
could be expected in terms of the number and sizes of partideng deposited near the
west coast of Africa.

It is clear that in both cases the largest fraction of patiaieposited come from
the larger particles, with the fraction deposited greatant0.5 forr > 0.2um. This is
consistent with expectations that larger particles haeatgr settling velocities and are
therefore deposited more rapidly. Whereas the case stud§##-b174 shows that as

radius increases the proportion of each size bin being deplaacreases (to a maximum
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of almost 0.8 of the particles present), the results averager the whole of the DODO
campaign show a double peak in deposition fraction. The PCgi&Pbins centred at
radii of 0.225um and1.375um both suggest a difference of aroui@’ in the number
of particles present between land and ocean flights. In tefrtise size distribution de-
posited, the number concentrations are highest for smadleicles, consistent with the
measured size distributions (though the mass size distiibwould be dominated by the
larger particles). It should be noted that for Figure 4.4lf€) error bars overlap between
land and ocean, and therefore that the deposition resulgsoeaariable. Additionally
these results only show data for the accumulation mode (up+d.5um), and therefore
give no information on the coarse mode size distributiongr@hmost of the mass would
be expected to reside. However, Baker and Jickells (200&y #hat the primary control
on aerosol iron solubility is the surface area to volumeorafiparticles, which is higher
for smaller particles, and therefore the importance of dijpm of smaller particles is not
to be ignored.

Figure 4.5(a) shows the size distributions measured owdrflam flights b173, b175
and b238. A reasonable amount of variability is see in thizsedsstributions, with b173
(followed by b175 and b238) having the largest amount ofigdad greater thaf.6um
present, and the same sharp drop off in size observed dineig®DOL flights as shown
in Figure 4.3(c) for DODO1, whereas DODO2 shows a more greglape. The variabil-
ity in size distribution seen over land is likely to be depemidon parent soil and uplift
characteristics, which would be expected to vary with seurc

Figure 4.5(b) contrasts the size distributions between D@@Rnd DODO2 from
flights over the ocean only. Interestingly now, the mainatéihce between DODO1 and
DODOZ2 is between radii di.2 — 0.5um, with no difference at radii greater thar6.m
(as seenin Figure 4.3(c)). Thus DODOZ2 transported oceasicaghpears to be composed
of many more smaller particles than DODOL1 dust. This may lalse the wet season
dust is transported from sources located further east thadry season dust, and so by
the time the dust reaches the Atlantic a greater proportidarger particles have been
deposited.

Figures 4.5(c) and 4.5(d) show size distributions from DQD®easured over the
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desert (b238) and ocean (various flights), separated byltiheda where the dust was
found. These results reflect the size distribution profitesss in Figure 3.2 in Chapter 3,
where the largest particles peak in terms of number coratgonis at higher altitudes over
ocean, but at lower altitudes over the desert. In terms ofatgest particles measured
by the PCASP during b238, the largest proportion of partielgh radii greater than
0.6pm were found at altitudes of 2-3km, with lower proportions aher and lower
altitudes than this. At radii betwednl — 0.4um there is also a separation in the size
distributions with altitude, with the runs performed ab@&len having fewer particles
in this size range. This is surprising, since it would be expe that smaller particles
are uplifted to greater altitudes more easily. Over oceamelt altitudes appear to have
significantly lower proportions of particles over = 0.2um, with most of the larger
particles residing aloft within the Saharan Air Layer, gany to some speculation in the
literature (e.g. Stuugt al, 2005). This raises interesting questions about the tahsp
dust across land/ocean interfaces, and whether the dssntiia the lower layer is being
deposited from higher altitudes, or just being transpoatddw levels.

Also of note is the very different size distribution in Figut.5(d) for dust at altitudes
betweern) — 2km. Three of the three runs used for this average (b237 R4 and R%, b2
R5) also had much higher single scattering albedo values (098), in contrast to the
rest of DODO2. Thus it is possible that the different sizdrdiations of dust at low
altitudes in the wet season are contributing to the opticap@rties here.

In conclusion, the various plots in Figures 4.4 and 4.5 shat the principal cause
of the variation seen in DODO2 size distributions are dueatoations with altitude. It
is also evident that the size distributions are differentteen land and ocean (in both

seasons), with fewer particles being measured over thenatieato loss from deposition.
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4.3 Campaign Average Optical Properties

This section examines the average optical propertiest{foatcumulation mode) for each

campaign in an attempt to identify seasonal variationsemojbtical properties.

4.3.1 Mie Code Procedure

The average size distributions shown in Figure 4.3(c) haenlused in a Mie scattering
code to calculate the optical properties for each campaigorder to do this the PCASP
size distributions from Figure 4.3(c) were each fitted witlogfit curve, which is the
sum of four individual lognormal modes described by Equadd®, summed according
to Equation 4.3, wher&vV,,,,, o, andr,, represent the total number of particles, the geo-

metric standard deviation and the geometric mean radiuadaf smode 1) respectively.

dN Niot. (Inr —Inrg,)?
- - R L R 4.2
( dr )7, (2m)1/2r In Og; “r ( 2(Inoy,)? (42)

s () @
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A logfit curve, rather than the raw size distributions, wasdurstly to smooth out
any noise which can occur in the PCASP size distributiongrslg so that the size dis-
tributions can be easily reconstructed (for example by e by using the lognormal
mode parameters, and thirdly, so that the size distribdtbomput to the Mie scattering
code has a higher resolution for more accurate scatteringlations.

The parameters for the lognormal modes were chosen so ghagfit curve fitted the
measured size distribution as closely as possible, as shokigure 4.6. The lognormal
modes and logfit curve for each campaign can be seen in Fighirard the details of each
lognormal mode, including the weight, w (calculated frofy;.), given to each mode are
shown in Table 4.2.

The inputs required for the Mie scattering code as shownarfltw chart in Figure
4.7 are firstly the size distribution, which is input in terofsthe lognormal fitted curve

described above, and secondly, a complex refractive in@gtical properties have been



Chapter 4. Dust Microphysical and Optical Properties 115

DODO2
100.000F T T 3
10.000 -
. [ ]
§ 1.000F -
< E E
2l -4
N
> [ ]
©
> 0.100F -
N E 3
0.010F -
0.001 L i : i
0.1 1.0
Radius, um
(a) DODO1
DODO1
100.000 T — T
F [ ]
10.000 A
. (
§ 1.000f 4
« E
R
N
> [
©
= 0.100F 4
~ E = |
0.010F 4
ool . . . R I

0.1 1.0
Radius, um

(b) DODO2

Figure 4.6: PCASP average normalised size distributions for each cagnp@ircles) with logfit curves
(heavy lines) created by summing four lognormal modesdddithes).

Mode r,,um o, w
DODO1 1 0.083 1.36 0.815
0.160 1.16 0.095
0.310 1.50 0.067
1.000 1.31 0.023
0.061 1.47 0.797
0.165 1.18 0.104
0.230 1.54 0.089
0.960 1.32 0.010

DODO2

AP OWONRKQPPWODN

Table 4.2: Lognormal mode parameters used to construct the logfit s&tglilitions shown in Figure 4.6
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calculated at wavelengths ©50nm, 550nm and700nm to coincide with the wavelengths
at which the nephelometer measures scattering. The reraotex has been assumed
to be spectrally constant over these wavelengths, as in WCE3)1%5ensitivity tests
showed that using a full spectral refractive index did natraye the results significantly.
Additionally the logfit curve has been truncated at radiiegee thanl.5,m and less than
0.03um to coincide with the size range over which the PCASP measuneshe cut-off
size of the nephelometer and PSAP inlets. Therefore theadpioperties calculated will
cover the fine and accumulation modes only. The resultingalgiroperties also assume
spherical particles, due the difficulties in modelling repherical particles and on the
assumption that when integrated over all scattering angt@as-sphericity has less effect

(e.g. Mishchenket al., 1995).

Imaginary part :
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of refractive [ -+ exfioeeh
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Figure 4.7: Schematic showing methodology to calculate optical prigeifor the accumulation mode

and derived imaginary part of refractive index. Inputs taeMbde are shown by red arrows. Iterations are

shown in dashed arrows. Initial inputs of measured sizeitigion, the real part of the refractive index

(1.53) and an estimated imaginary part of the refractiveexare usedn?°’is then adjusted iteratively
until the measured and modelleg°® are in agreement.

Since the value of the refractive index is not known, someiien is required, and
is depicted in Figure 4.7. The real part of the refractivesiis assumed to be 1.53, since
this is relatively well known. Initially the complex refraee index is estimated, and input
into the Mie code. The resulting single scattering albedeb@nm from Mie code is then

compared to the observations of single scattering albe86Gtm from the nephelometer
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and PSAP measurements described in Section 4.3. The inmagiag of the refractive
index is then adjusted, and the process is iterated untsitigde scattering albedo from
the Mie code and the observations are in agreement. Thifgé@swa derived refractive
index at 550nm, given a real part of 1.53. Finally the othercap properties, including
the asymmetry parameteg®t®) and mass specific extinctioa®(?, m?g—') are output,

assuming a reasonable dust densitg.66gcm 2 (Tegen and Fung, 1995).

4.3.2 Results of Campaign Average Optical Properties

Table 4.3 shows the campaign average results of the modeitdbserved optical prop-
erties for the fine and accumulation mode dust particles. rékelts from DODO show
that there is a small difference between the single scagielbedos measured and mod-
elled between both campaigns of 0.1. However, although ifferehce in the single
scattering albedo value is small, it should be noted thatlifierence in the co-albedo
(1 — wp) Is a factor of two between the two campaigns. This pointsdaifscant dif-
ferences in the amount of absorption occurring in each cgnpand is reflected in the
differences in the inferred refractive index from the Mialeaesults. The imaginary part
of the refractive index for DODO2 dust (800147 + 0.0001¢, while the DODOL1 value is

much lower ab.0005: + 0.00017, indicating far less absorption by dust in the dry season.

Observed Modelled
WO WP 0 B0 im0 — P Uncertainty innf™
DODO1 0.994+0.004 0.99 0.68 0.85 1.53-0.0005 0.0001
DODO2 0.98+0.013 0.98 0.68 1.14 1.53-0.0014 0.0001

Table 4.3: Optical properties of mineral dust at 550nm from DODO1 ana2’ and»2°" are the real and

imaginary part of the refractive indices respectively. &g onw;" represent one standard deviation of

measured values over the campaign. Error in the imaginary pithe refractive index is calculated using

the range of refractive indices that would be required t@althe modelled single scattering albedo values
to fall within the range of observed single scattering albeahcertainty.

The mass specific extinction also varies considerably EtvizEODO1 and DODO2
(0.85¢~'m? and1.14¢g~'m? respectively). This may be attributable to the extra amoéint
absorption occurring during DODO?2 (indicated in both thedow;>° and the highen?™°
values), and possibly to the size distribution as well. Fegd.3(c) shows that DODO2
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has more particles in th&2 — 0.4m radius range, the region where there is likely to be
most interaction with visible radiation, while DODO1 hasraajer proportion of particles
in the accumulation mode in the radius range- 0.675um. It is hypothesised that the
difference in size distribution in tHe2 —0.4m range may be more important as particles
in this range will be more efficient at extinction per unit maghis has been examined
for a specific case (b238 R4.1) by changing the size distdbubne mode at a time,
and examining how the size distribution for each mode aifélose optical properties.
The results showed that changes in the second and third nmothe(size range roughly

r = 0.1 —0.5um) had a large effect oh>? , and that relatively more particles in this size
range led to a higher value &f> . Particles sized > 0.675um contribute to a higher
extinction coefficient/ ') in DODO1, but this effect is outweighed by the greater mass
of the larger particles which lowets??. The effect of both size distribution and refractive
index on the optical properties are examined in more deta&laction 4.4.

The asymmetry parameter.¢8) does not change between campaigns. This indicates
that neither the size distribution nor the refractive indéfer enough between DODO1
and DODO2 to warrant a change in g, and that g is also lesstisertsi changes in the
size distribution and refractive index thafy? andw)™.

Uncertainties in the results exist due to assumption of rsddeparticles. Otteet al.
(2009) found that non-spherical particles resulted%ihchanges inv3>° and4% changes
in g°°. Therefore the Mie code valueswof*® may change by a few percent, which would
result in different values of?°°, and potentially alsg®*° andk.,, . However, changes
of this size are smaller than the measured variations;ifi from the campaigns, and

therefore the uncertainty shown in Table 4.3’ will most likely remain the same.

4.3.3 Evaluation of Campaign Average Optical Properties

In summary, there appears to be a difference in the averatmabproperties between
the two DODO campaigns, with the dry season having highegleiscattering albedo
values, lowert>>) and lowern?°° , with little difference ing>*° between the two seasons.
These differences can be traced back to differences in hetltamposition (and dust

sources) and the size distributions for each DODO campa&igwever, it should be noted
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that the variation in optical properties between the défeerruns within each campaign,
particularly DODOZ2, is much greater than the average difiees between the campaigns.

The two factors contributing to the optical properties &eegize distribution and the
chemical composition (represented in the Mie code throbghréfractive index). 1t is
clear that there is a difference in both these propertiesdrzt DODO1 and DODO2, and
also a difference in the average optical propertiéd’ @ndw;™). The relative roles of the
size distribution and the refractive index in causing tdences in the optical properties
is examined in Section 4.4. The differences in the singléegag albedo are also much
greater within in each campaign compared to the differebeéseen the campaign, and
this is also examined in terms of size distribution and caositpm in Section 4.4.

A natural comparison of the campaign average propertiegasat dust measure-
ments from aircraft campaigns using the same instrumentaéind therefore also rep-
resenting the accumulation mode only. SHADE (SaHAran DugteEment, Haywood
et al. (2003)) took place in the Dakar/Sal region during Septen20€0 using the same
instrumentation but on a different aircraft (the C-130). DAB@ust And Biomass EX-
periment, Osbornet al. (2008)) took place in Niamey, Niger during January 2006y @si
identical instrumentation and the same aircraft as DODO.

DABEX measured consistently highy® with an average 06.99, and SHADE an
average 00.97 with a range 0f).95 — 0.99. These are in line with the DODO results, and
it therefore appears that dust measured in the dry seasdridhesw;® than the wet sea-
son values, which seem to be more variable. The valueg'dinferred from SHADE and
DABEX (0.0004 and0.0015 respectively) reflect the;™ values, with SHADE in the wet
season showing more absorption, similar to DODO2. It tleeeshppears that the compo-
sition differed significantly between SHADE and DODO?2 to DABENnd DODO1, lead-
ing to differences im?*° andw;™ . The asymmetry parameters for SHADE and DABEX
are0.72 and0.71, slightly higher than DODO values of 0.68, indicating thaire radi-
ation is scattered in a forward direction for DABEX and SHAD#&st The reason for
this could be size distribution differences. The valuesXf, 0.76 and 0.70 for SHADE
and DABEX respectively, are lower than DODO values, posdiloly to the presence of a

greater proportion of larger particles in the PCASP sizeeamlgich are less efficient per
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unit mass at extinguishing visible radiation.

However, it is important to remember that these campaiga®Bshort duration (7-
20 days), and are not necessarily climatologically repriede. The particular results
obtained for each campaign may be strongly affected by thtecpkar sources which are
activated at the time. This is illustrated by the contrastiptical properties between b168
and the rest of DODO1, which took place under different winéations, and also the
greater variability during DODO2 when dust was measured avenger time period.

In comparison to measurements of optical properties fragrlitarature, the values
of wj*® andn?® are at the high and low end respectively, indicating thatD¥DO ac-
cumulation mode dust was more scattering and less absattimgmost measurements
and estimates. The DODO values gf’’ are in agreement with some recent satellite
and AERONET estimates afy, roughly in the range 0#.93 — 0.98 over wavelengths
440—670nm (Tangéet al, 2001; Kaufmaret al., 2001; Duboviket al, 2002; Forsteet al,,
2007). In contrast, the;*® measurements ang estimates from DODO are rather dif-
ferent from the more absorbing dust measured in other st\jeig. Pattersoet al., 1977;
Shettle and Fenn, 1979; WCP, 1983; Hesal,, 1998; Ottcet al,, 2007, 2009). However,
note that the DODO estimates are solely for the accumulatiode, due to the inlet lim-
itations of the nephelometer and PSAP. The addition of tlegssomode is expected to
decrease the value of™ (e.g. Haywoockt al., 2003; Ottoet al, 2007), and is examined

in Section 4.5.

4.4 Role of Composition and Size Distribution in Deter-

mining Optical Properties

4.4.1 Introduction

Modelling studies (e.g. Tegen and Lacis, 1996; Liao andf€kin1998; Balkansket al.,
2007; Otteet al,, 2007) have illustrated the complexity of modelling theiogitproperties
of dust due to variations in size distributions and refracindices. The previous sections

have shown that the optical properties, size distributaam$derived refractive indices all



Chapter 4. Dust Microphysical and Optical Properties 121

varied during DODO. Therefore it is important to use the otsgonal data from DODO
to examine the contribution of both size distribution anftaetive index to the optical
properties. This section tackles this issue, with the airdet&érmining which has most

effect on the variation in optical properties observedmydODO.

4.4.2 Calculation of Optical Properties for Individual Runs

In order to examine the contribution of refractive index aedumulation mode size dis-
tribution to the optical properties, Mie code calculatidvase been performed for all the
runs shown in Figure 4.1. The same method as described ilo8dc8.1 has been indi-
vidually applied to each case shown in Figure 4.1. Thus thedistribution for each run
was fitted with a lognormal curve (comprised of four modesemrding tor = 1.5um),
and input into a Mie scattering code with an assumed imagirefractive index. The
imaginary part of the refractive index was then iteratedl tin¢ single scattering albedo
from the Mie code and that from the observations for the paldr run were in agreement.
Again, the real part of the refractive index was assumed tb.58, and the refractive in-
dex was spectrally constant betweio — 700nm. The limitations of this technique are
the same as those for the campaign average optical prapefitistly that the Rosemount
inlet cut-off is such that the nephelometer and PSAP medbkereame size distribution
as the PCASP, and secondly that the particles are assumeitaphe

Thus it has been possible to model the optical propertieslfahe individual runs
shown in Figure 4.1. These are shown in Figures 4.8 and 4.Gwascton of flight and
run, along with the single scattering albedo observatioaasurements from Figure 4.1
which are repeated here for comparison purposes. The dernvaginary part of the
refractive index at 550nm is also shown in Figure 4.9.

The error inwy™, k259 andn?*® has also been calculated. All these parameters are
constrained by the;* observations, which themselves have an uncertainty, agnsimo
Figure 4.8(a). The maximum and minimum range.{i° shown in Figure 4.8(a) have
been used to determine the maximum and minimum valug®f. This range im?*° has
then been used to calculate the uncertainfyffiandg®° , as shown in Figures 4.8(a) and

4.9((d). In cases where the atmospheric variabilitwif is very large, this also results
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DODO Dust Single Scattering Albedos
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Figure 4.8: Optical properties and refractive index for DODO accumidat mode dust for individual
runs. (a) Observed single scattering albedo values at 55@snm Figure 4.1), (b) mass specific extinction

values at 550nm from Mie code. Error bars indicate uncettain k22 due to the range of instrumental

and atmospheric variability af3°° as shown by the error bars in Figure 4.8(a).
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Figure 4.9: Optical properties and refractive index for DODO accumidat mode dust for individual

runs. (a) asymmetry parameter values at 550nm from Mie copddrived imaginary part of the refractive
index at 550nm?°Y ) from Mie code. Error bars indicate uncertainty ify°° and ¢°>° due to the range of

instrumental and atmospheric variability of>° as shown by the error bars in Figure 4.8(a).



Chapter 4. Dust Microphysical and Optical Properties 124

in large errors im?°° , for example as shown for b236 R2.1 and b242 R5.1. The errors in
¢°°% andk259 are very small, probably due to a small dependence on the eéhj>° used.

It is possible that uncertainties in the measured sizeiloligion could contribute to larger
errors than shown here féf>? andg®>, but this has not been quantified.

Generally the results shown in Figures 4.8 and 4.9 are densiwith the average
DODO1 and DODO2 optical properties shown in Table 4.3. Fangxe, the mass spe-
cific extinction values are generally higher for DODO2 tha@O1, there is little vari-
ation in the asymmetry parameter and the values?dfare generally much lower for
DODO1 than DODO?2 (with the exception of b168).

However, the purpose of Figures 4.8 and 4.9 is to show thaliity of the optical
properties for various runs during DODO. Two runs that stamdn particular are R4 and
R5 from b237, which were performed at 50m above the ocean iwerl@ayer of dust.
These two runs have been singled out previously for havffigvalues higher than 0.99
(in contrast to much of DODO2). Figure 4.8 also shows thageh@ns had high values
of k259 (1.60, 1.50), lower values @f°° (0.57,0.56), and a lower values of"° (0.0003,
0.0002). Similar trends can also be seen for b241 R5 which Vgasperformed at an
altitude of 500m, also below the main dust layer.

Variations ink2% can also be seen between the two DODO campaigns, between
different flights, and within the same flight, showing the sasort of variability as was
seen for the single scattering albedo measurements iro8ecl. Similarly the refractive
indices show variation on the same scales, with b168 (R15 a6yt b242 (both runs)
showing much larger values, indicating more absorption¢ckfits with the lower single
scattering albedos for these flights. This indicates thaticantly different composition
for dust was measured during these flights which contribictéiale lower single scattering
albedos.

It has been possible to calculate refractive indices framrfdamples for five different
cases, which are shown in Table 4.4. These have been calt@dasuming an external
mixture of calcium carbonates, quartz and clays, and thataxides are internally mixed
with the clays. These have been calculated using elementakeatrations from PIXE

analysis, and laboratory measurements of iron oxide arsolsing a simplified version
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of the technique described by Lafat al. (2006), the refractive index has then been
calculated. Due to lack of information on the partitioniriglays and iron oxides, initially
all iron oxides were assumed to be hematite, and all claysne=d to be illite. Other
combinations involving kaolonite and goethite are alscsjile, and the range im*° due

to these assumptions has been calculated for b238 R4.1, afsbishown in Table 4.4.
Note that the combination of hematite and illite leads torttwest absorbing combination

of iron oxides and clays (Lafoet al.,, 2006).

Flight Run Mie Coden?”® Mie Code Filters Filters range in
Min/Max n2°0  n2%9 (HI) n2%°

b238 R3.1,R3.2 0.0015,0.0017  0.0008/0.0022, 0.0032
0.0026,/0.0009

b238 R4.1 0.0019 0.0010/0.0028  0.0032 0.0016 — 0.0032
b238 R5.1 0.0010 0.0005/0.0016  0.0031
b242 R1.1 0.0026 0.0010/0.0044  0.0030
b242 R5.1 0.0042 0.0008/0.0100  0.0036

Table 4.4: Comparison of imaginary refractive indices derived froneMbde for the accumulation mode
against values calculated from filter samples (courtesy.dfdPmenti, LISA) incorporating the full size
distribution. HI indicates that the composition was assdrt@ebe hematite only in iron oxides, and illite
only in clays (the most absorbing combination). The rangéliers »?°° shows the range in that would
result if other combinations of hematite, goethite, illted kaolonite were assumed, where data is available.

The results in Table 4.4 provide an important validation ed tefractive indices
shown in Figure 4.9, despite the uncertainties in the fikatses ofn?*° due to the as-
sumptions made. For all cases other than b242 R5.1, the Mi&rcotivalues underesti-
mate those from the filters. However, the case of b238 R4.1 dsirades that assumptions
of combinations other than that of hematite and illite cgmiicantly lowern?>°, bring-
ing n° for the Mie code results within those for the filters. It shkibalso be noted that
the filter samples represent the whole size distributiorsfriicely) whereas the Mie code
values represent only the accumulation mode. Changes inasitign with size may
therefore explain some of the differences. Interestinéyvariability shown in the Mie
coden?®® values in Table 4.4 is not reflected in the filters values, ¢iathis may change
when other iron oxides and clays are considered for the r@ngafour cases. Overall the
n?°0 values from the filter samples support the values derived fvbie code in this study,
when both different combinations of clays and iron oxides@msidered, and when the

different size distributions contributing to each are ¢desed.
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4.4.3 Factors Influencingw;™

This section investigates the relative contributions fitie imaginary part of the refrac-
tive index and the size distribution to the optical propetiln order to represent the size
distribution through one variable, the effective radius baen used (as in McFarquhar
and Heymsfield (1998); Pierangedbal. (2005); Petzolct al. (2009), for example), and
is defined as:

e v

reff - max
[ iy

T'min

(4.4)

wherer,,;, andr,,., are defined as the upper and lower cut-off radii of the PCAS® siz
bins which have been used for the size distributibfG.m and1.5um respectively.

Figure 4.10 shows a scatter plot of the measured singleesicagftalbedo values at
550nm against the effective radius of the size distribufitsro completely independent
variables). It is clear that there is no relationship betweg’ andr.;; for these results,
and therefore that the size distribution variations seeaimduDODO are not strongly

influencing the variations observed.f™ .
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Figure 4.10: Relationship betweeng®® (directly from measurements) and effective radius {). Re-
sults represent accumulation mode only. DODO1 data shovinteick, DODO2 in red. The two axes are
independent measurements.
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Different variables representing the size distributionenalso been tested. For exam-
ple, the number of particles present greater than a paaticatlius may have more of an
effect on the optical properties thary;, which is a measure of the whole size distribu-
tion. Therefore similar scatter plots were created showifig against the fraction of the
size distribution greater than a particular radius, witk tadius varying from = 0.3um
andr = 0.675um. These results are not shown, since they all showed noaedtip be-
tween the various measures of the size distribution.gitl. Therefore it appears robust
that the variability in size distributions seen during DOD@es not explain the variations
seen inu5® and were therefore not the dominant factor in governing ithgles scattering
albedo. Note that this conclusion applies only to the acdation mode.

Figure 4.11 shows the relationship between the imaginatyop#he refractive index
at 550nm and.3*° . In contrast to Figure 4.10, there is a strong relationslefwben
n?Yandw™ , with larger absorption (greatef® ) corresponding to lower single scat-
tering albedo values. The linear Pearsons correlatiorfic@eft betweem?*° andw;™ is

—0.987, indicating a very linear relationship.
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Figure 4.11: Relationship between;>° (directly from measurements) and derived imaginary parthef
refractive index £3°°) from Mie calculations. Results represent accumulatiomenonly. DODO1 data
shown in black, DODO2 in red. Linear Pearson correlation fficéent is -0.987.
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It is to be expected that greater absorption is related tel®@wmgle scattering albedo
values. However, considering the number of modelling ssidvhere optical property
determination is complicated by the uncertainties in bath distribution and refractive
index, both of which affect single scattering albedo (eggén and Lacis, 1996; Liao
and Seinfeld, 1998; Balkanskt al., 2007), it is important to use observations to close
in on these uncertainties. Despite the expected relatiprmtweeny;™ andn?® , the
lack of a relationship between size distribution agef’ is important, and implies that the
single scattering albedo variations seen during DODO ateriehned principally by the
refractive index, through the chemical composition of thetdNote that this only applies
to the accumulation mode (up to= 1.5um here), since these measurements only cover
this range of sizes.

The importance of the results shown in Figures 4.10 and 4.fifstly, that the varia-
tion of the single scattering albedo values for the accutimianode from DODO can be
explained mostly by the variation in the chemical compoaitiThe chemical composition
results, though not numerous, do show chemical variatiocoming between DODO1 and
DODO2, and between different flights, which supports thisabasion. The refractive in-
dices from Table 4.4 also show that the chemical and micrsiphl/data are in broad
agreement of the values 0f*° . This means that in future greater emphasis should be put
on both defining the composition, and therefore the refragtidex of dust accurately, in
order to represent the single scattering albedo of the aglation mode as accurately as
possible, and to obtain closure on the optical propertiesitfh scattering and absorption
measurements of the same size ranges. Exact represertatiosmaccumulation mode
size distributions is less important for modelling™ (again, accumulation mode only),
though not necessarily far>? andg® (see next Section).

Secondly, the lack of influence of the variability of sizetdimution onwg® brings
up the question of whether the variations in size distrdoueen during the DODO cam-
paign timescale are a good representation of the true Marsain dust accumulation mode
size distributions. It may be that the DODO size distribatroeasurements only repre-
sent a limited portion of the true variability, in which cake strong relationship between

n?%Y and wg? for the accumulation mode shown here may not always hold. edevy
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in comparing the size distributions to those from SHADE (itagd et al., 2003) and
DABEX (Osborneet al,, 2008), the variations seen during DODO are not dissimifar.
the DODO accumulation mode size distributions are reptasiea of the true variability
in the atmosphere, then these results show a straightfdrway to represent the refrac-
tive index using single scattering albedo measuremenkeai¢cumulation mode. Further
size resolved chemical data would be needed to determieadsjzendent changesin,

however.

4.4.4 Factors Influencingk?>?

ext

In order to determine the dominant factors influencing tHae&of£>%) | similar scatter
plots comparing the value @f?? to measures of the size distribution amd” have been
created. Additional measures of the size distribution Hasen used here to represent
the fraction of particles between particular radii. Herest radii are defined as,;,, =
0.06pum, r, = 0.3um, ro = 0.675um andr,,,, = 1.5um, wherer,,;, andr,,,, are the
lower and upper ends of the PCASP size rangecorresponds to the threshold radius
used in Johnsoat al. (2008) to differentiate between the fine and accumulatiodesp
andry has been chosen to correspond to the mid point of one of the PG&® bins, at
which there appears to be a natural change in the size distriits, as shown in Figure
4.12. Figure 4.12 also shows the threshold radii in relatmthe average DODO size
distributions. The number of particles within each of thesetions is defined as;, N,
andNs.

Figure 4.13(a) shows the mass specific extinction as a fumctin?®, r.;, and the
ratio of V3 to IV,. It is clear from Figure 4.13(a) that there is no obvioustreteship be-
tween the derived imaginary refractive index and the massip extinction, indicating
that the composition is having little effect in determiniyg? .

In contrast, Figures 4.13(b) and 4.13(c) show a strongatiogiship between mea-
sures of the size distribution a#f? . As the effective radius increases, the mass specific
extinction decreases, with DODO2 data having greater gadfie>>! and lower values of
r.rs than DODOL1 in general. This implies that it is the size dsttion which has a ma-

jor effect on the value of?%" | as opposed to the refractive index (and therefore chemical

ext
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DODO Campaign Average Size Distributions
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Figure 4.12: Average DODO1 and DODO2 accumulation mode size distrinstisame as Figure 4.3(c),
with solid line representing DODO1 and dashed line DODOZ2) with threshold radii marked on.V;
indicates the number of particles within each section ofsilze distribution.
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Derived refractive index from Mie calculations, (b) effeetradius () from measurements and (c) the
ratio of N3 to N, (see text). Results represent accumulation mode only.

composition).
A theoretical framework consistent with this observed trefeship can be derived

from simple definitions of extinction for a monodisperse pamnas follows:

Oext = ﬂ-erQert (T> (45)

kext _ Oegxt _ 71-T2]\/vc2eaut(7q) _ 3Qewt<r) (46)

Uf Pdust (4/3)7TT3diust 4r Pdust 7

where N is the number of particles pen?, o, is the extinction coefficient im !, Q...
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is the extinction efficiencypq.s: is the density of dust, andf is the volume fraction, or

the volume of dust per? air. If r = r.;;, as with a monodisperse sample, then,

foony = ?’QL(TEH)’ 4.7)
Arerf Pdust
and
3Qext(reff)
= — 7 4.8
Teff 4kea}t Pdust ’ ( )
so that
1
Teff XX k‘ t, (49)

since for a particular. s, and wavelength the other variables are constant.

The same can be shown for a polydisperse sample using Equaécand 4.4, but

where,
Tmaz N
Oont = 7r/ r2—Qext(r)dr, (4.10)
Tmin d,r
4 rmaz AN
uof = —W/ 3 ——dr (4.12)
3 J . dr

are used to include the full size distribution, resulting in

3 f;;:i‘:f Qext(1)dr

412
47Tkezt Pdust ( )

Teff =

Therefore, ifQ.,; is not strongly influenced by differing chemical compositio
each case, it could be expected that o ﬁ Due to the slight spread of data away
from a perfect curve in Figure 4.13(b), it is likely that thieeenical composition still
retains some control ovép?’ in the DODO results.

ext
In addition tok2>? andr. s, showing an inverse relationship, the relation can be streng
ened if the size distribution is represented by the ratidhefftaction of particles within
two size ranges, in particular between the ratiosvefto N, (as shown in Figure 4.12).
Again there is a distinction between the DODO1 and DODO2,daiidn DODO1 data
having lower values o£2>? and a smallefV; to N, ratio (DODO1 dust had more larger
particles). TheN; particles have a larger mass, so that their greater exiimesi out-

weighed by their greater mass, making them less opticaigctfe per unit mass. Con-
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trastingly particles in théV, range are large enough to cause significant extinction, but
small enough that their mass is not big enough to cause a I®g secific extinction.
Thus a high ratio ofV3 /N, yields a low value of>>? , and vice versa. It seems that there

ext

is a threshold size, over which particles contribute mordéomass and lower®?? | and

ext !
below which particles contribute more to the extinction &®$ to the mass, increaseing

550
kext '

4.45 Conclusion

The results presented for this section show that the obdeamations in the single scat-
tering albedo during DODO were largely determined by thegimary part of the re-

fractive index, whereas the variations in the modelled eslaf £7>? were much more

influenced by the variations in size distribution for thewoalation mode.

In view of the single scattering albedo, this highlightsithportance of the chemical
composition and accurate assessments of the refracties fiod dust (particularly con-
cerning the wide range of estimates from the literature) addeements of composition
and refractive index of dust from different, but well-definesource locations are also
important, but are challenging considering the remoteaéssgny Saharan dust sources.

It should be noted that this work only considers the accutimanode, since this is
the size range over which closure of the refractive indexssfble, due to measurements
of both size distribution, scattering and absorption. Tdiiing section examines the
effect of the coarse mode on optical properties, but thisicehe explored in the same

level of detail as the accumulation mode due to lack of sgageand absorption mea-

surements covering the full size range.

4.5 Effect of Coarse Mode on Optical Properties

The optical properties examined so far have covered sizdldigons in the fine and
accumulation modes due to the size ranges measured by theloegeter and the PCASP
(r = 0.06 — 1.5um) instruments. During DODO2 the coarse mode was measured by a

number of instruments and techniques on the BAe-146, cereidas experimental (see
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Chapter 2). The impact of the coarse mode size distributicadtition to the fine and
accumulation mode size distribution on the optical prapsris tested here, for a single

case study.

4.5.1 Coarse Mode size distributions for b238 Case Study

For this investigation Run 4.1 from flight b238 at an altitudelkm was chosen, firstly
since coarse mode data is available for both the CDP (Cloud|&r&pobe) and SEM
(Scanning Electron Microscope) analyses. Secondly, b@38place over desert in Mau-
ritania where dust loadings were high, and coarse mode &m#dtions were likely to
be greatest, and may therefore have the greatest impactioalgpoperties.

In order to generate a size distribution spanning the rargge fine to coarse mode
distribution it has been necessary to combine the coarse siad distributions with the
PCASP size distribution measurements. This has been dote ifoftowing ways for

each instrument:

e CDP

Figure 4.14(a) shows the size distributions as measurgub@DP and the PCASP.
As described in Chapter 2, the first size bin and size bins grélaanr = 20um
for the CDP are not used. The CDP has been found to give reliatdesumements
over this size range (Abel, 2007). There appears to be a $ni@wisition between
the PCASP and the CDP data. In order to create the full sizeison the CDP

size distribution has simply been joined onto the PCASP d&telalition.

e SEM

Figure 4.14(b) shows that there is not a good agreement battine PCASP size
distributions and the raw SEM size distribution, with theMSEN/d R values be-
ing around two orders of magnitude greater than those meddyr the PCASP.
This could be due to a number of factors, including that th1SBEows geometric
diameter whereas the PCASP gives an optical diameter. Atoguior changes
in PCASP flow rate with pressure makes negligible differecthé discrepancy

between the PCASP and SEM size distributions. Non-sphemae#ty also affect
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both size distributions, though the effect for the PCASP leentshown to be small
(Osborneet al., 2008).

Since quantifying these problems is difficult the SEM sizstrihution has been
scaled to agree with the PCASP size distribution which is ghoto be more re-
liable. Since the smallest four size bins of the SEM sizeribistion have been
defined to be the same as the largest four bins of the PCASHirgsfaector nec-
essary to match the four overlapping bins was calculatece Winole SEM size
distribution was then scaled down using this scaling faeltowing a fit to the

PCASP size distribution, as shown by the red line.

PCASP and CDP Size Distribution, b238 Run 4.°
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Figure 4.14: Size distributions for coarse mode instrumentation from4uL, flight b238 at 1km altitude.

(&) Number size distributions from the PCASP and CDP (coeeby a factor of 0.35 - see Chapter 2 for

details). (b) Number size distributions from the PCASP aBiW Sshowing raw SEM data (black dashed

line) and scaled SEM data (red dashed line) in order to obtgneement with the PCASP. Error bars

represent one standard deviation of the variability over thn. No time-resolved data is available for SEM
data, therefore no error bars are shown.

Figure 4.15(a) compares the resulting size distributionsnfthe CDP and SEM,
showing that although there is some agreement between thasivuments, the differ-
ence amounts to an order of magnitude in places. As desdrib€tapter 2, there are
limitations in the CDP data due to the positioning of the unstent on the aircraft, and in
the SEM due to the 2-D sampling technique which may overesérdiameter. Addition-
ally there are further differences since the SEM size digtion is a geometrical measure,

whereas the CDP size distribution is an optical measure.
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Figure 4.15: Full size distributions for Run 4.1, flight b238, using datani the PCASP, CDP and SEM. (a)
Number size distribution for each instrument, showing ected CDP and SEM data. Error bars represent
one standard deviation of the variability across the run. thioe-resolved data is available for SEM data,
therefore no error bars are shown. (b) Normalised volume siistributions for the same size distribu-
tions. Size distribution retrievals from the ground-bagdtRONET station at Dakar are shown, with grey
shading representing the range in size distributions oterretrieval times used. Aircraft-measured size
distributions have been normalised by the valuéat: to allow meaningful comparisons with AERONET
data.

The full size distributions have also been compared to s&talolition retrievals from
the Dakar AERONET station, as shown in Figure 4.15(b). Imgahis it should be noted
that firstly that AERONET size distributions represent auowh average, whereas the
aircraft measurements were madd atn altitude during a heavy dust storm, where the
size distribution varied strongly with height (see ChapterTherefore the aircraft size
distributions have been converted to volume size distiobstto match the AERONET
size distributions, and normalised by the valuéat:. This avoids normalising by either
the smallest PCASP size bin, which is known to be the leasthieliof the PCASP bins
(due to noise), or the larger size bins, which places too nfiaith in the coarse mode
measurements, given the large range shown.

Secondly the Dakar AERONET station is located aroG8dkm from where the
aircraft was during flight b238. Satellite images also shioat the main dust event did
not pass directly over Dakar. Therefore the size distrdmgican only be expected to be

broadly similar.
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Although there are limitations associated with each mesasant technique, Figure
4.15 shows the large range of coarse mode size distribufiorierms of both number
and volume). The CDP measures significantly more supermjgadicles than the SEM.
The volume size distributions are different in both magiétand radius, centred around
3.5um and4.5um respectively for the SEM and CDP. These peaks are not so éviden
the number size distributions in Figure 4.15(a) which sharcimsmoother size distribu-
tions.

In comparison to the AERONET size distribution, the airtdsita are in agreement
(within error bars) between radii 6f2 — 2um. Below0.2um AERONET measures more
particles than the aircraft - possibly due to the proximityDakar and associated pollu-
tion. For the coarse mode AERONET measures significantlgf@articles, which is not
surprising considering that the main dust outbreak did asspmpver Dakar. Because of
limitations associated with each coarse mode measureewhmiitjue, the various coarse
mode size distributions are regarded as a range of estinfdtedollowing section exam-
ines the optical properties of the full size distributionthwrespect to the uncertainties in

the coarse mode measurements.

4.5.2 Calculation of Optical Properties for b238 Case Study

In order to calculate the optical properties of the full sigributions including the coarse
mode, Mie code calculations have been performed using ffexetit coarse mode size
distributions and an appropriate refractive index.

In order to represent the measured size distributions plogal modes were fitted to
the full size distributions (in the same way as describedentin 4.3.1). Firstly four
lognormal modes were used to make a fitted curve which matitteedize distribution
from the PCASP for Run 4.1. A fifth mode was then added so thatehefitted curve
from all five modes matched the full size distribution (irgilug coarse mode) for the CDP
as closely as possible. The full logfit curve was fitted to tleasured size distribution by
eye. The parameters for the first four lognormal modes wepé ¢éanstant in each case
S0 as to solely vary the coarse mode contribution. The sachaitue was then applied

to the PCASP+SEM size distribution. The lognormal mode patams used are shown
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Mode r,,/um o, N/em™3

1 0.062 1.49 190.0
2 0153 124 89.0
3 0225 152 47.0
4 0960 1.35 4.6
5(SEM) 1.800 1.60 1.0
5(CDP) 2.200 1.50 1.8

Table 4.5: Lognormal mode parameters used in calculation of fitted esio represent full size distri-

butions including the coarse mode, for B238 Run 4.1, as showigure 4.15. Mode 1-4 values were

established using the PCASP size distribution. Differanameters were used for mode 5 in the case of the
SEM and CDP size distributions.

for each test in Table 4.5.

In order to analyse the effect of the coarse mode over the siredistribution
ranges, in the two coarse mode cases the size distributieresaut off at values df0um
radius. For the case of the PCASP-only size distributionptagimum radius value used
was 1.5um, consistent with the optical properties previously cadted in Sections 4.3
and 4.4.

In order to calculate the optical properties of the sizerithistions shown in Figure
4.15 a refractive index is also needed. The derived imagiredractive index 0f).0019¢
shown in Figure 4.9 for b238 Run 4.1 has been used with a readfib63. This refractive
index is representative of the accumulation mode, and fibvrerextending it to the coarse
mode assumes that the composition does not vary with gadizé. This may not be the
case, and the chemical data for b237 suggests otherwise eugowdue to the lack of
data for b238 on the size resolved composition and refaatidex, the value dd.0019:
is used as a best estimate. The refractive index used isartrsier all wavelengths
betweent50 — 700nm, and is not defined at wavelengths outside this range singeton
optical properties at 550nm are examined. Sensitivitysthaize showed that including
the WCP (1983) variations of imaginary refractive index aegge wavelengths than the
visible has negligible effect on the resulting optical pedpes. For simplicity spherical
particles have been assumed for this test case, thoughtdresiiimples from b238 clearly

show that many non-spherical particles were present.
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Instrument measuring coarse made®  ¢°°" k259 m?g~!

ext )

No coarse mode (PCASP only) 0.98 0.69 1.22
SEM 0.96 0.72 0.46
CDP 0.90 0.77 0.20

Table 4.6: Optical properties at 550nm for coarse mode size distrdngifrom B238, R4.1, as shown in
Figure 4.15 and in Table 4.6.

4.5.3 Optical Property Results for b238 Case Study

Table 4.6 shows the optical properties resulting from tiffeidint measurements of coarse
mode size distribution, as well as the optical properties tesult from Run 4.1 when no
coarse mode (i.e. PCASP size distribution only) is included.

It is clear that the addition of a coarse mode results in al@ivgle scattering albedo
(due to greater absorption from large particles), a lowessrepecific extinction (due
to the extra mass from large particles) and higher asymnpetrgmeter (due to larger
particles scattering radiation in a more forward directi@s has been found previously
(e.g. Tegen and Lacis, 1996; Haywoetlal,, 2003; Ottoet al, 2007; Osbornest al.,
2008). The larger the coarse mode present, the more markethénge in the optical
properties. For example;® drops from 0.98 to 0.96 when the SEM coarse mode size
distribution is included, whereas it drops further to 0.9%ew the CDP coarse mode is
included, since the SEM measurements showed less matetiad coarse mode than the
CDP.

Though the trend of the change due to adding the coarse mede With that found
in other literature, the magnitude of the change in opticapprties, particularly? , is
much greater than has been found for previous aircraft cempde.g. SHADE (Hay-
woodet al,, 2003) and DABEX (Osbornet al, 2008)). For the two dust cases examined
in SHADE w{™ was found to drop from 0.96 to 0.92 in the first case, but diddnop at
all from 0.95 in the second case. For DABEX;™ dropped from 0.99 to 0.98 when the
coarse mode size distribution was included. Therefore tB®0 results for b238 sug-
gest that the differing effects of the coarse mode on thealgroperties seen from these
different campaigns are related to the amount of coarse p@Esent (or measured), and

imply that the exact size distribution of the coarse modeisenely important in deter-
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mining the optical properties of dust.

There may be additional differences between ground (ij-sieasurements and air-
craft measurements, should the coarse mode size distribuéiry with height, as was
found during DODO in Chapter 3. It is to be expected that la@ygations in the amount
of coarse mode present occur, which may explain some of ffeetices in the reported
values ofw3?®, such as by Slinget al. (2006) who took radiative measurements during
an extremely heavy dust storm where a large coarse mode edggected, and derived
wg? values in the range 0.89-0.95. Aircraft studies measuragsported dust (such as
Haywoodet al. (2003)) may encounter less coarse mode and therefore neclaiginer
single scattering albedos.

Despite the large sensitivity inj*° to the coarse mode size distribution that has been
illustrated by these results, the range,jji® for b238 R4.1 (0.90-0.98) does not cover the
range of single scattering albedo values from the liteea0r63-0.99). However, it likely
that other factors may causg® values lower than those shown in Table 4.6, such as a
lower refractive index (such as the cases of b168 and b242hwiould result inv3> for
the full size distribution being even lower. Therefore &€’ values shown in Figure 4.1
can be viewed as an upper limit since they do not include anfriboition from the coarse
mode.

Additionally, it is entirely possible that the refractivedex varies with particle size
due to particle composition changes. For example, the SEM&M filter samples from
DODO showed that iron oxide particles were present in themctation mode but not
in the coarse mode, and are important due to their abilityosmeb UV and visible light
(e.g. Sokolik and Toon, 1999; Lafaet al., 2006). If this was the case for the DODO
results, it would result in the value af*° for the full size distribution being higher than
the values shown in Table 4.6. Kandkfral. (2007) and Ottcet al. (2009) also found
(from chemical measurements) that the imaginary part oféfractive index decreased
with particle size, due to the decreasing presence of sabiran oxide in the case of
Kandleret al. (2007).

It is also possible that the results here are dependent osptierical assumptions.

However, Ottcet al.(2009) found that non-sphericity altereglby up to1%, which would
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result in a maximum change ig§*° of 0.01 for the b238 R4.1 CDP case.

In conclusion, the results in Table 4.6 show that the coaxsgens extremely impor-
tant in determining the optical properties of dust, anddfee future aircraft campaigns
should place strong emphasis on operating fully calibragrdsol probes which are able

to measure particles at least uRtgm radius.

4.6 Chapter Summary

This Chapter has explored the microphysical and optical gnas, both measured and
modelled, of dust measured during the DODO campaigns. Thdikeéings are as fol-

lows:

1. The accumulation mode size distributions measured guha wet season show
more variability than those from the dry season, which iateal to the greater
range in transport altitudes during DODOZ2. This results gneater fraction of the
larger accumulation mode particles residing at highetualés, with fewer at lower

altitudes.

2. There is a difference in accumulation mode size distioingt between measure-
ments made over land and ocean. Fewer particlessa0.2um are found over the

ocean, due to loss from deposition, which is most markedesttgr radii.

3. Differences in accumulation modeg™ , £2°? and n}*® are seen between the two

campaigns, with the dry season flights generally showinlerig;>® , lower£259 and

lowern25° . No differences iny*° were found between campaigns.

4. Variability in optical properties was much greater dgribODO2 than DODO1,
which is fitting with the dust sources, chemical compositiol size distributions

being more variable.

5. wi™ values for the accumulation mode ranged fro3 — 0.99, which is at the

upper range of estimates from the literature.
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6.

10.

11.

The variability ofw™ observed during DODO can be attributed to variations in
n2°® and therefore variations in the composition and sourceeofitist. The contri-
bution from the accumulation mode size distribution to thdations inw;* have
been shown to be negligible. This highlights the importaoicgccurate and repre-
sentative measurements of the refractive index in ordeomiectly model Saharan
dust. It also suggests that if the composition does not ahaiitly further transport,
w5 will not change substantially across the Atlantic (at ldasthe accumulation

mode).

The variability of&>5Y during DODO can be attributed mostly to variations in the
accumulation mode size distribution. Due to changes in itee distribution with
dust transport, this would mean thaf? may change substantially across the At-

lantic.

The coarse mode size distribution has been shown to hargeéffect on the op-
tical properties of dust, particularly far;* where the decrease due to the addition
of the coarse mode is larger than has previously been searciafacampaigns.
Therefore the accumulation mode measurements; dfin the range).93 — 0.99

should be viewed as an upper limit.

The varying values af;™ from the direct measurements of the accumulation mode,
and the coarse mode tests go some way to explaining theigariatwj>® in the
literature. Depending on the amount of coarse mode presehthe technique
for measuring (or not measuring) the coarse mode, the megudingle scattering

albedo may vary.

Good quality measurements of the coarse mode sizebdistm from calibrated
aircraft probes are of great importance when measuring @gstttering measure-

ments of the full size distribution (i.e. including coarsedr) are also valuable.

The varied values ofy™° , £°2) andn?°® may have significant effects on the radiative

v Wext i

effect of the dust.
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5.1 Introduction

5.1.1 Reasons for Quality Assessment

During DODO the BAe-146 was equipped with upper and loweapgmeters in order to
measure downwelling and upwelling shortwave irradian&ganometer measurements
can be used in conjunction with computed irradiances fradiatave transfer models in
order to validate model results and so obtain radiativeurkog¢as described in Chapter
6). Therefore the availability of accurately measuredald¢ irradiance data from the
pyranometers is critical. If the pyranometer data is to bedus this way however, it is
essential to ensure that the pyranometer data is accurdt &mow the uncertainty in
the measurements.

Recently it has become evident that some problems exist WélBide-146 pyra-
nometer data. During flights in the UK following the DODO caaigms it was noticed
that the pyranometer domes had suffered from sand-bla@iegyadation of the dome
surface due to heavy aerosol impaction) on their forwacihfaside (personal commu-
nication, Jim Haywood). This chapter shows that the pyraterameasured irradiances
did not always agree with other measured and modelled anaéis, and that standard
procedures presently used to correct the BAe-146 pyrarenmetasurements may not be
appropriate. Alternative methods are investigated, asiacertainties in the measured

irradiances.

5.1.2 Summary of Data, Instruments and Flights

Measurements of down-welling and up-welling irradiancetlom BAe-146 were made
using Eppley Precision Spectral Pyranometers (PSPs) mdiath above and below the
fuselage (see Table 5.1). Each pyranometer was coveredualitbtt glass which protects
the surface of the thermopile and defines the operating wgtherange, shown in Table
5.1.

The overall accuracy of the BAe-146 pyranometers is not defihed. The accuracy
of standard Eppley PSPs are frequently definedi&t (Burnset al,, 2000), and the Base-

line Surface Radiation Network (BSRN) requirements on pyratemaccuracy arg%
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Instrument Location Irradiance  Spectral Range
measured

Clear dome Eppley Precision BAe-146 fuselage, Total 0.3 —3um

Spectral Pyranometer (PSP) upper and lower

Red dome Eppley Precision BAe-146 fuselage, Total 0.7 — 3um

Spectral Pyranometer (PSP) upper and lower

ARM Skyrad Pyranometer Niamey airport, Niger Direct < 4dpm

ARM Skyrad Pyranometer Niamey airport, Niger Diffuse 0.4 —4um

Table 5.1: Summary of BAe-146 and ARM pyranometers

for total shortwave irradiance (Saundetsal, 1991). However, additional uncertainties
are encountered through flying the pyranometers on theaftiréecent publications cite
the accuracy as ranging fro#is to +8% (Haywoodet al,, 2003, 2001), but are based on
previous work by Saundeket al. (1992) from an aircraft intercomparison during 1989,
when the C-130 aircraft was in use. Saundsral. (1992) estimated the uncertainty in
the pyranometer measurements using differences betweelsince measurements from
three aircraft under clear skies at an altitude of 5.9km.yTboend that the accuracy of the
upwelling clear dome shortwave irradiance, assumed to tielrdiffuse and therefore
isotropic, wast2% (< 5Wm~2) on average. The downwelling irradiance had additional
uncertainty because a correction to the direct componeaircraft attitude was required,
which increased the uncertainty #68%. Using standard propagation of error formulae,
this results ir2.2% uncertainty due to attitude corrections alone. Uncergamthe down-
welling red dome measurements was estimated to be araayid However, differences
between downwelling pyranometer measurements and mogle#sults varied between
2 — 4% for the clear dome pyranometers (with the pyranometersyawaeasuring less
irradiance than was modelled) and betwéen 4% for the red dome pyranometers (with
no particular bias in either direction).

Saunders and Barnes (1991) compared the upper and loweopyeters by moving
them from their usual positions to the upper positions antlaoting in-flight compar-
isons at high altitude under clear skies. The results shdtetdthe clear and red dome
pyranometers agreed withiWVm =2 (0.6%) and3Wm =2 (0.8%) respectively. Compar-
isons against model results showed worse agreement codnpdbhethe instrument com-

parisons, with the clear and red domed pyranometers megsubi% and8% less than
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predicted by model results. If the clear sky above the dircsavell charactarised and
modelled, the agreement between model and pyranometeurseants should be good.
Therefore, assuming this to be the case, these percentfigeenices may outline the
accuracy of the pyranomters, when used to compare to moldelagons.

Since the work of Saundeeg al. (1992) the C-130 has been replaced by the BAe-
146 and the pyranometer mounting platform has been repladedntercomparison of
pyranometers has been performed at this time, and estgtagraccuracy of the BAe-146
pyranometers is therefore difficult and previous estimbhtesed on measurements made
with the C-130 are not necessarily applicable. Based on theéogpieintercomparisons of
Saunderst al. (1992) and Saunders and Barnes (1991) of the pyranometdrothier
aircraft pyranometers and models, the total uncertainthénclear dome measurements
is likely to be up to+4%, and up to+8% for the red dome measurements, with the
uncertainty solely due to attitude corrections beiritys.

In this chapter aircraft manoeuvres are used to assess dieyapf the pyranometer
data, and come from box pattern manoeuvres and pirouetteeuares. A description of

the manoeuvres and their purposes is as follows:

1. Box Patterns

Box patterns manoeuvres are carried out at high altitudes/éa550mb or Flight
Level (FL) 180 in these examples) under clear sky conditidfsur straight and
level runs are carried out; one directed into the sun, orextlid across the sun, one
directed out of the sun, and the fourth cross-sun, thus foggraibox pattern. The
high altitude allows irradiances to be measured at an détitwhere there is little
aerosol (and cloud, since skies are clear) above the djrarad the atmospheric
profiles of water vapour, ozone, temperature and other caeie are relatively
well known above the aircraft and can be well representetgustandard profiles,
such as described by McClatcheyal. (1971). This means that the irradiance at
the altitude of the box pattern can be relatively accuratetdelled in order to
compare to the pyranometer measurements. Secondly, thpai@n formation
itself allows measured irradiances to be compared whenitbeatt is at different

headings relative to the sun. This is important for estingagitch and roll offsets,



Chapter 5. Assessment of Pyranometer Data Quality 146

described later.

2. Pirouettes

Pirouettes are carried out on the runway before or aftertodikd hey consist of the
aircraft slowly rotating througB60°. Pirouettes have two purposes: firstly if there
is a ground-based pyranometer in the vicinity, then direatgarisons can be made.
Secondly they allow measurements of irradiance at diftdreadings relative to the
solar azimuth. This can show whether there has been anymdjrty damaging on
a particular side of the pyranometer dome, and can be usestitoage pitch and
roll offset of the pyranometers relative to the aircrafte($zter). The disadvantage
of pirouettes compared to box patterns is that there is mimesphere above the
aircraft during pirouettes which can make it difficult to usedelling results for
comparison due to lack of knowledge of atmospheric comjposénd aerosol. Ad-
ditionally there is high potential for interference by aitsu However, the time taken
for pirouette manoeuvres is much less than a box patternhwbiwers the flying
cost, and allows many pirouettes to be carried out routidatyng a campaign, as

long as the sky is clear.

Duration Campaign Location
11/1/2006 - 2/2/2006 DABEX Niamey
3/2/2006 - 16/2/2006 DODO1 Dakar

17/2/2006 - 18/7/2006 Aircraft in UK and on other campaigRgranometers re-
moved, calibrated and re-mounted

20/7/2006 - 20/8/2006 AMMA Niamey

21/8/2006 - 28/8/2006 DODO2 Dakar

Table 5.2: Summary of campaigns relevant to pyranometer correctiongutures

The campaigns during which box patterns and pirouette mames were performed
are shown in Table 5.2, and the details of each manoeuvréawnsn Table 5.3. During
DABEX two box patterns were carried out, and these can be wsaddr the quality
of the pyranometer data during DODO1. During DODO2 one bdkepawas carried
out. Note that between DODO1 and AMMA the pyranometers weneoved from the

aircraft for a calibration, and then re-mounted. Additibjauring AMMA there was
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Flight Date Campaign Manoeuvre FlighPressur&Comment
Level /mb

b157 16/1/2006 DABEX Box Pattern FL180 550
b167 2/2/2006 DABEX Box Pattern FL200 465
b234 16/8/2006 AMMA  Pirouette ground/a Dust present above air-
level craft. No red dome data
available. ARM data avail-
able for comparison.

b241 25/8/2006 DODO2 Box Pattern FL220 428

Table 5.3: Summary of flights relevant to pyranometer correction pdoces. Note that the pyranometers
were removed from the aircraft between DODO1 and AMMA forlidbcaion. FL stands for flight level.

one pirouette manoeuvre which was usable. This pirouetsecaaied out at Niamey
airport, where the AMF (ARM (Atmospheric Radiation MeasuretsgMobile Facility)
was stationed during 2006, and so measured irradiancesecaarpared to the ARM
irradiances. A summary of the BAe-146 pyranometers and fR&lAyranometer data
used here are shown in Table 5.1.

For all comparisons between ARM and BAe-146 pyranometensisihere the total
irradiance for the ARM pyranometers is calculated using tmemonent sum method: the
sum of the direct and diffuse irradiance. This method is usqueference to the ARM
pyranometer which measures the total irradiance becaagettl of the direct and diffuse
radiation is more accurate (e.g. Michalsiyal.,, 1999).

The following sections review the standard corrections 4&AM make to the pyra-
nometer data, assess the amount of dome dirtying that @ctduring DODO, estimate
the pitch and roll offsets of the pyranometers relative ® dircraft, and assess the un-
certainty in the pyranometer data due to these and otharfacnd compare the data to

other observations and model results.

5.2 Standard Correction Procedure for Pyranometer Mea-

surements

The total downwards irradiance through a horizontal plardefined according to Equa-

tion 5.1, where the total irradiance is composed of a difiusg ;) and direct {4, (0))
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component (both i m~2), where only the direct component depends on the solarezenit
angle,f.

Liot = Laigy + Lair(0) (5.1)

Since the BAe-146 pyranometers do not lie in the horizontiging flight the measured
direct component of the irradiance must be corrected toveibo the pitch and roll angle
of the pyranometer if there is any direct radiation presédiritis is not the case for the
lower pyranometers, where the upwelling shortwave raafiaits totally diffuse, but can
be important for the upper pyranometers. If the plane of thiampmeter is not horizontal

then the measured irradiance becomes

Fun9) = Lo + 1an0) (0. 52)

(Saunderset al, 1992), where3 is the angle between the solar zenith anglend the
normal to the pyranometer, defined according to Equatiorei@®/, . () is the irradiance

measured by the pyranometer.

cos(3) = [sin(dpie) sin(0) sin(rel_hdg)]
+ [cos(drier) cos(dpiot) cos(6)]
— [cos(dpior) sSin(dpyot) sin(0) cos(rel _hdg)] (5.3)

dp.; anddr,,; are the total pitch and roll of the pyranometers from thezwnial, defined
according talp,,; = dp + dp,. anddry,; = dr + dr,., wheredp,. anddr,,. are the pitch
and roll of the aircraft, which change constantly duringhtiganddp anddr are the pitch
and roll of the pyranometers relative to the aircraft irentiavigation systemrel_hdg
is the relative heading of the aircraft relative to the salamuth angle, defined as solar
azimuth minus aircraft heading.

The raw pyranometer irradiance measuremeiisg/3), are processed by FAAM us-
ing a program called CRFLUX. If the irradiance is less thanoalithreshold, dependent
on solar zenith angle, the irradiance is assumed to beytatdfuse, and no corrections

for attitude are performed. Otherwise, at least some dretiition is assumed, and the
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measured irradiance is corrected for the pyranometendtishown in Equation 5.2 at the
same time as a correction for the non-cosine response ofyta@@meters. The correc-
tion used is shown in Equation 5.4, whereby it is assumedttieatatio of direct to total
irradiance (FDIR) is known(; is a correction for the non-cosine response of the pyra-
nometers and varies with solar zenith angle, &pd, the corrected irradiance, equivalent

to what would have been measured through a horizontal piaoétained.

Liot(5) .
U {riR] - ooy (23)])

In correcting the measured irradiance, it is necessary tovkhe values oflp and

(5.4)

I corr —

dr, the pitch and roll offset of the pyranometers relative @ aircraft inertial navigation
system for Equation 5.3, and FDIR, the ratio of direct to toddliation, for Equation 5.4.
In the FAAM CRFLUX code FDIR is always assumed to be 0.95, thauagbractice it
would be dependent on altitude and solar zenith angle. Tioh pnd roll of the aircraft
itself is constantly changing, and is recorded at 1Hz by tigtial navigation system.
Generally the BAe-146 pitch is arourtd. The pyranometers sit on a mount which is
at a pitch offset angle of around3° relative to the aircraft, but it may be possible that
additional variations in the way the pyranometers are badteto the mount can result in
larger or smaller total pitch offset angles each time theyramounted. Standard FAAM
correction procedures for DODO have assumed that pitch @hdffset angles of both

clear and red dome pyranometers are as follows:
e clear domeidp = —0.87°, dr = —0.51°

e red domedp = 0.02°, dr = —0.96°.

5.3 Determination of Pyranometer Pitch and Roll Offsets

5.3.1 Introduction

As described in Section 5.2 the magnitude of the pitch arldffget angles of the pyra-

nometers relative to the aircraft is implicit in the startlaorrection procedure for the
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pyranometer data, as described by Equations 5.3 and 5.4d&@thvalues of pitch and
roll offset (dp anddr) are always assumed by FAAM within the CRFLUX program when
correcting the pyranometer data (see Section 5.2). Howeévieecame obvious when
analysing at the pyranometer data that these standardsvalldg anddr are not always
appropriate. Additionally small changes in the way the pgraeters are assembled on
the aircraft may result in the pitch and roll offset anglearading, which may affect the
value of the measured irradiances. Thus every time the pymaters are removed and
re-mounted on the aircraft, the values of dp and dr may changktherefore an analysis

of the following sort should be completed.

5.3.2 Method

The raw irradiance data can be analysed as a function oiveelaading, ideally during
a pirouette, but also during the box patterns, in order toageést-estimate of the true
values of dp and dr, which may differ from the values used in CBXL

In order to use raw irradiance data, the publicly availabfDE irradiance data
corrected by FAAM using the CRFLUX code is back-corrected gigiguations 5.3 and
5.4 and exactly the same valuesipf dr and FDIR as used by CRFLUX. The data is then
re-corrected using the same equations, but with apprepraties otip, dr and FDIR.

Data for the box patterns in b157, b167 and b241 and the pimueb234 have
all been back-corrected and re-corrected here, in ordestbmate the true values af
anddr. In order to remove another unknown from this method, FDIR been mod-
elled using the Edwards and Slingo radiation transfer cé&dsvards and Slingo, 1996)
for the box pattern cases. Standard atmospheric profilesdpical cases (McClatchey
etal, 1971) have been used to determine profiles of water vapooingoand temperature.
Since the box patterns were performed at high altitude tsleould be no aerosol above
the aircraft. The box patterns were also performed underefcee skies. Therefore the
modelled irradiances should be accurate and good for casgparagainst the pyranome-
ters, except for uncertainties in water vapour due to dapsstfrom the standard tropical
profiles. A sensitivity test using Dakar radiosonde datavaltbe aircraft revealed a very

low sensitivity to the inclusion of this water vapour datdth&ugh the clear dome pyra-
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nometers measure radiation between wavelengths ef3,:m they are calibrated against
radiometers measuring the whole of the shortwave spectpemsgnal communication,
Ben Johnson). Therefore the modelled irradiances are alsotbe whole spectrum,
between wavelengths of2 — 10um. Comparisons between the model and red dome
pyranometer irradiances use wavelength8.6f— 3um. Modelling the irradiance at the
level of the box patterns in this way allows FDIR for each batt@rn to be calculated,
and included in the pyranometer corrections.

For the b234 pirouette at Niamey airport, data from the ARMr&&ypyranometer is
used to calculate FDIR. Note that the spectral range of thiammmeter i$).4 — 4um,
slightly different to the FAAM pyranometers on the BAe-14@lues of FDIR used for
each case are shown in Table 5.4.

Once FDIR for each case has been calculated, it is possilsedorrect the pyra-
nometer data using a given valuedpfanddr. Using the assumption that the pyranometer
should be measuring the same value of irradiance at all hgadfithe data is de-trended
or normalized for a changing solar zenith angle, and thabti variables affecting the
re-corrected data ar® anddr, it is possible to varylp anddr until the standard devia-
tion of the normalized irradiance across a range of reldteadings is minimised. Other
studies with similar methods of minimizing the variance eftdended or normalized irra-
diance over a range of relative headings to estirdat@nddr has been used successfully
in other studies, such as Saunders and Barnes (1991), Bammul8cawiesow (1993)
and Ramaneat al. (2007), using straight and level runs carried out on difiefeeadings,
and Boerst al. (1996) and Boerst al. (1998) who used irradiance measurements from
an aircraft ‘circle’ (orbit).

Figure 5.1 shows an example of a step in the process of estgnat for the b241
box pattern. Herédr is set t00.2° and the value oflp is varied from—4.4° to —3.6°. For
each case, the standard deviation of the normalised irmeelsaacross the range of relative
headings is calculated. For b241 only irradiance measuweside relative headings of
+50° is used for the standard deviation calculation as it will betaffected by dome
dirtying on its forward side (see Section 5.4). Here the mimn standard deviation

occurs whenlp = —4.1°. For other values oflp the re-corrected irradiance show more
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Figure 5.1: Example of one step in the estimationdpffor the clear dome pyranometer for b241. Irradi-
ance (normalised by cosine of solar zenith angle) is showafasction of aircraft relative heading (solar
azimuth - aircraft heading). For each case the data is rerected usinglr = 0.2 anddp varying between
—4.4to —3.6, as indicated on each plot. Black points represent dataoieected using only aircraft pitch
and roll, red points represent data re-corrected using baitbraft and pyranometer pitch and roll. The red
line represents the mean of the red points, excluding datelative headings betweef50° which may
be affected by dome dirtying (see Section 5.4). The textdh plt shows the standard deviation of the
red points, for all relative headings (sdev all) and relatikeadings outside-50° (sdev sel). Sdev sel is
minimised atlp = —4.1° (middle row, left hand plot) in this case.

variation across different relative headings. The nexp $tere would be to setp =
—4.1°, and varydr, and iterate this process until there was no more chande amddr
to within 0.1°.

This process has been carried out for the box patterns in, 8157 and b241 and the
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pirouette in b234, and has allowég anddr to be estimated for each case. For any flights
affected by dome dirtying/damage (see Section 5.4), measnts for relative headings

betweent-50° have not been included in the calculations.

5.3.3 Results and Implications

Table 5.4 shows the best-estimatesipfanddr for the clear and red dome pyranome-
ters for the different flights. During a campaign when theamymeters have not been
removed from the aircraft, the values @ and dr should remain the same. Between
different campaigns, when the pyranometers have been esinawd re-mounted, it is
possible thatlp anddr could change if they are not being attached to their mounts in
an identical manner every time. Note that between DODO1 aM#/IA (flights b167
and b234) the pyranometers were removed from the aircraft éalibration. The results
in Table 5.4 show that the best-estimates of the pyranonpétielt and roll offset an-
gle as derived from pirouette and box pattern manoeuvrés @ignificantly from those
used in the standard processing of the pyranometer irreglidata (standard values are
dp = —0.87°, dr = —0.51° for the clear dome andp = 0.02°, dr = —0.96° for the red
dome).

The irradiances corrected using the standard FAAM value® @nddr have been
compared to the irradiances re-corrected using the bestatst ofdp anddr shown in
Table 5.4, and are shown in Figures 5.2 and 5.3. It is cledrtttieadata re-corrected
using values oflp anddr from Table 5.4 (red lines) result in the smoothest transgio
of irradiance values across all the different runs and ivelateadings adopted during
the pirouettes and box patterns. This is an indicator thabreected data is behaving
physically, in contrast to the FAAM-corrected data (yellaves), which show large jumps
in irradiance between different runs of the box patternd, @ndifferent headings during
the pirouette. Note that even the corrected data shows jlanggs on some into-sun runs
- this is where the pyranometer domes are being affectedrbyrdj (see Section 5.4).

In many of the flights the difference between the data cogckesing values afp and
dr as defined by FAAM and as derived here is very large. Tabletots the maximum

difference between these two correction procedures fdr samoeuvre, excluding data
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Flight Dome Flight FDIR dp dr  FDIR Comments
Type Pattern Calculation

b157 Clear Box 0.95 —5.0° +0.7° Model Flight from DABEX
Pattern

b157 Red Box 0.95 —-3.2° —1.4° Model Flight from DABEX
Pattern

b167 Clear Box 0.95 —-2.6° +0.4° Model Flight from DABEX
Pattern

b167 Red Box 095 —-2.3° —1.1° Model Flight from DABEX
Pattern

b234 Clear Pirouette 0.68—5.0° +0.2° ARMdata Flight from AMMA
b234 Red Pirouette 0.68 n/a n/a ARMdata No data available

b241 Clear Box 0.97 —4.1° +0.5° Model Flight from DODO2
Pattern

b241 Red Box 0.97 —-3.6° +6.6° Model Flight from DODO2
Pattern

Table 5.4: Best estimates of pitcllg) and roll (dr) offset of the clear and red dome pyranometers and
details of FDIR value (direct/total irradiance ratio) useBetween DODO1 and AMMA (flights b167 and
b234) the pyranometers were removed from the aircraft faalédation.

which may be affected by dome dirtying. For the clear dome&g@age errors range
from 3.5-6.3%, and from 4.5-9.0% for the red dome. Errorshig magnitude, which
are solely due to errors idp anddr, are far greater than the uncertainty in measured
irradiance 0f2.2% due to attitude corrections as found by Saundsral. (1992), and
exceed the suggested total errort&f and8% (Section 5.1.2) for the clear and red dome
pyranometers respectively. Using appropriate valuegpadnd dr for the pyranometer
corrections is therefore extremely important in minimgsthe error in the measurements
and increasing their reliability. Pirouettes and box patteanoeuvres are of critical value
in determiningdp anddr if they cannot be determined by any other method.

Table 5.4 also shows that during a single campaign, when yhenpmeters have
not been removed from the aircraft, the best estimates ofe@pracertain to withirg.4°
between b157 and b167, and to withim° between b234 and b241 for the clear dome.
Similarly the best estimates af- differ by 0.3° for b157 and b167, and by 3° for b234
and b241 for the clear dome. These results suggest thatttiiegnid roll offsets change
significantly between the two campaigns. However, the uat#ies indp anddr during

each campaign are not small enough to unambiguously sajt teahe removal and re-
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Figure 5.2: Clear dome irradiance for box patterns and pirouettes, uidlthg raw data (completely uncor-
rected for pitch and roll) in black, data as corrected by FAABIng standard values dp anddr, in yellow,
and re-corrected data using valuesd@f anddr as given in Table 5.4, in red.

B157 dr=—1.4, dp=-23.2, fdir=0.95 B167 dr=—1.1, dp=-2.3, fdir=0.9¢ B241 dr=6.60, dp=-3.6, fdir=0.97
T T T T T T T T T T T T T

600 T T 600 T 600
— Raw — Raw — Raw
N Corr o — Corr N — Corr
) ) )
c Corr FAAM = L Corr FAAM 4 c P Corr FAAM 4
= = 500 = 500
& 500 1 % v
2 down-sun 2 2 )
o o o into-sun
3 [ ; B 400 down-sun 3 400
ey | - = r " ey |
o T e S e ]
o cross-sun g o into-sun N o 3
IS cross-sun £ € cross-sun
S 400 3 3 R Cross-sun S ot p
& & Cross-sun &
300 I I I I I 200 I I I I I 200 I I I I I I
0 200 400 600 800 1000 1200 0 500 1000 1500 2000 2500 0 200 400 600 800 1000 1200
Seconds Seconds Seconds
(a) b157 Box Pattern (b) b167 Box Pattern (c) b241 Box Pattern

Figure 5.3: As for 5.2, but for red dome pyranometer. Note that no dataaslable for b234.

mounting that causes this change - it may just be that thisiodedf estimatinglp and
dr entails large uncertainties. Previous work by Sauneééem. (1991) also found that

dp estimates changed by up@®° when box pattern manoeuvres were repeated and the
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Flight Dome Type Maximum Percentage Error

b157 Clear 6.0
b157 Red 4.5
b167 Clear 6.3
b167 Red 9.0
b234 Clear 3.5
b234 Red n/a
b241 Clear 5.8
b241 Red 15.0

Table 5.5: Maximum percentage difference between irradiances ctedegsing the standard FAAM values

of dp and dr and irradiance corrected using the best-estimate valuegpadnd dr shown in Table 5.4.

Results are based on data shown in Figures 5.2 and 5.3. Daa iinto-sun runs which may be affected by
dome dirtying have not been used.

pyranometers were not moved. Investigating changés anddr due to removal and re-
mounting of the pyranometers should be straightforwar@sohy performing pirouettes
or box patterns following remounting the pyranometers. iAddally Saunderset al.
(1991) recommend thatp anddr are recalculated every time the aircraft inertial navi-
gation system is replaced/installed. It is possible thainges to the inertial navigation
system between DODO1 and DODOZ2 could have affected the apipelranges idp and
dr between the two campaigns.

In summary, the implications of this work, which has deteradidp anddr for flights

relevant to the DODO campaigns, are as follows:

1. It is possible to use both pirouette manoeuvres and bdgrpat performed under

clear sky conditions, to estimadip anddr.
2. dp anddr can differ significantly from those used as standard by FAAM.

3. Using the incorrect values @fp and dr can cause large errors in the corrected
irradiances, of up t®.3% for the clear dome and up 0% for the red dome,
in the cases examined here. These errors are significangigrlthan uncertainty
previously associated with uncertainty due to attitudeemdions £.2%), and larger
than the total uncertainty estimated in Section 5.1.2%fnd8% for the clear and

red dome pyranometers.

4. dp anddr appear to change significantly between the two DODO campgigaugh
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the large uncertainties cannot say this is unambiguoustyeNheless, the current
procedure of assuming constant pitch and roll offsets shbalviewed with cau-

tion.

It is therefore recommended that:

1. Pirouette and/or high level box pattern manoeuvres utidar skies are performed
regularly during campaigns where pyranometer measurenaeatof importance,
in order to have the best possible chance of estimating ticé pnd roll offsets

accurately.

2. The responsibility for correcting the upper pyranomdtgr using the correct pitch
and roll offset angles should be investigated by FAAM, inesrtd ensure that pyra-
nometer data available on the British Atmospheric Data CBi#C) database

is the most accurate possible.

3. For scientists analysing the pyranometer data it woulddsful to have access to
the following information, which FAAM could make availaldgher on the BADC

or by other means:
e Dates when the pyranometers were removed from the airasthis can af-
fect the pitch and roll offsets.

e How the data was corrected/processed before becomingbhsadn the BADC

(e.g. values of assumed pitch and roll offset and the FDIlig)rat
e To have access to the raw, uncorrected data, as well as thattwd by CR-

FLUX.

4. Other possibilities could include attempting to measheeoffset of pitch and roll
angle physically on the aircraft, or installing pyranomste&ith mounts that auto-

matically adjust to aircraft attitude, as described in Wecldet al. (2001).

5.3.4 Procedure Adopted for DODO Data

For this work the best way forward with the upper pyranomdta is to re-correct all

the data for every flight using fixed values @f anddr for each DODO campaign, for
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cases where the direct radiation is greater than a solathzengle dependent threshold
(Section 5.2). For cases where this is not the case, theaneelis assumed to be totally
diffuse and is therefore not corrected for attitude. Thialigays the case for the lower
pyranometers which measure upwelling irradiance.

Table 5.6 shows the values dp anddr used for each part of DODO. Since the
estimates oflp anddr differ for each flight analysed, mean valuesipfanddr for each
DODO campaign have been calculated, and erroi® imnddr have been assigned based
on the range inip and dr for the estimates for each flight. This will also allow the
uncertainty in the re-corrected irradiances to be caledlabased on the uncertainties in
dp anddr (Section 5.5.1). For the red dome pyranometer for DODO2ethes only
one estimate oflp and dr since there was no red dome pyranometer data available for
b234. Thus the estimates fép anddr from b241 have been adopted and assigned a large

uncertainty of-2.0°.

Campaign Flight Dome Typedp  dr Campaignip Campaignir
DODO1 bl57 Clear —5.0° 0.7° —3.8°4+1.2° 0.6°+£0.2°

b167 —2.6° 0.4°
b157 Red —3.2° —-1.4° —2.8°+0.5° —1.3°+0.2°
b167 —-2.3° -1.1°

DODO2 hbh234 Clear —5.0° 0.2° —4.6°+0.5° 0.4°+£0.2°
b241 —4.1° 0.5°
b234 Red na nla—3.6°+2.0° 6.6°+2.0°
b241 —3.6° 6.6°

Table 5.6: Values ofdp and dr for DODO1 and DODO2, and uncertainties, used to re-corrdttlze
DODO upper pyranometer data. Campaign valuegfnd dr are averages of all estimates from flights
relevant to each DODO campaign.
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5.4 Dirtying and Sand-blasting of Pyranometer Domes

Flying in heavy aerosol loadings can result in the forwaning side of the pyranometer
domes becoming dirty, or even sand-blasted in the case of luest storms. This results
in decreased sensitivity of the pyranometer when the sun th@dirty side of the pyra-
nometer (when the aircraft is heading into the sun, or reddtieading is around zero).
Decreases in measured irradiance during into-sun runs lhese observed in the past
(Saunders and Barnes, 1991) following a single profile thnaufazy boundary layer in
UK-based flights, resulting in a decreasetof— 50Wm =2 (5%).

Dirtying of dome can easily be detected by analysing data finagh level box pat-
terns and ground-based pirouettes, where the measurdaitca decreases significantly
when the aircraft is facing towards the sun. The domes of yn@nometers are cleaned
before every flight, though this may not prevent the builds@igirt on the domes during
the flight itself. However, if the domes are physically daedgue to aerosol impaction
then cleaning the domes will not resolve the problem.

Figure 5.4 shows corrected irradiances measured by the pgmmometers for vari-
ous box pattern and pirouette manoeuvres during and befof2@ The irradiances have
been corrected using appropriate pitch and roll offsete#ah flight as described in Sec-
tion 5.3. The data are plotted as a function of relative hepfBolar azimuth angle minus
aircraft heading) in order to show how the measured irragiaran be affected when the
aircraft heads towards the sun (when relative heading isnaraero). Irradiances are nor-
malised bycos(6) in order to remove any effects of irradiance decreasing dwhanges
in the solar zenith angle.

For DODO1 the box patterns were carried out during DABEX inhflig157 near
the start of DABEX, and in flight B167, immediately before DOD(H8ee Tables 5.2
and 5.3). Figure 5.4(a) for b157 shows a significant decreaee measured irradiance
around relative headings of zero, when the aircraft wasihgadwards the sun. This
is evidence that the front of the clear dome pyranometer wéas (@r damaged) at this
point in the flight. The box pattern was carried out at thetstiln157 following 3 profiles
through aerosol, so itis possible that the dirtying ocalichering the flight. The resulting

irradiance from the into-sun run from this box pattern dasesl byl00WWm =2 or 11%.
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The measurements from the red dome pyranometer (Figurg)bdgo show evidence of
dirtying on the front of the dome. As with the clear dome, theasured irradiance drops
at relative headings of around zero, in this casé®@y m 2 or 11%. Both domes show a
much larger decrease in irradiance than that found by Sasiade Barnes (1991).

During b167 the box patterns were also carried out at thedtére flight, following
two profiles. In contrast to b157, no dirty dip was evidentingithe b167 box pattern
(see Figure 5.4(b)), as there is no obvious decrease in meghgvadiance at relative
headings around O degrees). The same is true for the red dgraleopneter shown in
Figure 5.5(b). This suggests that the decrease in irradiaeen in b157 on both domes
was due to dirtying, rather than sand-blasting which woldo aave effected the b167
data. No pirouettes or box patterns were carried out duhagdst of DODOL, so itis not
possible to say whether subsequent flying during DODOL1 tesuh the pyranometers
becoming sand-blasted or dirty. However, it is clear thanesmall amounts of time
spent flying through aerosol can cause the domes to get dirtitherefore pyranometer
data from runs during DODO1 where the aircraft relative negd/as close to zero should
be discarded.

For DODO2 the pirouette was carried out at the start of fligg84during AMMA,
directly before DODO2 began (see Tables 5.2 and 5.3). krais measured during the
b234 pirouette are shown in Figure 5.4(c) and show that tisen@ significant drop in
irradiance at relative headings around zero, which meaatstiiere was no dirtying or
damaging of the clear dome before DODO2 began. Unfortunéttere is no red dome
pyranometer data for this flight to allow the same conclusioithe red dome.

The DODO2 box pattern was carried out during flight b241, teeyttimate flight
of DODO2, when the absence of high cloud meant that the weatralitions were ac-
ceptable. The irradiances from the clear dome pyranomatarglb241 shown in Figure
5.4(d) show that by the end of DODOZ2 significant dirtying af fhont of the clear dome
was evident. During the into-sun run the measured irradisudcop bys5Wm =2 or 6%.
Interestingly there is no significant decrease in measuradiances for b241 for the red
dome pyranometer.

Following DODO2 some analysis of the pyranometer data andedoin the UK
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also revealed evidence of dirtying and sand-blasting grelscommunication, Jim Hay-
wood). The work described here shows that it is likely that shnd-blasting occurred
during DODO2 due to flying in heavy dust conditions, par@lyl during b238 where
concentrations were extremely high and the whole aircrafs dirty on landing. Data
from flights and pirouettes in the UK also suggested thabalgh dirtying/damage to the
domes is a problem, the irradiances are unaffected atweladiadings greater tharb0°.
The results from the DABEX and DODO2 box patterns shown hex@ sthow that irradi-
ances for the cross-sun and down-sun runs, when relativirigsaare greater thah50°,
are unaffected by dirtying of the domes. Thus it is clear tiidying and sand-blasting of
the domes can cause the measured irradiance to decreafieangily, but data for relative
headings outside-50° is unaffected. Therefore for the comparison of modelledrard-
sured irradiances (Chapter 6), pyranometer data for relagadings within:50° will be
treated with caution.

Both box patterns and pirouettes are useful in detectingrtbgepce of dirtiness and
damage on the pyranometer domes. Since pirouettes canrteela@art frequently without
significant flying cost (given clear skies at take-off and&ording) it is recommended
that for future campaigns pirouettes are carried out retutduring the campaign, if
possible before and after each flight, in order to monitorkihid-up of dirt/damage on
the pyranometer domes. The current procedure of carryibh@tdeast one box pattern
during a campaign is also very important. Straight and lawe$ should be carried out on
relative headings outsideb0° in order to prevent deterioration of data due to dirty and/or
damaged domes. Regular cleaning of the pyranometers sheultlertaken before every
flight.
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5.5 Uncertainty in Irradiances due to Attitude Correc-
tions

Equation 5.4 is used to correct the pyranometer data whedieswst radiation is incident
on the pyranometer. In order to perform this equati@m.and dr must be known to
calculate, and FDIR must be known to attribute the proportion of thaltoteasured
irradiance which must be corrected. Uncertaintiegindr and FDIR all contribute to
uncertainties in the corrected irradiance. This Sectidhimiestigate the uncertainty in
irradiance due to all these components. The notatiQy, will be used to describe the
uncertainty in corrected irradiance due to uncertainiegianddr, anddlrp;r Will be
used to describe the uncertainty in the corrected irraeiaue to uncertainties in FDIR.
The total uncertainty in the corrected beam due to the d#ittorrections will be defined
asdl.y, wheredl?, = 617, + 6%, according to standard propagation of error. All
errors are fractional percentages, where the percentagei®the percentage change in

irradiance due to the known uncertainty in the relevantaide.

5.5.1 Sensitivity of Irradiances to Pitch and Roll Offset

Section 5.3 estimated the valuesdpf and dr for each DODO campaign, and the asso-
ciated uncertainties idp anddr. It is therefore important to test the sensitivity of the
corrected irradiances to the values of dp and dr which are insthe correction process.

To do this, the irradiances over the box patterns and pitesietere re-corrected
using firstly the true values @ anddr for each flight as shown in Table 5.4, and secondly
using the average campaign valuesi/pfanddr as shown in Table 5.6. This allows the
uncertainty in irradiance solely due to the uncertaintyijranddr during DODO to be
estimated.

Table 5.7 shows the maximum percentage error that occuistiwdown-sun runs
and cross-sun runs due to using the campaign average vdldpsaod dr, rather than
the specific values afp anddr for each flight. The results show that the uncertainty in
irradiances are quite small (undeb% for the clear dome and underl?% for the red

dome) if the run is performed cross-sun. For the down-sto¥éan runs, the errors are
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larger, and reach up tb0% for the clear dome. This is because the magnitude afe
much larger thanr, as are the uncertainties associated with each, and thetbfocross-
sun runs show less uncertainty in the re-corrected irragisias they are less dependent on
the values otlp. For the clear dome the uncertaintiesg/jnanddr are smaller for DODO2
than for DODO1, which means that the uncertainties in theoreected irradiances are
smaller for DODO2 than DODOL1. Contrastingly, for the red dafpeanddr are better
constrained for DODOL1, and so the re-corrected irradiahegs more accuracy for the

DODO1 red dome pyranometer data.

Campaign Dome Type Into/Down-sun Runs Cross-sun Runs

DODO1 Clear 4.0 0.5
DODO2 Clear 1.0 0.2
DODO1 Red 1.7 0.6
DODO2 Red 1.8 2.1

Table 5.7: Maximum percentage uncertainty in irradiancd {,4,-) that occurs due to using the campaign

average values afp and dr, rather than the specific values @p and dr for each flight. Data excludes

runs affected by dome dirtying, and comes from the box pettend pirouette described in Section 5.1.2.

Uncertainties are separated by into/down-sun runs andszgs runs since the former are more affected
by uncertainty indp and the latter by uncertainty itr.

It should be noted that these valuesiéf,; can only be assumed if the valuesdpf
anddr are estimated as described in Section 5.3. If standardvalul» anddr had been

used, the value afl,,, would have been much larger, as shown in Section 5.3.

5.5.2 Sensitivity of Irradiances to FDIR

When the pyranometer data is corrected using the standardvFdwcedure, FDIR is
assumed to be 0.95 at all altitudes and in all cases. The ARMidd&able 5.4 illustrates
that FDIR can drop as low as 0.68 at the surface, and in pes€dR will vary with solar
zenith angle and altitude.

Since the true values of FDIR are not known when the pyranendta is re-
corrected, it is important to assess the error in irradighe¢ may occur due to using
an inappropriate value of FDIR, defined hereasy; . To do this, the pyranometer data
for the box patterns and pirouettes has been re-correcteg EPIR values ranging from

0.6 — 1.0 and the resulting error in the irradian@éxpr, has been recorded. Figure 5.6
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shows the resulting irradiances for the clear dome pyratemier this sensitivity test,

along with resulting errors and percentage errors in isnack.

Campaign Dome Type Into/Down-sun Runs Cross-sun Runs

DODO1 Clear 3.9 1.9
DODO2 Clear 2.1 1.7
DODO1 Red 4.9 2.2
DODO2 Red 2.2 6.8

Table 5.8: Maximum percentage uncertainty in irradianc® {;r) that occurs due to using the tested

range of FDIR values((6 — 1.0) as opposed to the correctly modelled value of FDIR for eashpmaign.

Data excludes runs affected by dome dirtying, and comestfierbox patterns and pirouette described in
Section 5.1.2. Uncertainties are separated by into/doumssins and cross-sun runs.

Table 5.8 summarises the maximum percentage etbfp(r), in the irradiance that
occurs due to using the range of values of FDIR as illustrbteBigure 5.6 for the clear
dome. Note that the amount to which the irradiances are tsengiill depend on the
values assumed felp anddr, and also on the solar zenith angle, and that therefore these
results are experimental rather than theoretical.

For the data examined here, the percentage error solelydigétg an inappropriate
value of FDIR can reach as much&8% for the clear dome an@.8% for the red dome
irradiance. In all cases, when the test value of FDIR is dbse the true value, the
percentage error is smaller. Thus for the clear dome durningpatterns, the maximum
errors are seen wheRDIR = 0.68 is assumed, and for the pirouette, the maximum
error is seen whe DI R = 0.99 is assumed. For the clear dome the error for b167 is
noticeably larger than the other flights. This is becausestt&r zenith angle during the
box pattern was much larges2® — 62° compared to betweess® — 45° for the other
flights). If the sun is lower in the sky, then the pyranometarection is more sensitive
to the value of FDIR used. This implies that the re-corregig@nometer data for times
when the solar zenith angle is large, and FDIR could be muekrdthan the value used
in the corrections, may be much less accurate than data weswslar zenith angle was
lower.

For the red dome the errors are much larger than the clear.ddime is due to a
combination of factors, including that for b24it is very large ¢.6°) which makes the

data more sensitive to the direct beam, and that for b162 shrecsolar zenith angle was
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large the irradiance is more sensitive to FDIR changing.

Figure 5.6 also shows that for the clear dome, where valués afe small (between
0.2° — 0.7°), the uncertainty in irradiance due to FDIR is very small floe cross-sun
runs, less thaB.0%. This cannot be said for the red dome data, where the uncriai
much larger due to the larger estimategoffrom —1.4° to 6.6° for the different flights).
Thus the uncertainty in the pyranometer measurements dugctrtainty in FDIR could
be minimized by flying cross-sun runs only, provided thatvalkeie ofdr is small.

In summary, the error in the corrected irradiance solely @uasing an incorrect
value of FDIR ¢/rp;r) can be very large, up t8.9% for the clear dome an6.8% for
the red dome. However, using data from cross-sun runs wilimmse this error to below
2.0% for the cases shown here. Care should be used when analysirfgata runs where
the solar zenith angle was large as this results in muchersansitivity of irradiances to

the value of FDIR used.

5.5.3 Overall Uncertainty in Corrected Irradiance Data

As described in Section 5.5, the overall uncertainty in tbeected irradiance due to
the attitude corrections can be definedéds, = JI7,,, + 01 p;z. If the additional
uncertainty in the corrected irradiance due to other faciodefined as$/.,, then the
total uncertainty in the corrected irradiance can be cated using Equation 5.5. Table
5.9 summarises the uncertainty in irradiance due to thdtratit components for the
two DODO campaigns, for cross-sun and into/down-sun rums agso shows the overall
uncertainty in the irradiance if any correction for attiéud performed, based on Equation
5.5.

5[1520t = 5162 l + 5[§pdr + 5[}25‘DIR (55)

a

For the clear dome irradiance, the uncertainties solelytala#itude corrections vary
betweenl.7 — 5.6%. This varies from being within th2.2% estimate of Saundegt al.
(1992) to being much greater. The valueidf;; from cross-sun runs (maximugn0%)
is less than that from into/down-sun runs (maximos’) because the roll offsets are

smaller than the pitch offsets. DODO1 shows greater uniogytthan DODOZ2 becuase
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Campaign Dome Type Run TY@ spar 61rpir 0law 01car 6110t

DODO1 Clear I/D 4.0 39 56 33 6.5
DODO1 Clear Cross 0.5 19 20 33 38
DODO2 Clear I/D 1.0 21 23 3.3 4.0
DODO2 Clear Cross 0.2 1.7 1.7 3.3 3.7
DODO1 Red I/D 1.7 49 52 45 6.9
DODO1 Red Cross 0.6 22 23 45 50
DODO2 Red I/D 1.8 22 28 45 53

DODO2 Red Cross 2.1 6.8 7.1 45 84

Table 5.9: Uncertainties in corrected irradiance due to uncertaintydp and dr,d1g,q,; Uncertainty in

FDIR, 6 Irpr; and other uncertainty not related to attitude correcitpf.,; (the uncertainty that would

apply to purely diffuse irradiance)dl,,; is the total uncertainty in corrected irradiance due to tittle

corrections 1,;; = (51§pdr + 5112@13)1/2)- 610 is the total uncertainty to the corrected irradiance

due to all errors, as defined in Equation 5.5. Uncertaintyeparated by campaign, clear/red dome and
into/down-sun runs (I/D) and cross-sun runs.

the uncertainty inlp is greater during DODOL.

When the total uncertainty/;;, is considered for the clear dome, the uncertainty
is within the assumed error (Section 5.1.2)46f for all cases other than DODO1 for
into/down-sun runs, where the large uncertainty in theevalu/p becomes important.

For the red dome irradiance the uncertainties are muchrlangestly because of
the greater uncertainties in the valuesdpfanddr, and because the larger roll offsets
make the data more sensitive to changes in FDIR. The uncieetasgolely due to attitude
correctionsg1,,, vary betweer2.3 — 7.1%, but this time show no clear difference be-
tween into/down-sun and cross-sun runs, because for theéormaédr can be as large as
dp, which means that the sensitivity to attitude correctionit e high on any relative
heading.

The value ofi1,,; is also much higher for the red dome pyranometers as the error
from ¢1,;,; propagates throughi/;,; varies between — 8.4%, mostly falling within the
8% uncertainty assumed in Section 5.1.2.

It should be noted that the uncertainties calculated hexrgartly dependent on the
solar zenith angle. Section 5.5.2 showed that the uncéytdire to FDIR increases at
larger zenith angles, and data measured under these cmsdtiould therefore be viewed
with caution. The data assessed here was measured at zegi#s &etween3 — 62°,

and therefore if the solar zenith angle is larger than this,uncertainties could be con-
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siderably greater.
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Figure 5.6: Irradiances that would result from using different valuds=®IR in the re-correction of the

clear dome pyranometer data, for the box patterns and piteuelLeft hand side: irradiances; middle:

difference in irradiance as compared to the values cal@ddtom the best estimate of FDIR; right hand

side: percentage difference in irradiance as compared ®wualues calculated with the best estimate of

FDIR. Black lines show irradiance using the true value of RDThe estimates @fp and dr described in
Section 5.3 have been used.
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5.6 Comparison of Pyranometer Irradiance to ARM and

Model Irradiances

Directly validating the upper pyranometer measurememfsdst campaigns is not straight
forward if no comparisons have been purposefully organggede time, as with DODO.
However, it has proved possible to compare the irradiancasared during the b234
pirouette manoeuvre to the ARM Mobile Facility (AMF) shortweabroadband radiome-
ter data, since the AMF was also stationed at Niamey airparing 2006. Radiative
modelling of the measured irradiances has also been casteéor the box patterns,
using appropriate solar zenith angles and standard tiagicesphere profiles from Mc-
Clatcheyet al. (1971), as described in Section 5.3.2. Due to the high d#iwf the box
pattern the results should be accurate, given that therenavaboud or aerosol above the

aircraft.

Flight Dome Type Maximum percentage error Direction ofeliéince Comparison

b157 Clear 4.5 Underestimate Model
b167 7.5 Underestimate Model
b234 5.5 Underestimate ARM
b241 2.5 Overestimate Model
b157 Red 4.0 Underestimate Model
b167 9.0 Underestimate Model
b234 n/a n/a n/a
b241 15.0 Underestimate Model

Table 5.10: Maximum percentage difference in irradiance between uggyeanometer irradiance and
either ARM (for b234 pirouette) or the modelled irradiand® %7, b167 and b234 box patterns). The
values ofdp, dr and FDIR used are as shown in Table 5.4. Data excludes ruastatf by dome dirtying.

Figure 5.7 and Table 5.10 show that the model data do not alagnee with the clear
dome pyranometer measurements within the uncertaintieseden Table 5.9. For b241
the agreement is gooe:(2.5%), whereas for b157 and b167 the uncertainties overlap with
the model data for into/down-sun runs, but do not overlapghercross-sun runs where
the uncertainty in the pyranometer measurements is smalleg maximum difference
between the model and pyranometers.igs for b167, where part of the difference may

be due to the greater solar zenith angle during this box npatées described in Section
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Figure 5.7: Upper clear dome pyranometer data compared to modelledliaraces for the box patterns,

and compared to ARM data for the b234 pirouette. Red lineseesgmt pyranometer data, green lines

represent either model or ARM data as indicated on each fig@rey shading represents the uncertainty

shown in table 5.9, which varies between DODO1 and DODO2, fandnto/down-sun and cross-sun

headings. Into-sun, down-sun and cross-sun runs are katbelThe values afp, dr and FDIR used are

as shown in Table 5.4. Error in ARM data (estimate@%tor 16/ m~2 based on Slinget al.(2006)) is
shown by pale green shading.

5.5.2. There may also be some uncertainty in the model estsnavhich are harder to
quantify.

At this stage it is important to note that the quality flags tloe clear dome upper
pyranometer for all the DODO1 and DABEX flights have been flabge low quality.
Investigation of this (personal communication, Phil RogggbFAAM) has revealed that
the zero signal for the upper clear dome pyranometer wagnotded at all during the dry
season campaigns. This therefore means that noise coutig: bt recorded signal, and
this noise may easily change as a function of pressure ordeatype. Therefore the clear
dome upper pyranometer data from DODO1 and DABEX is not ridialbhis explains
the lack of agreement between the model and pyranometeshkaten in Figure 5.7 for

b157 and b167. The other pyranometers were unaffected ptbblem.



Chapter 5. Assessment of Pyranometer Data Quality 172

For the DODO2 cases, where the data are not affected by aflaekamoffset record-
ing, and the uncertainties in the pyranometer and ARM measmts during b234 over-
lap, showing that the data are in agreement within the uaicei¢s defined in Table 5.9
and by Slingeet al. (2006).

Note that in Figure 5.7 the disagreement is particularly feadhe into-sun runs in
b157 and b241, where the domes are being affected by dirtyirgand-blasting. For
the clear dome the magnitude of the differences as compartdtetARM data and to
the model data are of a similar order, though the the BAe-1d& cdome pyranometer
measures fromM.3 — 3um whereas the ARM pyranometer measures ftoin- 4,m, and
this may account for an unknown amount of the difference iasueed irradiance, though
it depends on the exact details of the pyranometer caltrstiFor all cases other than in
b241 for the clear dome, the pyranometers underestimatntioent of irradiance.

For the red dome pyranometer the (dis)agreement is worsendirg to15% for
b241, with worse agreement during b241 compared to DODOIs i$tsurprising, con-
sidering that for the clear dome data, b241 showed the bestaugnt between the model
and the pyranometer data. For b157 the modelled irradiaitseviithin the uncertainty
range of the pyranometer data, and for b167 the data arenviithiuncertainty limits for
the into/down-sun runs, but not the cross-sun runs wherartbertainty is smaller. Con-
sidering that the uncertainty already assigned to the reteditata in Table 5.9 is already
large 6.3 — 8.4%), the large percentage differences shown here of up% adds even
more uncertainty to the reliability of the red dome pyranteneneasurements.

The discrepancies shown here range from being similar teetfiound in the past
through a combination of aircraft intercomparison flightsifg the C-130 aircraft, how-
ever) and modelling studies, to much larger. For exampleegent between clear dome
measured and modelled irradiances of less tifarwere found by Tayloet al. (1996),
Saunder®t al. (1992) and Saunders and Barnes (1991). For the red dome pyeteo
data model and measurement agreements were found to be withi (Taylor et al,,
1996),4% (Saunderst al, 1992) and% (Saunders and Barnes, 1991). A recent study
by Ramanaet al.(2007) using pyranometers mounted on unmanned aeriallgstiound

agreement of within % for incoming clear sky radiation.
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In summary, the uncertainties shown in Table 5.9 do not adveaserlap with mod-
elling estimates of clear sky irradiance. Since the sameafrisdised in Chapter 6 to try
and obtain radiative closure with the pyranometer data,ighproblematic. Therefore the
uncertainty associated with the pyranometer measuremhtse increased to cover the
maximum percentage difference between the measuremanta@atel data shown here.
Thus the uncertainty in clear and red dome pyranometer merasuts will be assumed
to be5.5% and15% respectively, based on the results in Table 5.10. The higheer-
tainties shown in Table 5.10 for the dry season flights arecansidered, since they are

assumed to be related to the faulty recording of the signal.

5.7 Conclusions

5.7.1 Overview of Main Findings

1. Significant sand-blasting/dirtying of the front of ther@yometer domes is evident
during both DODO1 and DODOZ2, causing the measured irradigmdrop byl 1%
during b157 for both domes, and 6§ for b241. DABEX flights b157 and b167
suggest that this problem resulted from dirt rather thard4dasting, which re-
sulted from as few as three profiles through aerosol in the ch$157. Runs
which are either cross-sun or down-sun do not appear to betatf by the dirtying

of the domes.

2. Pitch and roll offset of the pyranometers on the aircraft be derived from pirou-
ettes and box patterns, addanddr can differ significantly from those used in the

standard FAAM correction procedure.

3. The corrected pyranometer data is sensitive to the valués anddr. Using the
standard FAAM values afp anddr can cause large errors in the corrected irradi-
ances, of up t@.3% for the clear dome and up 0% for the red dome, in the
cases examined here. These errors are significant, and cainig#o the official

stated accuracy of the pyranometers.

4. The results here suggest tdatanddr change between the two DODO campaigns,
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but as errors overlap this cannot be unambiguously confirfreed the results

shown here.

5. The BAe pyranometers underestimate the irradiance cadga ARM measure-
ments and modelling results in all cases except for b241herctear dome. The
underestimation is not always within the estimated pyragtemuncertainty, which

varies between runs and campaigns.

5.7.2 Procedure Adopted for Pyranometer Data in Chapter 6

1. Data from runs heading into sun may be affected by dirfgdagage, and will be
treated with caution and not used where possible. Runs aiveeleeadings outside

+50° should be acceptable.

2. The DODO pyranometer data has been re-corrected usinglhes ofdp anddr
shown in Table 5.6, and assumifgD/R = 0.95 at all altitudes. At solar zenith
angles greater thafR° the correction may start to become less accurate, so data

from runs performed at large zenith angles will also be vitwéh caution.

3. Uncertainty in irradiance solely due to uncertaintydipnand dr has been calcu-
lated for runs on different relative headings and for DOD@# ®ODO2. The
contribution of this error to the total uncertainty can bé&ugkated using standard

propagation of error formulae.

4. Uncertainty in irradiance due to the value of FDIR usedreath up t33.9% and
6.8% for the clear and red dome respectively. Using data fromsesos runs can
minimise this error to below.0% however. The contribution of this error to the
total uncertainty can also be calculated. Care will be takbenwanalysing data
with solar zenith angle greater than the maximun62ffrom the box patterns, as
this can result in much greater sensitivity to the value otfFDsed and greater

uncertainty.

5. The total uncertainty in irradiance described in Sectidn3 is not always greater

than the difference between the pyranometer measuremahth@ modelling cal-
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culations under clear skies. Therefore the uncertaintpcasted with the pyra-
nometer measurements in Chapter 6 will be extended to cogatisisrepancy be-
tween the model and pyranometer irradiances for the bognpattanoeuvres. Thus
the uncertainty for the clear and red dome pyranometer measunts will be taken

asb5.5% and15% repectively.

5.7.3 Recommendations

1. Performing pirouette manoeuvres regularly during a g before and after a

flight, is critical in determining:

(&) The presence of dirtying or sand-blasting on the fronthef pyranometer

domes,

(b) The best-estimate of pitch and roll offset of the pyraptars relative to the

aircraft,

and pirouettes should therefore be carried out regularhnducampaigns where
pyranometer measurements are of importance, in order ® thavbest chance of
estimating the pitch and roll offsets accurately, and feeasing the degree to which

dome dirtying was a problem.

2. High level box patterns are also useful for estimatinghpand roll offsets of the
pyranometers. If no ground-based radiometer data is &aifar using FDIR in
the estimation of dp and dr during the pirouettes, then the gaiterns have an
advantage over the pirouettes as FDIR is more easily mabletidigh altitudes.
Sand-blasting/dirtying of the pyranometer domes can aésddiected using box

pattern data.

3. Straight and level runs should be carried out on a crosdisading to avoid mea-

suring decreased irradiance due to dome dirtying/damage.

4. Pyranometer domes should be cleaned before each flight.
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5.

10.

Having ground-based radiation measurements at therawpere the campaign is
based (such as the AMF) is extremely useful in validatingapgmeter measure-

ments.

For scientists using pyranometer irradiance data frenB#DC it would be useful

to provide information on the following:

e Dates when the pyranometers were removed/re-mounted oairttraft, as

this can change the values of dp and dr

e Some information on what processing has been carried otiegpyranometer
data on the BADC (including information such as values ofdipand FDIR

used)

e Access to uncorrected data on the BADC would also be useful

The correction FAAM make to allow for pitch and roll is ugkfout can introduce
significant errors to the corrected irradiances if the trisehpand roll offsets differ
from those used in the corrections. It is important to defit® whould take the
responsibility of calculating the true pitch and roll offsef each pyranometer each
time they are re-mounted, and that the irradiance data iscted appropriately on

the BADC.

The possibility of physically measuring the pitch and afisets of the pyranome-
ters on the aircraft should be investigated, as comparispmalues ofdp anddr

derived from the measurements could be carried out.

Results from DODO suggest differences between the pyrateyrmeasurements
and both modelling results and the ARM measurements. Fuelséng and com-
parisons of the pyranometers while mounted on the aircaafidcbe carried out to

explore these discrepancies.

It would be possible to conduct experiments to investigfae accuracy of the pyra-
nometers. For example, repeated box patterns could bedaut in order to derive
several estimates dp anddr. A test flight with both clear (or red dome) pyranome-

ters mounted side by side in their upper positions in a smmlanner to that used
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by Saunders and Barnes (1991) in order to compare the umdgrtstween the
different pyranometers now they are mounted on the BAe-lidGrcomparison

flights between other aircraft with similar pyranometersigicalso be of value.
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6.1 Introduction

It has been shown in Chapter 4 that the optical properties efdilist accumulation
mode varied, withu5® varying from0.93 to 0.99 and £52Y varying from0.75m?g~! to
1.6m?g~'. The changes in;* were most likely due to changes in dust source and com-
position over the two DODO campaigns, while the changésihappeared to depend on
size distribution changes. Additionally there are unasties regarding the impact of the
coarse mode on these optical properties, and Chapter 4 shbatdtie coarse mode can
cause large decreasesdf® and k220 .

Various studies have highlighted the importance of dushédimate system and
meteorology through the radiative effect and atmosphezatihg (e.g. Carlson and Ben-
jamin, 1980). Other studies have also shown that the radiafifect and heating rates
are highly uncertain due to uncertainties in dust refracimndices, size distributions and
therefore optical properties (e.g. Liao and Seinfeld, 1@€98quinet al,, 1998; Balkanski
et al, 2007; Ottoet al., 2007). Given the variation in the observed and modelle@talpt
properties during DODO, it is therefore important to deteerthe contribution of these
variations to the radiative effect of the dust. This will gign important insight into the
uncertainty in the radiative effect that may result fromicgbvariability in optical proper-
ties of Saharan mineral dust. Additionally, the radiatiffea of the dust can be validated
by the aircraft pyranometer measurements.

This Chapter therefore takes two approaches to investgy#tia radiative effect of
dust observed during DODO. Firstly the change in the radiaifect due to changes in
the observed optical properties is investigated usindigkghdust profiles over land and
ocean surfaces. Secondly, four flights have been selecteasasstudies for comparing
modelled and measured irradiances at various altitudesdier to ascertain that the ra-
diative modelling is being carried out appropriately. Suvisy of these results to the
surface albedo, to the presence of the coarse mode and ¢oclaagges in the refractive

index are also tested.
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6.1.1 Model Description

The radiative transfer code developed by Edwards and S(it@@6) is used to calculate
irradiances throughout an atmospheric column.

The model (ES96 hereafter) uses the Eddington two-stregrogpation, mod-
elling upwards and downwards irradiances. For the purpokgsadiance calculations,
the delta-Eddington approximation is used (as recommegnaleen aerosols are present
which exhibit a strong forwards scattering peak. The detdington scheme in ES96
essentially means that a fraction of the diffuse radiatsoadded to the direct beam, thus
conserving the peak in the forwards part of the phase fumetioen aerosols are present,
resulting in more accurate irradiance calculations. Haxelor the purposes of aerosol
optical depth (AOD) calculations attenuation of the direeaim is extremely important
and therefore the Eddington scheme is used for AOD caloulsti

The spectral resolution of ES96 can be defined by the usere Edrigh spectral
resolution of 220 bands is used in order to capture the sglexttange in aerosol optical
properties, and to be consistent with previous aircrattisti(e.g. Haywooet al., 2003).
Wavelengths over these bands covex — 10um and are consistent with the approach
used in Chapter 5. For the purpose of AOD calculations, thectlirradiance at 550nm
is required. Therefore additional runs of ES96 are carrigdover a single wave band
spanning fronb49 — 556nm.

The vertical resolution of ES96 can be defined by the user,idéfined here as
51 equal pressure levels, which results in a resolutionairaast 200-300m at lower alti-
tudes where dust is encountered. This gives good resolotithre aerosol vertical profile
without model runs becoming too time consuming. Informata the vertical profiles of
mass mixing ratios of temperature, aerosol, water vapadioanne are required as input,
and can be calculated from aircraft vertical profiles. Simeest aircraft measurements
are made roughly at a resolution of 10m (1Hz) in the vertittad, data are interpolated
onto the coarser resolution used for ES96. At altitudes altlbg range of the aircraft
profiles the tropical climatology of McClatchey al. (1971) are used. In cases where the
aircraft was unable to get close enough to the land surfaedalflying restrictions (e.g.

b175 and b238 over the desert) the aerosol, ozone and wateuarvare extended to the
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surface by assuming a constant profile from the minimum &radtitude. For tempera-
ture the profile is extended using the lapse rate in the lopasion of the aircraft profile.
The McClatcheyet al. (1971) profiles were not used at these low altitudes becaussesi
clear that they differed significantly from the observed sugaments, whereas at higher
altitudes they were close to the aircraft measurements. dckiyet al. (1971) tropi-
cal climatology data are also used for carbon dioxide, orygeethane, CFCs antl,O,
which the aircraft did not measure.

For simplicity a lambertian surface albedo has been assumigse experiments.
This is calculated based on pyranometer measurements atigoavnwelling irradiances
from runs performed close to the surface. More details arengn Sections 6.2 and 6.3.
Solar zenith angle is specified as appropriate for eachasst dhe solar irradiance at the
top of the atmosphere is also required, and is specified lassthndard solar geometry
(e.g. Petty, 2006), so that the irradiance changes by ddyeofdar.

Detailed aerosol properties can be included by creatingtsglly resolved data off-
line using a Mie scattering code, at the same wavelengthuteso at which ES96 is to
be run at. Therefore the various optical properties obskeavel modelled during DODO
can be represented in the model.

Since the model requires input of the vertical aerosol mrafiterms of a mass mix-
ing ratio, the vertical profiles of scattering as measurethbyaircraft must be converted.
Firstly the scattering coefficient is converted to an extorccoefficient ¢259, m=1) pro-
file, as described in Chapter 2 by dividing by*® measured at an appropriate altitude.

The extinction coefficient can then be converted to a massgatio through,

0.55g
e (6.1)
k?gg Pair

MMR =

where MMR is the dust mass mixing ratio (w/kg), pair is the density of air and can
be calculated using the ideal gas law based on aircraft merasumts of temperature and
pressure. For cases where only the accumulation mode isimadm?>>) can be taken

from the Mie code optical property calculations describe@€hapter 4. Since the neph-

elometer is assumed to measure only the accumulation modeha value of>>? also

ext

represents that of the accumulation mode, the resulting MégiResents the vertical pro-
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file of the accumulation mode only.

It would be plausible to represent the MMR vertical profileta full size distribution
by adjusting the extinction coefficient by an appropriatetdato correct for the larger
particles which the nephelometer does not measure, andvigirdj by a value oft:>%

appropriate for the coarse mode. This would result in a greagass load for the entire

column, and this method is employed and explained furth&eictions 6.5 and 6.6.

6.1.2 Pyranometer Data

The pyranometer data from the aircraft has been compardwetmodelled irradiances.
Due to the problems described in Chapter 5 of the front of thampymeter domes be-
coming coated with aerosol particles, the upper pyranantzta has been discarded if
measured while heading towards the sun (relative headingg$@). The upwelling ra-
diation is not affected so much since the upwelling radiatioassumed to be completely
diffuse, though coating on the pyranometer domes may s#llilt in some reduction in
the irradiance measurements.

Data which has been affected by the presence of cloud habedsodiscarded since
the model simulations do not include cloud. This data is aetéthrough examining
satellite images, logs from the flights and from the naturthefpyranometer data (rapid
fluctutions are likely to result from cloud presence).

Pyranometer data is averaged over runs in order to compameotiel data. The
uncertainty in the irradiance measurements.i8, (from Chapter 5) for the clear dome
data, and a total minimum d&fivm—2. DODO1 downwelling clear dome pyranometer
data are viewed with caution due to the problems describedhapter 5, though the

upwelling data should be reliable since they did not suffemfthe same problem.
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6.1.3 Definition of terms
The calculations of various parameters described in thipt@hare carried out as follows:

e Aerosol Optical Depth (AOD;*)

clr

I
T5M)IZCOSQID< sfc) , (6.2)

Le

wherel is direct solar irradiancd{'m2), s fc indicates it is measured or modelled
at the Earth’s surface]r indicates the case with no aerosol ana indicates the
case when aerosol is present @nd the solar zenith angle. Equation 6.2 is derived
from Beer’s Law, based on the fact that at the top of the atmenes{TOA), F<"
and F*" will be the same F' is modelled oveb49 — 556nm in order to represent
550nm.

e Top of atmosphere direct aerosol radiative effetRE10.4)
AREror = NETSS . — NETSS 4, (6.3)

(Forsteret al., 2007), so that thel RE0 4 (Wm™2) is the net increase in irradiance
for the earth-atmosphere system due to the presence ofoheET irradiance
(Wm=2) is defined as being the downwelling minus upwelling irradia (Forster

et al, 2007). AREro4 can be calculated at specific solar zenith angles (instanta-
neous ARE), or diurnally averaged over various solar zemtyles, and over the
full shortwave spectrum defined in Section 6.1.1. Since deasbsol is (at least in
part) a natural aerosol, these are ‘radiative effects’arathan ‘radiative forcings’

(which would strictly have anthropogenic origins).

e Surface direct aerosol radiative effedtRE's )
AREspc = NET(! — NET.,, (6.4)

so that theAREsrc (Wm™2) is the net increase in irradiance at the Earth’s surface

due to the presence of aerosol. As WHIRE o4, AREsrc can be calculated
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as instantaneous or diurnally averaged, and is calculatedtbe full shortwave

spectrum.

e Atmospheric direct aerosol radiative effeétR E s71r)

AREsry = AREros — AREsrc, (6.5)

so thatARE 47y (Wm™2) is the net heating of the atmosphere due to the presence

of aerosol.
e Aerosol radiative efficiencyRFE.,)

ARE,

7550 7

RE, = (6.6)

wherex representd’OA, SEC or AT M, and so thatRE, is efficiency of the
aerosol at causing a radiative effect per unit of aerosataptlepth {Vm—2771).

Again, theRFE can be calculated as instantaneous or diurnally averaged.
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6.2 Sensitivity of the Radiative Effect to the Variations in
Optical Properties During DODO

Given the range in optical properties for the accumulatiadendescribed in Chapter 4,
it is important to test the sensitivity of the aerosol ragi@teffect (ARE) due to these
variations. This section examines the sensitivity of the AREese changes for a typical

dust profile.

6.2.1 Method

In order to test the sensitivity of the ARE to the various agitfroperties observed during
DODO, three typical types of optical properties have beetete which represent the
range of single scattering albedo values shown in Figure Bhkse types are described
in Table 6.1, and have been chosen to represent the rangg’dfom DODO, ranging
from high to low values.

All cases from flights b173, b174 and b175 in DODO1 were setédince these rep-
resent very highj™ values. The runs selected from b237 represent the opticpepties
of the elevated dust layer, thus representijgf values around mid-values in the range
shown in Figure 4.1. The runs from b242 were selected to septehe lower range of
wy? values.

In order to create optical properties representative dafetibree types, the accumu-
lation mode size distributions from each run were averaged,are shown in Figure 6.1.
The refractive index at 550nm was also averaged for eachusipg the values shown in
Figure 4.9, and the resulting averages are shown in Table 6.1

In order to run ES96 over the spectral range described aliasejecessary to pro-
vide optical properties over this wavelength range as Wélerefore the refractive index
must also be provided over the wavelength range- 10m. The derived refractive in-
dices shown in Chapter 4 represent the values only at 550nerefidre the full spectral
refractive indices from WCP (1983) (also used by Shettle amthK&979)) have been
taken, but scaled so that they are in agreement with theetkexiglues at 550nm. Fig-

ure 6.2 shows the real and imaginary refractive indices fW@P (1983) and the full
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Dust Type Runs Used n; at 550nmwg® £550 5%

ext

DODO1 b173 (R8,R9), 0.0005 0.99 0.85 0.69
b174 (R3.1-4.5),
b175 (R2,R6,R7.1,R7.2)

b237 upper b237 (R2,R3,R6,R7) 0.0017 0.97 1.10 0.69
b242  b242 (R1.1,R5.1) 0.0034 0.95 1.04 0.69
WMO 0.008

Table 6.1: Runs used in creating the optical properties for each idealitest case. Also shownisused
for each case, and the resulting optical properties at 550nfR” is always assumed to be 1.53. Also shown
is the WCP (1983) (WMQ)?°° value.

spectral refractive indices for each test case. For thepaalof the refractive index, the
previously assumed value of 1.53 at 550nm is consistent Wi@P (1983), so the real

refractive indices of WCP (1983) are used directly.
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Figure 6.1: Accumulation mode logfit curve size distributions for eadbalised test case, created by
averaging the size distribution for each run shown in Table 6

Using the spectral refractive indices shown in Figure 68, saze distributions shown
in Figure 6.1, spectral optical properties for each tesé eware calculated using a Mie
scattering code. Spherical particles were assumed. Théingsoptical properties are

shown in Figure 6.3. It is clear that the differences in thagmary refractive indices of



Chapter 6. Shortwave Radiative Effect of DODO Dust 187

1.000F T

0.100 &

0.0105

Real Refractive Index
.
Imaginary Refractive Index

0.001

Wavelength, pum Wavelength, um

@) (b)

Figure 6.2: 6.2(a) Real and 6.2(b) imaginary spectral variations of te&active index used as input to

ES96. Black dashed line shows the refractive index of WC83(19Coloured lines represent the spectral

imaginary refractive index for the idealised test cases©fBD1 dust (blue), the upper layer in b237 (black)
and b242 dust (red).

each case result in different single scattering albeddh,b@42 being the most absorbing,
and DODOL the least absorbing. The slightly different siridbutions also result in

variations ink.,, . Changes iy for each case are small.
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Figure 6.3: Spectral optical properties for each idealised test caselwhave been used as input to ES96.
Solid lines represent single scattering albedo, dashegsliepresent...., , dot-dashed lines represent the
asymmetry parameter. Colours as indicated in the Figure.
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In order to run ES96 the vertical distribution of the dust s¥aisxing ratio is required.
In order to solely test the effect of the changing opticapemties for each case, two types
of vertical distributions have been tested, and are showkigare 6.4. These include a
low altitude dust layer, typical of the dry season casesciwhias been taken from flight
b175. Secondly an elevated dust layer has been used, tgpittad dust from DODO2
over the ocean, which has been taken from flight b242. Thecaéprofiles of dust, water
vapour, ozone and temperature have been taken from ainceaiurements for each case

and interpolated onto a 50 level vertical grid as describesiction 6.1.1.
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Figure 6.4: The two vertical profiles of dust mass mixing ratio used initlealised test cases. The bold
line represents the wet season dust in an elevated layertbesscean (taken from b242 P9) and the thin
line represents lower altitude dust typical of the dry sea@aken from b175 P8).

Finally the surface albedo must be defined in order to driveéE® order to repre-
sent the two typical land surfaces encountered during DQI¥O cases are tested. The
firstis an ocean surface, with an albedo of 0.05, the secoedexridsurface with an albedo
of 0.44. These values are calculated from pyranometer megasmts of up and down-
welling irradiances when the aircraft was flying close to sueface. The ratio of the
upwelling to the downwelling irradiance is taken to reprégbe surface albedo. Over

the ocean this is likely to be accurate, since the aircrait fie low as 50ft (around 15m)
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above the surface, so that the distance over which additidos®rption and scattering of
radiation could take place was minimal. Over land the clodes aircraft could get to
the surface was 500ft (around 150m), so that there is a plitysibat the pyranometer
measurements of surface albedo may be affected by addiier@sol below the aircraft.
Sensitivity to these changes are explored in Section 6.4a&ualbedo is assumed con-
stant throughout the day. This may not be representativeadity (e.g. Jiret al., 2004).
However, since the purpose of these tests is to test thetiségpf the irradiances to the

differences in optical properties, it is sufficient for thgairposes.

6.2.2 Results

Figure 6.5 shows the results of the effects of the differgical properties tested on the
direct aerosol radiative effect (ARE), at the top of atmosph@OA) and the surface.
The general trends in ARE at both surface and TOA are consisiénthose previously
examined in sensitivity studies (e.g. Liao and Seinfeld®89Tegen and Lacis, 1996),
including a negative ARE (cooling) at the surface due to theogiiion and scattering
of radiation by the dust in the atmosphere, and a positiveegative ARE at the TOA
depending on the amount of absorption occurring and thedarfdce type.

At the TOA the ARE is always negative (indicating a coolinglwé earth atmosphere
system) over ocean, but over desert can be negative ornyasitiplying that the dust can
cause an overall warming or cooling. This is because theshigiirface albedo over desert
results in more radiation being reflected upwards from thiéasa, allowing the dust to
scatter and absorb more radiation. This results in moratiadi being reflected back to
the surface, causing a less negative surface ARE over desarpéred to ocean). It also
results in the dust layer being able to absorb more radiat@unsing greater atmospheric
heating rates. The greater atmospheric absorption resutsnore positiveAREro 4.

The effect of a high versus low altitude dust layer are snaalt] also affected by the
greater mass loading in the low altitude dust layer. Howeter vertical profile of the
heating rates are strongly dependent on the dust altituitte mwost absorption occurring
at the altitude where dust is.

The solar zenith angle affects the dust ARE, with both suréemeTOA ARES being
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Figure 6.5: Radiative effect of different idealised dust types for ageaf solar zenith angles. Results show
radiative effect of elevated dust (6.5(a), 6.5(c), 6.5ée)) low level dust (6.5(b), 6.5(d), 6.5(f)), at the TOA
(top row), surface (middle row), and heating rate profilesaolar zenith angle di° (bottom row). Solid
lines represent cases over ocean, dashed lines represses caer desert. Blue lines represent DODO1,
black lines represent b237 upper and red lines the b242 case.
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strongest at solar zenith angles0f. This is because of the shape of the phase function
- at50° a large proportion of the scattering falls within the upvgin@misphere, allowing
the reflected irradiance to reach a maximum. When the sun rfhead more of the scat-
tered radiation falls within the downwards hemisphereuosty the radiation scattered
back out to space, and making the ARE more positive.

Figure 6.5 shows the effects of the different optical prtipsrclearly. At the surface
(Figures 6.5(c) and 6.5(d)) the most negative ARE is causdtidoynost absorbing dust
(b242, red lines). The least negative ARE is caused by thé ééssrbing DODO1 dust
(blue lines) which absorbs less radiation. The differemceurface ARE between the
different dust types reaches a maximum of aro@sd/ m 2 over ocean, and3W m >
over desert, for low altitude dust (changes36¥c and60% respectively from the b242
case). The spread in the ARE values for high altitude dustighty} less due to the
smaller absolute values of ARE. Figure 6.5 assumes that thtepduticles are spherical.
Based on the calculations of O#bal.(2009), the effect of non-spherical particles would
be to increase the upwelling irradiance at the TOA by a few e, therefore making the
TOA radiative effect more negative. If this were the casdlierdata shown in Figure 6.5,
then this would not be a large enough effect to outweigh tfferdnces in the radiative

effect due to the different optical properties.

Layer Type DODO1 b237 upper b242

Elevated 0.47 0.58 0.54
Low 0.61 0.75 0.70

Table 6.2: Aerosol Optical Depths at 550nm for each idealised dust.type

The heating rate profiles shown in Figures 6.5(e) and 6.B{fjvsa strong dependence
on the different optical properties. For example, over desigh a low altitude dust layer,
the peak heating rate can vary betwéeid K day ' to 2.8 K day ! for the range of optical
properties tested - a decreases0f from the b242 case.

As a result of the differences in surface ARE and heating rdtesto the different
optical properties, the TOA ARE can also change significaf@yer ocean, the range in
optical properties tested causes a change in ARE of upifém 2. Over ocean, the TOA
ARE for DODOL1 dust (blue line) is the most positive case at tidase. At the TOA,
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the ARE does not change much due to the small amount of atmespisorption. For
the case of b237 dust, the surface ARE was more negative. Howte atmospheric
absorption for b237 was larger than that for for DODO1, sd tha TOA ARE is still
less than that of DODO1, but closer in magnitude. For b242, dlus very large amount
of atmospheric absorption means that the net TOA ARE is moséip® than DODO1.
Hence the TOA ARE is a balance of how much the surface ARE redcagasst how
much atmospheric absorption occurs.

Over the desert, more absorbing dust always results in aeaee in TOA ARE due
to the greater magnitude of atmospheric absorption, dedmid R Es - being more neg-
ative. The changes here are larger and can be @pi#ém 2. Additionally the different
optical properties are important in determining whether¢hs a net warming or cooling
(positive or negative TOA ARE). The DODOL1 dust type never ltssa a net warming,

whereas the b242 dust results in a warming up to solar zengles of around0°.

6.2.3 Conclusions

The aim of this Section has been to examine the importandeeofdriability in optical
properties observed during the DODO campaigns to the shoeewadiative effect of the
dust. Section 6.2.2 has clearly shown that these variaomsmportant to not only the
magnitude of the radiative effect, but also to its sign ovesedt surfaces. This high
sensitivity of the radiative effect over surfaces with athabedo is also important over
the ocean, where elevated dust layers can occur abovecsinatitus or cumulus cloud
at the top of the marine boundary layer. Therefore the ingpme: of differing optical
properties is important over both the ocean and the desert.

The differences in atmospheric heating rates are alsoregtyeimportant in driving
the local meteorology (e.g. Alpeet al., 1998; Miller and Tegen, 1998). This therefore
highlights the importance of the presence, and accurateseptation of optical proper-
ties, in numerical weather forecast models in regions whast is dominant.

The differences in irradiances shown in Section 6.2.2 daiggely from the differ-
ences in the refractive indices. Given the large range macé¥e indices derived during

DODO alone, a range which is smaller than the range of estgretd measurements in
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the literature, a strong emphasis on obtaining a bank ofratemeasurements of refrac-
tive indices of dust is needed, including geographicalatams, in order to best represent
dust in radiative transfer models, general circulation et®dand numerical forecast mod-

els.
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6.3 Comparison of Modelled Irradiances to Pyranometer
Measurements

It is necessary to show that the responses of the aerosatixadeffect to the different op-
tical properties shown in Section 6.2 are realistic an@bdd, particularly since the model
calculations assume that the dust particles are sphefibatefore this section compares

modelled irradiances to the aircraft pyranometer measemésrfor four different flights.

6.3.1 Model Input

For the comparison of model irradiances and pyranometeisuned irradiances, the
flights b175, b237, b238 and b242 have been selected. Theseselected on the basis
of predominantly cloud-free skies (which could otherwiffec the pyranometer mea-
surements), and a well defined dust profile with measurenadiistical properties from
within the main dust layer. For the DODOL1 case (b175) there m@mbiomass burning
aerosol present.

Chapter 4 showed the optical properties for various differans within a single
flight. In order to use one set of optical properties to moldeldust for each flight, runs
within each flight have been combined to create a typical-tjyst for each single flight
(see Table 6.3). For the case of b237, where very differetitalgproperties were found
in the layer closest to the surface, only optical propergpsesenting the upper layer have
been used, as this was where most of the dust mass resided.

Using the selected runs shown in Table 6.3, for each flighvarege size distribution
for the accumulation mode was calculated and is shown inr€igws(a). The average
refractive index at 550nm was also calculated using the stadevn in Figure 4.9, and is
shown in Table 6.3. This was then converted to a full speatraginary refractive index
by using the WCP (1983) spectral refractive index, and scalidgwn so that it agreed
with n; for each flight. The resulting spectral imaginary refragtindices are shown in
Figure 6.6(b). For the real part of the refractive index, M€P (1983) data were used,
and are shown in Figure 6.2(a).

The size distributions and refractive indices shown in Feg6.6 were then input
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Flight Runs Used n; at 550nmuwg®? k529 g0
b175 R2,R6,R7.1,R7.2 0.0002 0.99 0.82 0.69
b237 R2,R3,R6,R7 0.0017 0.97 1.10 0.69
b238 R3.1-3.4,R4.1,R5.1,R6.1,R7.1 0.0012 0.98 1.10 0.69
b242 R1.1,R5.1 0.0034 0.95 1.04 0.69

Table 6.3: Details of runs used in creating average optical properfi@seach flight. Also given is the
resulting average:; at 550nm, and the resulting optical properties at 550m° is always assumed to be
1.53.

1P : ——— ] 1,0000 1
X 237 1 P
10 T __ b238 - [
i N\ b242 1 . o0i000f ——
r ] N
N

0.0100 K

1/N dN/dR, um™'
Imaginary Refractive Inde

0.0010 £

10° I I 0.0001 I I

Figure 6.6: 6.6(a) Averaged logfit size distributions for each flightdisecreate optical properties specific
to each flight. 6.6(b) Refractive indices used to create tbical properties for each flight. Colours
represent different flights, as indicated in the Figures.

into a Mie scattering code in order to calculate the speoféital properties. Since the
size distributions represent the accumulation mode omytéu- = 1.5um) the optical
properties are only representative of the accumulationen@&ensitivity to inclusion of
the coarse mode is described in Section 6.5. The opticalkptiep are shown in Figure
6.7 along with the optical properties for the runs when gdandividually. It is clear
that the flight average spectral optical properties falhwitthe range of values for the
different runs. The data for b238 show a greater spread bediwe optical properties
changed dramatically with altitude.

Vertical profiles of dust mass mixing ratios are also used $9@& These are calcu-
lated from the vertical profiles of extinction, as describedection 6.1.1, and are shown
in Figure 6.8. For each flight several profiles were perforindtie dust layers, and each

profile measured slightly different amounts of dust. Thidug to spatial variability, and
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Figure 6.7: Spectral Optical Properties for the average dust from eaigfinflfor the accumulation mode.
Black lines indicatev, , red g, and bluek... . Diamonds indicate the optical properties for individuahs
as calculated in Chapter 4.

development or movement of the dust profile throughout tgétliTherefore each differ-
ent profile is used, in order to gain an understanding of tleedainty in the irradiances
due to the changes in the vertical profiles observed. In s@ses; several shorter ver-
tical profiles which sampled part of the vertical profile hdneen combined. Note that
for flight b242 a latitudinal gradient in the amount of dustsvedserved, with profiles 6
and 7 being performed further south, and therefore meagless dust (Figure 6.8(d)).
Vertical profiles of water vapour, temperature and ozoneaks® taken from the aircraft
measurements (not shown).

As described in Section 6.2.1, the dust MMR profiles are ddfmethe amount of

aerosol which the nephelometer and PSAP can measure, gttiobLight to be limited to
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Figure 6.8: Vertical profiles of dust mass mixing ratio for each flightdiser model input. Different mass

mixing ratios for different profiles within each flight arewtn by different colours, as indicated on each

figure. Note the different scale for b238 (Figure 6.8(c)). RMrofiles represent the accumulation mode
only.

the accumulation mode only. The MMR profiles are also limtgdralue ofk>59 used in
Equation 6.1, which thus far has been derived using the aglation mode size distribu-
tions, and therefore also represents the accumulation nideefore the MMR profiles
described here represent the accumulation mode only.

In order to obtain model irradiances which are comparabteg¢asurements from the
pyranometers, it is necessary to use solar zenith angledwahe the same as those when
pyranometer measurements are made. Pyranometer datatfeoghtsand level runs is
averaged, and therefore ES96 is run at the average solah zewjle for each run during
each flight. Model results can then be selected at an apptegpressure level and solar

zenith angle so that comparisons with the pyranometer datpgropriate.
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6.3.2 Results

The modelled irradiances are compared to the measured ofégures 6.9, 6.10, 6.11
and 6.12 for each flight. Each Figure shows a direct companéthe irradiances through
a scatter plot (top rows) for both the shortwave downwell{8YVD, left column) and
shortwave upwelling (SWU, right column) irradiances, anwtigh a comparison of the
difference in SWD and SWD irradiances as a function of presstundich the pyranome-
ter measurements were made - in terms of absolute diffeemdelle rows) and percent-
age differences with respect to the pyranometer measutsenff@stitom rows). This is
useful as if the percentage differences are withis{s, the accepted uncertainty of the
pyranomter measurements from Chapter 5, the model and negasois can be seen to
be in agreement within the measurement uncertainties. arkes of agreement is shown
by the grey shading. Since the minimum error on the pyranerséts1//m =2, this is also
shown on the absolute difference between the SWU irradiandegure 6.10(d) where
the differences are less tha/m 2 but greater than.5%.

Errors in the model irradiances are less straightforwardefine. However, the
spread of model results due to the different dust profiled (di&erent colours in Figures
6.9, 6.10, 6.11 and 6.12) gives an indication of the unaagtan the model results due to
the amount of dust present.

Note that due to the problems experienced with the DODO1nmyreeter data, the
SWD measurements should not be considered as reliable f&. b4&vertheless, they
are shown for completeness. The SWU DODOL data are unaffegtis problem, and
therefore the b175 case is still of use for comparisons wighntodel irradiances.

The results in the scatter plots for Figures 6.9, 6.10, 6rfdlGal2 show that gener-
ally the 1:1 ratio between the pyranometer measurementsnade! results is followed,
though the agreement is by no means perfect. Discreparsiesén the model and pyra-
nometer are more easily explored through the differencadasction of pressure.

Taking first the measurements of SWD at high altitude, (wheoglgagreement is ex-
pected since no aerosol is above the aircraft), the pyratesrard model data are within
the pyranometer uncertainty for the DODOZ2 flights. Howetlez,model always appears

to predict less irradiance than the pyranometer8(by 40WWm 2. Examining the SWD
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Flight Profile Nephelometer’® Model 7°°°
b175 P2 0.31 0.31

P3 0.49 0.47

P4+P5 0.49 0.46

P7 0.61 0.60

b237 P2 0.79 0.82
P3+P4+P5 0.61 0.65

P6+P7 0.57 0.63

P8 0.61 0.64

bh238 P3 0.89 0.98
P4+P5+P6+P7+P8 1.75 2.09
b242 P4 0.56 0.55

P5 0.56 0.51

P6 0.27 0.25

P7 0.32 0.31

P9 0.67 0.59

P10 0.67 0.54

Table 6.4: Aerosol optical depths at 550nm calculated from model ii@ades.

data at lower altitudes, the model and pyranometer datagai® @ agreement within
the pyranometer uncertainties, if the spread of model ediniethe different dust profiles
used is considered. This spread is due to the spatial ancdbtam@riability of the dust
profile. Table 6.4 shows the range in AOD for each profile, Whiauses this spread.
Therefore overall the SWD modelled irradiances show goodeagent with the pyra-
nometer measurements. It is worth noting that the pyranemugzita has been screened,
and data from relative headings in th&0° range has been removed. Had this data been
included, the agreement with the model data would have berh nvorse.

Agreement is worse between model and pyranometer datad@\WU irradiances.
The best agreement is found at low altitudes (runs at pressawerd00mb), where the
differences are within the pyranometer uncertainties aedspread of model results for
different dust profiles. This suggests that the values adbiotrr the surface albedo values
are appropriate. At higher altitudes (mostly above the)dtist model results for flights
b175, b237 and b238 have too much SWU irradiance comparee foytanometer mea-
surements. The flights b175, b237 and b242 show a trend otesaisingly positive SWD

difference between the model and pyranometers as altingteases. This suggests that
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perhaps the dust in the model is too reflective. This resnlteeé model overestimating
the SWU by up tal 10Wm =2, 70Wm =2, 40Wm~2 and15Wm 2 for flights b175, b237,
b238 and b242 respectively.

The overall picture is that the SWD model irradiances fallwntthe pyranometer
uncertainties, whereas the SWU model irradiances at hidtiterdes do not. This shows
that the model SWU irradiances are less reliable than the SvdBiances, and that there-
fore the calculations of surface ARE values in Section 6.2avee reliable than those at
the TOA. The tendency of the model results to overestimate SiVidle TOA will re-
sult in the TOA ARE values being more negative (or less pasjitivpossibly by up to
110Wm~2 - than reality.

It is possible that the error lies with the lower pyranometerasurements instead
of the modelled irradiances. The accuracy of the lower pymagters was not examined
in Chapter 5 due to difficulties in comparing upwelling ragiatwith model or other
measurement data. However, it should be noted that the SVddiamces between the
pyranometer and the model are in agreement at low altitumsw the dust. This there-
fore suggests that they are reliable. It is also possibletttgalower pyranometer domes
get dirty in the same way to the upper pyranometers. How&eaunders and Barnes
(1991) estmated that if the whole front hemisphere of thealarmas dirty, it would only
decrease the measured diffuse irradianceWyn 2, and this therefore would be unable

to explain the differences in SWU at high altitude shown here.
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Figure 6.9: Comparison of modelled irradiances to measured irradianfoe flight b175. 6.9(a), 6.9(b)
Scatter plots of modelled and measured downwelling shaey@&WD) irradiance and upwelling shortwave
(SWU) irradiance; 6.9(c), 6.9(d) Difference between meag@nd modelled irradiances as a function of
the pressure at which the measurements were made; 6.99€), Bercentage difference between measured
and modelled irradiances as a function of the pressure atlwtiie measurements were made. Grey shading
shows percentage errors of less thah%, representing the uncertainty on the pyranometer measemésn
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Figure 6.10: As for Figure 6.9, but for flight b237
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Figure 6.11: As for Figure 6.9, but for flight b238
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Figure 6.12: As for Figure 6.9, but for flight b242
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6.3.3 Radiative Effect of Case Studies

In order to compare thel RE for each flight to values from the literature, tAg? £’ for
each flight has been diurnally averaged using ES96 modelwpd is shown in Table
6.5 for the TOA, surface (SFC) and atmosphere (ATM). The diuaverage has been
calculated by calculating irradiances at three times dueiach day, and weighting them
based on a gaussian distribution, which varies throughwityear. As recommended
by Li et al. (2004), theARE values have also been divided %" in order to give the
shortwave radiative efficiency (RE) which is independentddiszenith angle and aerosol
amount. Also shown is the ratio of thé REsr- to the AREro4 Since this gives an
indication of the amount of absorption occurring in the adpieere.

The results from the DODO flights show that the largé#&tFE at the TOA, surface
and in the atmosphere occur for flight b238. This reflects teatgr AOD values mea-
sured during the b238 profiles. Comparing the radiative efiigies (RE) removes this
dependence on aerosol loading, and results in b175 hawngrtest TOA RE, probably
due to this flight having dust with the highesfand therefore reflecting the greatest pro-
portion of radiation. Interestingly b175 had the lowestreedf4>? of all the flights (Table
6.3) and it still results in the most negativ&¥ro4. The smallesiR B4 results from
b238, which shows that even though th& F'ro 4 was highest, the dust is not necessarily
the most effective per unit optical depth.

At the surface, the b238 dust also has the smaldsi - of the four flights. Again,
despiter®>° being highest for b238, th& Esx¢ is the lowest, so that the AOD has in-
creased significantly compared to the other flights withbetARE increasing at the
same rate. b242 is an interesting case, whegiis lower than the other flights, and the re-
sulting values of REsrc are the most negative RE.r); are the largest, and
AREsrc/AREro 4 are the largest of the four flights examined. Clearly the lowgor
b242 results in more atmospheric absorptidtt(iry, is 20.8Wm =2, more than dou-
ble the other flights’ values), and therefaRd’ s - is more negative, which also results
in a larger ratio ofARFEsrc/AREr04. The differences inv, can also be seen in the
differences between b175 with high, values, and correspondingly loWFE 4r,, and

AREsprc/ARET04, In cOmparison to b237 and b238 with similagvalues, and inter-



Fllght/StUdy 7050 ARETOA ARESFC AREATM RETOA RESFC’ REArm ARESFc/AREToA
b175 0.46(0.15) —23.3(6.3) —24.6(6.8) 1.3(0.4) —50.9(3.0) —53.8(3.0) 2.8(0.3) 1.06(0.01)
b237 0.67(0.14) —30.2(4.9) -36.9(6.0) 6.7(1.1) —44.2(1.3) —54.0(1.7) 9.8(0.6) 1.22(0.02)
b238 1.53(0.56) —54.3(15.0) —68.3(20.3) 14.0(5.3) —36.7(3.5) —45.7(3.4) 9.1(0.2) 1.25(0.03)
b242 0.46(0.21) —19.9(7.9) —29.5(12.4) 9.6(4.5) —44.1(4.2) —64.9(3.6) 20.8(0.6) 1.47(0.06)
Li etal.(2004) 0.36 £0.16 —12.6+6 2 3 —-35+3 —65+3 30+4 1.9
Anderson et al. (2005)1.48+0.05  —64.54 —24 —38 12 1.6
SHADE

Balkanskiet al. (2007) wrt —45t0 —49(—29) —65to —76(—88) 16 to 32(60) 1.3-1.7
Li et al.(2004)

Balkanskiet al. (2007) wrt —24t0—16(4) —48t0—57(—70) 24 to41(74) 2.0-3.6
Andersoret al. (2005)

Christopher and  Jones —7.75 £ 0.86 —47.91 +3.91

(2007)

Table 6.5: ARFE and RFE values at the surface, top of atmosphere and atmospheralt®aee given for the DODO flights examined, and other cases the literature

(see text for details). DODO values are the average of redaltseveral profiles with different dust amounts, valueareptheses represents the maximum difference

of the average from the range for the various profiles. Baskaet al.(2007) values show a range due to changing amounts of henatiided in the refractive index
calculations, values in parentheses represent the valtemdd using the refractive index data of Pattersdral.(1977).

1SN 0O 40 19843 aneIpey aAeMIOYS 9 JaideyD

90¢
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mediate values oRE 4y and AREsrc /AREro4 compared to b175 and b242.

Since the results from these tests are designed to repriéseatctual dust events
during each flight, there are factors for each flight whiclfiediind so the differenRE
values cannot be directly attributed to the differences)jn though they do seem to
explain the differences between flights. Factors such asutiace albedo and the vertical
dust distribution may also have impacts on th&F and RE values. Nevertheless, it
appears that the different optical properties observemddne four DODO flights shown
here result in signicantly differel® Fs ¢, and particualarhR E 47, values.

Also shown in Table 6.5 are corresponding values from tleeditire. These values
are derived either from satellite measurementseflLal., 2004; Christopher and Jones,
2007) or from model calculations combined with various rodthbased on observations
(Andersonet al,, 2005; Balkansket al., 2007). The case from Andersetal. (2005) is
particularly relevant since the calculations are basedhemteasurements from SHADE
by Haywoodet al. (2003) (and therefore derived from similar instruments iewedhods as
those presented here), and combined with model calcutatiarder to obtain a diurnal
average. The dust measured during SHADE appears to haventedtbiskR £, and
RFEsrc values than DODO, thougRE 415, was within the range of DODO values. This
is logical since the SHADE estimated®® was 0.0015: within the range of values for the
four DODO flights shown here.

Li et al. (2004) used data from MODIS and CERES over the Eastern Atlémtic
June-August 2001 to calculate TOA radiative effects. Taulake the surface values
they employed a radiative transfer model constrained bgdtellite measurements. The
results of Liet al. (2004) are much closer to the DODO results than those of Avaer
et al. (2005), withRE7o 4 and R Es ¢ falling within the the range of DODO values (and
variabilities) shown in Table 6.5. The absolW& Ero4 and ARE sy are much smaller
than the DODO values, presumably since the satellite daarspg more time captures
many more smaller dust events than those sampled by the DOgr@sfl However, the
notable difference is thakE 41, is much larger for Liet al. (2004) than for DODO.
This is likely due to the larger value of; adopted compared to the DODO results: Li
et al. (2004) adopted refractive indices from the OPAC model Hasad. (1998) which
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are much more absorbing than those from DODO.

Balkanskiet al. (2007) investigated how théa RE changes when the refractive in-
dex is altered from that of Pattersem al. (1977), to one which has varying amounts
of hematite, and therefore varying absorption, but stduleng in imaginary refractive
indices higher than those estimated for DODO. Balkamslal. (2007) calculated?E
values for the same areas as those examined bst ki. (2004) and Andersoet al.
(2005) using a dust model, and these are shown in Table 6i% clear that the greater
n; values of Pattersoat al. (1977) result in largeRR E 47y;, Which supports the trend of
greaterRE 47, for b242 wheren; is larger. It is also interesting to note that the opti-
cal properties used by Balkans#ti al. (2007) were unable to reproduce the low value of
RE 47 (12Wm~2) measured during SHADE, a value which was not very diffefienh
the DODO values. This suggests, combined with the discgpenthe SWU between
the pyranometers and model irradiances for DODO, that jpsrtitee DODO and SHADE
n; values are underestimates. Generally thoughRthevalues found by other studies are
in line with those calculated for DODO, though there areal#hces inRE 415, which

are likely to be related to; differences.
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6.4 Sensitivity to Surface Albedo

For the results shown in Section 6.3 a diurnally constanthenian surface albedo has
been used. The value for the surface albedg (vas calculated from the ratio of up-
welling to downwelling irradiance measured by the pyrantarseat the lowest altitude
possible throughout the duration of the flight. Howeversipossible that changes in the
surface albedo occur throughout the day due to the solattzangle changing, due to
the aerosol load changing, and due to the wind speed chaffgintipe ocean cases) (Jin
et al, 2004).

In order to test the sensitivity of the modelled irradianteshe value ofo, used,
a, has been varied and the model irradiances at eablave been compared to the pyra-
nometer measurements. It is of interest to examine whethenges ino, can restore
the discrepancy between the modelled and measured SWUainces at high altitudes
shown in Section 6.3.

The flights b237 and b238 have been selected fontrsensitivity tests, since both
showed too much SWU at high altitudes, and b237 was over ock#a 238 took place
over the desert. Therefore they are good cases to compard2Ba input profile data
from P8 was selected since the dust profile for P8 was aroumdnitidle of the range
shown in Figure 6.8(b) and therefore the irradiances farghofile were also in the middle
of the ranges due to the different dust profiles (Figure 6.Foy b238 the combination
of profiles P4+P5+P6+P7+P8 was selected. This profile haufisigntly more dust than
P3 (Figure 6.8(c)), but was performed closer to where thatiah measurements were
taken and generally showed better agreement between nmesigls and measurements
(Figure 6.11).

For b237 the range of albedo values tested was representdtihe range of sur-
face albedo values expected over ocean due to the obsermddspéeds)(— 15ms—2),
aerosol optical depths and solar zenith angles calculatelintet al. (2004). Therefore
as was varied from 0.02 to 0.07 in increments of 0.01. For b228stlrface albedo was
varied from 0.1 to 0.7 in increments of 0.1. This covers thgeaof variations observed
during the low-level runs during b238( = 0.32 — 0.5), the variations invy, measured

by Bierwith et al. (2009) over the Moroccan desert during SAMUM, and some mére
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values (0.1 and 0.7) to allow a full sensitivity test.

The results for the two sensitivity tests are shown in Fig@é3 and 6.14. For b237,
the changes iny, cause extremely small changes in the SWD irradiarces V' m —2).
For the SWU irradiances at the lowest altitude, the best aggaebetween model and
pyranometers occurs witli, = 0.055, as was calculated from the measurements. This
suggests that the previously used valuexpf= 0.055 is acceptable. However, at higher
altitudes the best agreement occurs for a lowgsf 0.02, though this is still not enough
to allow for the SWU discrepancy to be resolved and actuallgweet value ofa, than
suggested by the conditions of wind speed, AOD and solatlzanigle during the flight
from Jinet al. (2004). If the results of the correat as suggested by Jat al. (2004) had
been used for the comparison of each data point, the chan§&/lo would have been
no greater than0Wm =2 - a value too small to solve the SWU discrepancy. Therefore
for the case of b237 it appears that although the irradiaacesensitive to the surface
albedo, the dust appears to be the principal problem in the Siff&fences. (Possible
issues with the lower pyranometer are discussed in SectiR)6

For b238 the effects of change are more pronounced, sineg is higher to begin
with and the range ol tested covers a greater range than the ocean case. The amange
o, examined now causes changes of aro#nd0W m =2 in SWD at the lowest altitudes,
with a range ofv, = 0.2 — 0.6 falling within the pyranometer uncertainty. However, at
the same altitudes values in the rangenof = 0.4 — 0.5 show agreement between the
upwelling model and pyranometer data, which suggests figabést estimate af, =
0.44 as used in Section 6.3 is acceptable. However, at the higlvesaltitudes where
measurements were made, the best agreement is found fer 0.3 where the model
irradiances fall within the pyranometer measurement uacey. However, this would
result in an underestimate of SWU by the model at the lowasi@ét of measurements of
around100Wm~2, which is too low to be acceptable. Therefore the b238 resulggest,
as the b237 results did, that the discrepancy in SWU betweemdtdel and pyranometer
measurements is sensitive to the surface albedo, but thahddelled properties of the

dust are more likely to be the main problem.
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Figure 6.13: Sensitivity of model irradiances to changesiinfor flight b237. Different colours represent

differenta values, as indicated in the Figures. The best estimate,&fom pyranometer measurements

is 0.055. (a) and (b) Difference between model and pyranenieadiances as a function of pressure, (c)

and (d) Percentage difference between model and pyranoinetdiances as a function of pressure. (a)
and (c) SWD irradiances, (b) and (d) SWU irradiances.
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Figure 6.14: Same as Figure 6.13 but for b238. The best estimate &bm pyranometer measurements is
0.44.
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6.5 Sensitivity to Inclusion of Coarse Mode

Chapter 4 showed that the optical properties, particulaglgndk.,, , are very sensitive
to the presence of a large coarse mode. Therefore this Sactestigates the changes in

irradiances that might occur had the coarse mode been edlindhe calculations.

6.5.1 Method

In order to represent the coarse mode in the model calcoigtibis necessary to include

its effect in two ways:

1. The spectral optical properties of the full size disttit (coarse mode and accu-
mulation mode) must be represented. Therefore the sizeébdisbn of the coarse

and accumulation modes must be used to calculate the Spmufical properties.

2. The vertical MMR profile of the full size distribution musé represented. In Sec-
tion 6.3 the vertical dust mass mixing ratio profile had besowdated by taking the
extinction profile (based on nephelometer and PSAP measmtsjrand converting
it to a MMR using an appropriate value bf.) as shown in Equation 6.1. In order
to represent the vertical profile of the whole size distidoutthe extinction profile
should firstly be increased in order to include coarser @agiwhich are not passed
by the Rosemount inlets (feeding the nephelometer and PIAR) increase will
be dependent on the amount of coarse mode present (or thenbaiqarticles not
measured by the nephelometer and PSAP), a factor whichfisullito determine

from the measurements available.

However, for b237 P8 the aircraft was very close to the DakBRANET sta-
tion. The aircraft-measured AOD was 0.61, whereas the AERDNROD was
0.64. These values are significantly close to justify noteéasing the aircraft ex-
tinction profile. For b238 the AERONET measurements are &cafvay to be
comparable, and therefore the extinction profile is notaased for this case either,

as it would not be based on any real measurements.

Secondly, a value of>?? relevant to the whole size distribution should be used. In

ext

both cases of b237 and b238 the extinction profile has beereted to a MMR
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profile usingk>>) based on optical properties which have included the coacskem
This means that through including the coarse madg),decreases, and therefore
the MMR increases, representing a greater amount of mage ivetrtical column
when the coarse mode is included. Further details for eagifit #lire given in Sec-

tions 6.5.2 and 6.5.3.

The test cases used are b237 P8 and b238 P4+P5+P6+P7+Panihas in the
surface albedo sensitivity tests). The optical propertiestical profiles and modelled

irradiances are dealt with for each flight in turn below.

6.5.2 Flight b237

Figure 6.15 shows the coarse mode size distributions faruhe performed in the upper
(main) dust layer from b237, using a combination of the PCA&®P @DP size distribu-
tions for each run. They are compared to the AERONET-dersieel distribution since
the dust profile observed during the landing-descent to Dadkang this flight was similar
to that from the rest of the flight.

The aircraft-measured size distributions shown in Figufi& have been used in a
Mie scattering code, combined with the refractive indickeven in Figure 6.6(b) for
b237 in order to calculate spectral optical properties wihencoarse mode is included.
Since these refractive indices are representative of thenaiglation mode only, this may
not be entirely accurate, but they are used in the absencthef data. The resulting
optical properties are shown in Figure 6.16. It is clear that addition of the coarse
mode size distributions decreases, decreases,,; and increaseg. For Run 3, where
there was more coarse mode, the changes are larger. Thesgeshae consistent with
those described in Chapter 4, as is the change in optical grepevith altitude. For
the purposes of the coarse mode sensitivity tests using ,BEBO&ize distribution from
b237 Run 2 is selected since it represents the dust at ardaltithich contributed most
to the optical depth (Figure 6.15). Values of the opticalerties for the two cases tested
are shown in Table 6.6. Note that there is a small (0.01) dserénw:>°, but a larger
(0.5m?g~1) decrease irk>>Y . Changes iy are largest at wavelengths larger thiann

ext *

where the solar intensity is lower, and are likely to have iegpact on the irradiances.
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Figure 6.15: Full normalised volume size distributions for runs in theoapdust layer in flight b237, from

PCASP and CDP instruments. Error bars on aircraft measur@smshow one standard deviation of the

variability over the run. The size distributions have beemmalised by their value at = 1um in order to

allow a comparison with AERONET derived size distributibna the Dakar AERONET stations, shown

by the black line (grey shading represents the maximum andmam in the derived size distribution over

the day). The dust profile observed during landing at Dakas wery similar to that observed during the
rest of the flight.

Size Distribution Used  w3™° k%0 /m2g~T g5

ext

b237 accumulation mode only 0.97 1.1 0.69
b237 Run 2 coarse mode  0.96 0.6 0.71

Table 6.6: Aerosol optical properties at 550nm for the cases used irctt@se mode sensitivity tests for
b237. The values @220 are used in the vertical MMR profile calculations.

ext

In order to calculate the vertical profiles of dust MMR Eqaatb.1 has been used.
To calculate the MMR profile for the accumulation modé;># value of1.1m?¢~! has
been used (see Table 6.6), and is shown by the black line uré-&17 (which is the same
as the MMR profile shown in Figure 6.8(b), green line). To akdte the MMR profile for

the full size distribution, a value 0f6m?¢~—! has been used since this represents the mass
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Figure 6.16: Spectral optical properties for b237, calculated using @apal refractive index represen-

tative of the flight average, and different size distribntio accumulation mode only size distribution

(r < 1.5um) representative of the b237 average, and coarse mode sizgbdtions ¢ > 30um) for

Run 2 (dashed line), Run 3 (dotted line), Run 6 (dot-dashrex) knd Run 7 (thin solid line). Black line

indicates single scattering albedo, red line indicatesnas\etry parameter, and blue line indicates mass
specific extinction.

specific extinction for the full size distribution. This 8t in a greater mass loading of

dust, as is shown by the red line in Figure 6.17, while manitgi the same AOD.
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Figure 6.17: Vertical profiles for dust mass mixing ratios used for therseamode sensitivity tests for
b237. Black line indicates the profile used for the accuniutetnode, red line indicates the profile used for
the coarse mode.

In order to test the sensitivity of the model results to tleusion of the coarse mode,

ES96 has been run for three cases:
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1. ‘No coarse mode’ - model runs are identical to those desdrin Section 6.3, and

contain no representation of the coarse mode in any way.

2. ‘opt coarse mode’ - model runs are as above, but the ogiroglerties have been
calculated using the size distribution for the coarse madhe. MMR profile is not

adjusted and still represents the accumulation mode.

3. ‘opt coarse mode, hi MMR’ - model runs include spectral agitproperties de-
rived using the coarse mode size distribution. The MMR peasilcalculated using
k559 representative of the coarse mode optical propertigsi(-2¢g—!). Therefore

ext

the MMR profile is larger and represents the full size disifidm.

This combination of tests allows the effects of the two cleamtg be observed individually
- firstly the change from using no coarse mode to changingptiead properties to those
that represent the coarse mode, and secondly the effectditfaadlly increasing the
MMR dust vertical profile.

Figure 6.18 shows the modelled SWD and SWU irradiances at azaigh angle of
27° for each coarse mode test. It can be seen that the addititve abarse mode optical
properties (the change from the black line to the blue line)aases the SWD irradiances
due to the lowek.,, , while the SWU irradiance decreases due to a combinationmarlo
k..: andw, . The addition of a greater dust MMR profile (change from blueed line)
results in a change in the opposite direction - SWD irradiarove decreases due to more
dust in the atmosphere, while SWU increases because themésdust to reflect irradi-
ance back upwards. The SWU at 400mb is now slightly lower thahfor the no coarse
mode case. Figure 6.18 also shows the vertical profile of daditng rates. For the ‘opt
coarse mode’ case, the total heating decreases due to teeHdgw, even thoughy, is
lower and potentially more absorption can occur. For the tmarse mode, hi MMR’
case, the heating rates are significantly larger than thedaose mode’ case due to the
combination of more dust being present at the same timg bsing lower.

Figure 6.19 shows how the modelled irradiances for eachctespare to the mea-
surements for each of the straight and level runs, and TaBlsl®ws the optical depth

at 550nm for each case. The trends shown here reflect thosm shé-igure 6.18. This
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Figure 6.18: (a), (b) SWD and SWU model irradiances for flight b237 as atfon®f pressure, for a solar
zenith angle o27°. Different colours indicate irradiance profiles for eactifdrent coarse mode test case,
as indicated in the Figures. (c) Vertical Profiles of heatmages for each test case.

means that the best agreement appears to occur for the ‘apgeconode’ test, since the
SWD at the surface increases slightly and the SWU at highén@dts decreases, pushing
the model irradiances closer to those that were measureglevén, Table 6.7 shows that
7550 for this case was arourid)% too low in comparison to the AERONET value and to
that measured by the aircraft nephelometer and PSAP. Treralthough the irradiances
give the best agreement, the results are not physical dileyealssume optical properties
relevant to a coarse mode size distribution, but do not usetecal profile to represent a
coarse mode. The results are still included, however, sheeillustrate a step in the pro-
cess of changing the model from including only accumulatiade to including coarse

mode as well.
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Figure 6.19: Comparison of measured and modelled irradiances as a fomatf pressure for each coarse

mode test case for b237. (a), (b) Difference between mabi@tid measured irradiance; (c), (d) Percentage

difference between modelled and measured irradiance;hlfid column: SWD irradiances; right hand
column SWU irradiances.

Coarse Mode Test  Aircraft™ Interpolatedr>’ Model 7> AERONET 7°%Y

no coarse mode 0.61 0.62 0.64 0.64
opt coarse mode 0.61 0.62 0.36 0.64
opt coarse mode, hi MMR 0.61 0.62 0.67 0.64

Table 6.7: Aerosol optical depths at 550nm?>° ) for each coarse mode sensitivity test for b237. Aircraft

7950 results from the high resolution nephelometer/PSAP cadions, Interpolated-®°° is the same data

but interpolated onto the 50 level model resolution, madeé? is calculated from direct beam irradiances

from the model. AERONE®" is interpolated linearly between 440nm and 670nm and aetagyer
times relevant to profile 8 in b237.

Once the ‘opt coarse mode’ has been excluded on the basis afabcurate-5*°
the remaining reults show little difference between thecnarse mode’ and ‘opt coarse

mode, hi MMR’ cases. The ‘opt coarse mode, hi MMR’ case show$ti better agree-
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ment in SWU with the pyranometer measurements above the lpstround51 m 2

or a few percent. This is not enough, however, to explain iifferdnces of around
10 — 20Wm 2 between the modelled and measured irradiances at higidaisit There-
fore it must be concluded, that for flight b237, the inclusadrthe coarse mode in an
appropriate manner (i.e. for the ‘opt coarse mode, hi MMREegasakes little difference
to the modelled irradiances, assuming that the refractidex used is correct, and that

the assumption of not adjusting the AOD is correct.
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6.5.3 Flight b238

Similar tests to those carried out on b237 have been cartiedroflight b238 to test the
sensitivity of the irradiances to the inclusion of the ceamsode. The size distribution
used for the coarse mode cases is that from R4.1, and showguref.15(b) - the same
as was used for the coarse mode sensitivity tests in ChapfEnelaccumulation mode
size distribution is the same as that used in Section 6.3sat iaverage for all the b238
runs within the dust layers. The refractive index used i shawn in Figure 6.2(b) for
b238. The resulting optical properties are shown in Figu2®,6and are in keeping with
the changes shown in Chapter 4 due to the addition of the cosose. As shown in
Figure 3.2(b), the coarse mode decreased with altitudegin238, with its contribution
being greatest during R4.1. Therefore the change in optroglgsties shown in 6.20 are
the maximum that would be expected, since there was lessecoade at other altitudes.

b238 Optical Properties
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Figure 6.20: Spectral optical properties for b238, calculated using aapal refractive index represen-
tative of the flight average, and different size distribofio accumulation mode (AM, > 1.5um) only
size distribution representative of the b238 average {slitie), and coarse mode size distribution (CM,
r > 30um) for Run 4.1 (dashed line)
Figure 6.20 and Table 6.8 show the decreasg endk.,; and increase ip that occur
due to the addition of the coarse mode. However, note thaetbkanges are far larger
than those that occurred for b237, due to the greater coarde Bize distribution during

b238 R4.1. For b238 the coarse mode resultsifi decreasing b¥.05, £25? decreasing

ext
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by 1.0m?¢~!, andg>*° increasing by.07.

Size Distribution Used w3 k220 /m2g~1 g>Y

ext

b238 accumulation mode only 0.98 1.2 0.69
b238 Run 4.1 coarse mode 0.93 0.2 0.76

Table 6.8: Aerosol optical properties at 550nm for the cases used irctt@se mode sensitivity tests for
b238. The values df>>? shown are used in the vertical MMR profile calculations.

ext

Using the values o£>>? shown in Table 6.8 the dust MMR profiles have been cal-

ext

culated, and are shown in Figure 6.21. As with flight b237 |theer 22 for the coarse

ext

mode results in a greater MMR profile, though the change ir823nore marked than
in b237 due to the larger drop #F>? when the larger coarse mode is included. It should
be noted that when the coarse mode changes strongly withdaltiusing one value of

50 should increase with altitude

ext

k259 for the whole profile is a simplification - ideall

ext

as the coarse mode decreases, resulting in a smaller asuphfiof the dust MMR with

altitude. However, one value &f>? is used here for simplicity.
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Figure 6.21: Vertical profiles for dust mass mixing ratios used for therseamode sensitivity tests for
b238. Black line indicates the profile used for the accunifatnode, red line indicates the profile used for
the coarse mode.

The vertical profiles of dust MMR representing the accunioatnode and the coarse
mode, and the optical properties representing the acctiomlanode and the coarse
mode, were input into ES96 (and therefore using the same ioatdns as for b237).
The results of the vertical irradiance profiles and heataigs are shown in Figure 6.22.

As was seen for flight b237, the inclusion of the coarse modiealproperties (change
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from black to blue line) results in a larger SWD irradianceha surface, sincé.,, is
lower. However, due to the large change in optical propefieb238, the SWD decrease
at the surface is now on the orderidf1¥/m 2 as compared to th&)1Wm 2 increase for
b237. This has a larger impact on the SWU irradiance near tti@cgy combined with
the fact that, is larger over the desert, and results in an increase of dréiim 2 in
the SWU near the surface due to the change in optical propeRiehigher altitudes the
SWU decreases compared to the case with no coarse modewsginas now decreased
and the dust is less reflective.
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Figure 6.22: (a), (b) SWD and SWU model irradiances for flight b238 as ationof pressure, for a solar
zenith angle o25°. Different colours indicate irradiance profiles for eactifdrent coarse mode test case,
as indicated in the Figures. (c) Vertical Profiles of heatnates for each test case.

When the MMR profile is also increased (changes from blue tdimed, changes in

SWD irradiance are similar to those observed for b237: the SYWiessurface decreases.



Chapter 6. Shortwave Radiative Effect of DODO Dust 224

However, for b238 the decrease is much more significant tigtrseen in b237 due to the
greater increase in the dust MMR profile in b238. As a reshé,3WU over the entire
column decreases for the ‘opt coarse mode, hi MMR’ case, byra60 — 801 m >
due to the dust mass load being greater at the same timghasng significantly lower.
Therefore the changes in irradiances for b238 due to theiaddif the coarse mode are
much more significant for b238 than for b237, because theseoauode is larger and
because the flight took place over the desert where the suafbedo is higher.

The changes in heating rates in Figure 6.22 also reflect t#ueges in optical proper-
ties and MMR profiles - when the optical properties are chdragel MMR kept constant
(black to blue lines), the heating rates decrease, becéthseighw, has dropped, so had
k..: . When the MMR inceases, the dust absorbs a lot more radiatotha heating rates
therefore increase.

Figure 6.23 shows how well each test case agrees with thex@yr@ter measure-
ments. Again, the trends reflect the profiles shown in Figu22.6At low altitudes, both
coarse mode test cases force the model irradiances awayafyegement with the pyra-
nometer data, though for the ‘opt coarse mode, hi MMR’ casel#ite are still within the
uncertainty errors. For the SWU irradiances the model isodyt sensitive to the coarse
mode additions, and it appears that the ‘opt coarse modeMiRMase results in an im-
provement at most altitudes. Though the ‘opt coarse modss shows better agreement
with the pyranometer data at high altitudes the agreemdéatt vgorse than the other cases

at the lowest altitudes, and the resulting optical deptlblglé.9) is far too low.

Coarse Mode Test  Aircraft™™’ Interpolated->> Model %"

no coarse mode 1.75 1.66 2.09
opt coarse mode 1.75 1.66 0.36
opt coarse mode, hi MMR 1.75 1.66 1.91

Table 6.9: Aerosol optical depths at 550nm?>¢° ) for each coarse mode sensitivity test for b238. Aircraft

7550 results from the high resolution nephelometer/PSAP cdions, Interpolatedr>°C is the same data

but interpolated onto the 50 level model resolution, madeé? is calculated from direct beam irradiances
from the model.

Therefore it can be concluded from theses tests that thasioel of the coarse mode

for b238 can have a large impact on the resulting irradiaaoelshow much they agree
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Figure 6.23: Comparison of measured and modelled irradiances as a fomatf pressure for each coarse

mode test case for b238. (a), (b) Difference between mabi@tid measured irradiance; (c), (d) Percentage

difference between modelled and measured irradiance;hlfid column: SWD irradiances; right hand
column SWU irradiances.

with the pyranometer measurements. This conclusion isreifit to that for b237 due to
the greater amount of coarse mode present in b238 and dueddférent surface albedo.
However, the case for b238 is more complicated due to the lelignges of coarse mode
with altitude, and the changing optical properties withtadte, which are not represented
here. It is likely that if these were included, the agreenimitveen pyranometers and

model irradiances might be improved further.
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6.6 Sensitivity to Changes in Refractive Index

Refractive index data (both real and imaginary parts) ardadola for the filter samples
for b238 R4.1 courtesy of P. Formenti (LISA, Paris). Theseshazeen calculated using a
combination of iron oxide measurements and elemental carate®ns from PIXE anal-
ysis, using a simplified version of the technique describgddfon et al. (2006). The
method adopted assumes that all iron oxide is internallyethir clays, and that there is
an external mixture of clays, quartz and calcium carboratthe case described here, all
the iron oxide has been assumed to be hematite, and all héatabeen assumed to be
illite. Other combinations (including goethite and kaatehare also possible, and would
result in different refractive indices. The hematitei@lcombination results in the most
absorbing refractive indices (personal communicatiofrpRnenti).

The availability of this data provides a good opportunitydst the sensitivity of the
irradiance results to using a different refractive index particular one which stems from

the chemical results.

6.6.1 Method

Figure 6.24 shows the refractive indices as obtained frafitter samples (courtesy of
P. Formenti), which cover the spectral rangel@d — 800nm (green diamonds). In order
to use the refractive index data in the Mie scattering cod&®96, it is necessary to
have information on the refractive indices across the sgenge shown. Thus some
extending of the filters’ refractive index data is necessary

For the real part this is straight forward since the filtereadgreen diamonds) are
very similar to the WCP (1983) data (black line) in Figure 6894 herefore outside the
400 — 800nm range the WCP (1983) values have simply been adopted. Thémggelal
refractive index used is shown by the blue diamonds.

For the imaginary part extending the refractive index isswogtraightforward. Figure
6.24(b) shows that the filters imaginary refractive indiaes significantly different from
the WCP (1983) data - both in value and spectral variation. &bes the following

method is used in order to avoid unphysical jumps.in
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Figure 6.24: Refractive indices obtained from filter sample calculasiamourtesy of P. Formenti (green

diamonds). Black line represents WCP (1983) refractivexpgurple line represents refractive index from

Ottoet al.(2007) which is an average of the values available in thediigre. Red line shows the imaginary

refractive index previously used for b238, as in Figure B)6(Black dashed line shows the WCP (1983)

imaginary refractive index scaled down to equal the valoetfthe filters data at 550nm. Blue line and blue
diamonds show the refractive index used in the ES96 calonkat

1. Over the spectral rang®0 — 800nm the filtersn; data are used but on a coarser

resolution.

2. At wavelengths below00nm and aboveum the WCP (1983) data are used, but

are scaled down in order to agree with the filtersalue at 550nm.

3. Over the spectral ran@®0nm — 2um n; is kept equal to the filters value &0nm
in order to produce a spectrally constanbver this range. This prevents a sudden
increase im; which may not be physical, and also reflects the sharp inelieas at

around2um as shown by the Ottet al. (2007) data.

The resulting spectral imaginary refractive index whicls b@en used in the Mie
scattering code is shown in blue in Figure 6.24(b). The &ltata show a higher; than
that derived using the Mie code calculations in Chapter 4 bgctof of 0.68 (a change
from 0.0019i to 0.0032 at 550nm), as well as significantlyeradvsorption at00—600nm
than at800nm.

In order to calculate optical properties using the filtefsacive index data, the same
size distributions as described in section 6.5.3 have bsed, un order to have one case

representing the accumulation mode only, and anotherseptiag the full size distribu-
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tion, including the coarse mode. These have been combintkdthg refractive indices
shown in Figure 6.24 for the filter sample data (blue diampn@lsese optical properties
are compared to those calculated using the refractive iddaxed previously using Mie
code (black line in Figure 6.24(a) and red line in Figure @2¥ The resulting optical

properties are shown in Figure 6.25.

b238 Optical Properties
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Figure 6.25: Spectral optical properties calculated using refractinelices derived from Mie code (thin

lines) and calculated from filters data assuming a hemallite-combination (bold lines). Solid lines

represent cases for the accumulation mode (AM) only, dabhesl for the full size distribution including
coarse mode (CM). Black lines shawy, red lines show and blue lines show,,; .

Figure 6.25 clearly shows that the higherfrom the filter samples results in much
lower w values. Table 6.10 shows that the filtercan reduce;®® to 0.96, and this can
reduce further to 0.86 if the coarse mode size distributsoim¢luded. Figure 6.25 also
shows thayy andk.,; are much more sensitive to the addition of the coarse modatettha
the change im; , with the values of:>>Y remaining at.2m?g~' when the coarse mode is
present for bot,; data sets.

In order to test the effects of the change in refractive ieslion the irradiance, four

test cases have been used, and are as follows:

1. MIE AM - Optical properties for the accumulation mode qrdgrived using Mie
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Refractive Index Size distribution;™ £220 /m2g~! ¢*°

ext

Mie AM 0.98 1.18 0.69
Mie CM 0.93 0.20 0.76
Filters AM 0.96 1.17 0.70
Filters CM 0.86 0.20 0.78

Table 6.10: Aerosol optical properties at 550nm for the cases used inmafractive index sensitivity tests
for b238. The values @20 shown are used in the vertical MMR profile calculations.

exrt

code, have been used (thin solid lines in Figure 6.25). A MMR profile calcu-
lated usingk.,; = 1.18m?¢g~! (appropriate for the accumulation mode) has been

used, resulting in the profile shown in Figure 6.21 by thelblae.

2. MIE CM - Optical properties for the coarse mode, derivechgidviie code, have
been used (bold solid lines in Figure 6.25). A dust MMR prodiéculated using
kew: = 0.2m2g~! (appropriate for the coarse mode) has been used, resuitihg i

profile shown in Figure 6.21 by the red line.

3. FILTERS AM - Optical properties for the accumulation moadypderived using
filters refractive index data, have been used (thin dasimed lin Figure 6.25). A
dust MMR profile calculated usink.,;, = 1.18m?g~! (appropriate for the accu-
mulation mode) has been used, resulting in the profile shaviAigure 6.21 by the

black line.

4. FILTERS CM - Optical properties for the coarse mode, deriv&dg filters refrac-
tive index data, have been used (bold dashed lines in Fig@f.6A dust MMR
profile calculated using.,, = 0.2m%g~! (appropriate for the coarse mode) has

been used, resulting in the profile shown in Figure 6.21 bydhddine.

Choosing only these combinations of optical properties anRVprofiles avoids using
optical properties which are inconsistent with the MMR peotised. Using these four
combinations of refractive index and coarse/accumulatioaes, irradiances have been

computed using ES96.
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6.6.2 Results

Figure 6.26 shows the changes in SWD and SWU irradiances atiddnegtes that occur
as a result of using the filters refractive indices (for acalation mode and coarse mode)
in comparison to those as derived by Mie code. The use of teesfitefractive indices
mean that the dust is more absorbing, and therefore the S\&arrces are reduced at the
surface for the filters data. The decrease in SWD due to thempresf the coarse mode
is larger when the filters refractive index is used than whenMie-derived refractive
indices are used, suggesting that if thes lower to start with, the effect of the addition
of the coarse mode is greater.

For SWU, the use of the filters refractive indices can revensegradient of SWU
with altitude. This is because the SWU at the surface is lowertd the reduction in
SWD at the surface. Above the dust, the lowgifor the filtersn; data means that less
irradiance is reflected back upwards, so the cases with lewshow minimal increase
in SWU above the dust layer (in contrast to the AM cases, wherehigherw, means
that SWU increases above the dust layer). The change in SWW0atki8ue to using the
filters refractive indices for the AM casesiss8Wm 2 and—551Wm 2 for the CM cases.
Therefore the usage of the refractive index calculated ttofilter samples is capable of
significantly changing the irradiances at both the surfackthe TOA, and even more so
if a large coarse mode is present. Additionally Figure 6126s the changes in heating
rates. Not surprisingly, for the more absorbing filters sasige heating rates are larger,
with the peak heating rate increasingb§ K day ! and4.0K day~* for the AM and CM
cases respectively.

Figure 6.27 shows how each test case compares to the pyrteraaé irradiances.
For the SWD, the FILTERS CM case results in too great a reductidheasurface,
whereas the FILTERS AM case is still within the pyranometerautainty. For the SWU
irradiances the FILTERS CM case still underestimates theiaree, whereas the FIL-
TERS AM case overestimates the amount of SWU, but not as badlyeaMIE AM
case. Overall it appears that the best agreement lies soenewbtween the MIE CM and
FILTERS AM cases.

It is interesting that for the Mie-derived refractive indgcthe coarse mode case pro-
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Figure 6.26: (a), (b) SWD and SWU model irradiances for flight b238 as atfon®f pressure, for a solar
zenith angle of5°. Different colours indicate irradiance profiles for eachstease, as indicated in the
Figures. (c) Vertical Profiles of heating rates for each tesse.

vides the best agreement with the pyranometers, while ®ffitters refractive indices
the accumulation mode provides the best agreement. Theraary uncertainties in the
process of calculating the irradiances from the model, anvamich is the partitioning of
accumulation mode and coarse mode. It is clear that theddt®iples do measure at least
some of the coarse mode from the SEM size distributions shiow@mhapter 4. However,
they may not measure the full size range with full efficienéyditionally the passing
efficiency of the Rosemount inlets is not well defined, anddiffito compare to that of
the filters inlets. Therefore there are many uncertaintiesssigning the size distribution
with which it is appropriate to calculate the optical prdpees with, and secondly in using

an appropriate MMR profile.
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Figure 6.27: Comparison of measured and modelled irradiances as a fomcti pressure for each test case

for b238. (a), (b) Difference between modelled and measuradiance; (c), (d) Percentage difference

between modelled and measured irradiance; left hand coliD irradiances; right hand column SWU
irradiances.

For the CM cases shown here the MMR is calculated wifj>dvalue based on a
run at 1km altitude, but left constant with altitude in thefde. Since the coarse mode
in b238 decreased with altitude, a more realistic systemldvba for thek>>) used in
the MMR calculations to increase with height. This may cleatinge resulting irradiances
slightly, and provide more realistic results.

Additionally the assumption that all the iron oxide is heneatand all the clay is
illite results in the most absorbing values. Other combinations, including goethite and
kaolonite may result in smaller values ofand therefore give irradiance profiles part
way between the MIE CM and FILTERS AM cases, resulting in bettgeement with

the pyranometers.
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It is also entirely possible that the refractive index clemgith particle size. If the
filters inlets are not sampling wittD0% efficiency of all sizes, and there is a significant
change in refractive index with particle size, then the ilite; data may be biased, and
result in discrepancies with the pyranometer measurements

In conclusion, the modelled irradiances are extremelyigeaso the change in re-
fractive index from that derived from Mie code to those frdme filter samples. These
changes are even more marked when a large coarse mode istpiidsrefore significant

uncertainties in thel R £ values shown in Section 6.2 exist.
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6.7 Conclusion

6.7.1 Summary

1. The observed variations in the accumulation mode opticgderties during DODO
can have a large impact on thieR F, and can result in thd RE1o 4 being either
positive or negative. This reflects the changes;iduring DODO, which determine
the amount of absorption that occurs. Over the desert thegesain the optical
properties result iMREro 4 differences of up t&2Wm=2, and up tol0Wm >
over the ocean. The changes in optical properties from teasbst absorbing also
result in increases in heating rates by up to 5 times over ¢earmand desert for

elevated dust layers.

2. The modelled irradiances agree with the measured imadgwithin the measure-
ment uncertainty for SWD. SWU irradiances are in agreemeriteastirface, but
not above the dust. Therefore tHg? £ model calculations at the surface are reli-
able, whereas thd REro 4 values may be more positive than those calculated, if
the pyranometer measurements are taken to be accurate.isthepancies in the
SWU may be due to the dust in the model being too reflective, ertdyotential

problems with the lower pyranometer.

Problems with the reliability of the lower pyranometer measnents are possible.
This could result from the dome becoming dirty when flyingtigh dust, but this
is likely to decrease diffuse upwelling irradiances by amtyto 177 m~2 (Saunders
and Barnes, 1991). Since the lower pyranometers were naisesbéor accuracy
in the same way that the upper ones were, their reliability na be equal to that
of the upper ones. The agreement of model and pyranometetsefapwelling
irradiance at low altitudes cannot be taken to indicate gagr@ement, since the
surface albedo values have been fixed based on these meastseit would be
possible to compare SWU measurements from the model toisabtethdiances in
the future, which would help give a better idea of whetherehsg a problem with
the model SWU or with the lower pyranometer measurementsitiddelly, tests

involving moving the lower pyranometer to one of the uppeunting points for a
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side-by-side comparison with the upper pyranometer woeldgeful, if conducted
in the future by FAAM.

3. The model irradiances are sensitive to the surface albselb, but changes in, are
not sufficient to explain the discrepancies between the et® measurements.
Therefore the discrepancy is likely to be associated wighviay the dust is mod-

elled.

4. The model irradiances are sensitive to the inclusion afs®mode particles. For
the two cases tested (b237 and b238) the sensitivity isrdiffedue to the different
amounts of coarse mode present in each case. Where more puaidseas present
(b238) the changes in the modelled irradiances are largethenresulting discrep-
ancy in SWU between the model and measurements is decreasel?237 when
less coarse mode is present, the addition of the coarse noedendt resolve these

differences.

5. The modelled irradiances are very sensitive to the cleimgthe refractive index
as suggested by some of the filters data. The larger absoi(biighern; ) results
in very different irradiances, particularly when the ce@amsode is included. It
is not clear that using the refractive index data from therltsamples results in
better agreement between the model and measurements. &hiberdue to the
many uncertainties associated with the techniques andoaietfmployed here (see

below).

6.7.2 Discussion

Due to instrument uncertainties and other problems, the-@aff the work in this Chapter
has entailed many assumptions which result in limitatioh¢he findings. These are

outlined below.

1. Assigning the fraction of the size distribution measubgdeach instrument on
the FAAM BAe-146 poses a major challenge to this work. Hereai$ been as-
sumed that the Rosemount inlets, feeding the nephelometethanPSAP, effec-

tively transport100% of particles sized below = 1.5um, the same as the sizes
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of particles measured by the PCASP. The filters samples haye d&sumed to
measure the full size distribution efficiently. The pyrareters measure irradiance
affected by whatever the true size distribution in the atphese is. Deciding how
to account for particles which are not measured by the nepteter and PSAP for
both the calculation of vertical profiles and optical prasrposes challenges since
the inlet cut-offs are uncertain. Assigning the composias measured by the filter
samples (representing a bulk measurement) to size distniisuwhich may measure

different size ranges of particles also poses a challengeatails uncertainties.

2. For simplicity the work presented here assumes that apgpimperties and the
amount of coarse mode present are constant with altitudevetdsr, Chapter 4
has shown that this is not the case in many of the DODO?2 flightt&re optical
properties and size distribution do change with altitude.eYgtthere is a signifi-
cant coarse mode present, the inclusion of this change \ithde may result in

different modelled irradiances.

3. For the Mie code work the refractive index has been deraigghOnm and for
the filters data it is available at wavelengths frdft — 800nm. Extending this
information spectrally is therefore based on assumptiatier than measurements,

and entails uncertainty.

4. The work presented here assumes the dust particles aggcgbhwhen in reality
the filter samples (and other studies, (e.g. Cabal., 2008; Ottcet al., 2009)) have
shown that they are not. However, since hemispherical flursithe (irradiance) is
modelled here, the impact of non-sphericity is likely to beadl (Mishchenkeet al.,
1997; Ottoet al, 2009) - certainly much smaller than the uncertaintiesaalyede-

scribed in the model, and smaller than the pyranometer me@sunt uncertainties.

The aim of this chapter was to test the importance of the ebdevariations of the
accumulation mode optical properties during DODO for theos@ radiative effect. It
has been shown that the variation in the optical propertiseiwved during DODO was
of importance both for the magnitude of tHe&? E' over ocean and for the magnitude and

sign over land. The amount of agreement between the modepyathometer SWD
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irradiances supports these results at the surface, whireasscrepancy between them
for the SWU above the dust means that theF 4 values may be up to00Wm 2 more
positive than those calculated from the model. This woultt 8fe AREro 4 from being
mostly cooling to mostly warming - a significant change. Thasitivity tests using the
filters refractive index data suggest that the true imaginafractive index may be higher
than that derived from Mie code in Chapter 4, a discrepancyghvhiay result from lack
of adequate knowledge of exactly what size distributionésgured by the nephelometer
and PSAP.

It is clear that the effect of different imaginary refraetiindices and coarse mode
size distributions have an important effect on the modahetliances, and this may be
improved in the future by better constrained coarse modedgtribution measurements
on the BAe-146 and experiments designed to measure inlgingesificiencies. However,
it is also clear that the variation in the optical propertisserved during the course of
DODO results in important changes to tH&E' at the surface - changes which can be

confirmed by pyranometer measurements.
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7.1 Overview

This thesis has described a detailed investigation intmftieal properties of dust mea-
sured during the two DODO aircraft campaigns, and the ingpae of these optical prop-
erties to the radiative effect of the dust. This Chapter glesia summary of the key
findings of the thesis, a description of the limitations o thiork, suggestions for future

aircraft campaigns, and discussion of the wider impligaiof the results.

7.2 Key Findings

7.2.1 Seasonal Differences in Dust Properties

Chapter 3 examined differences in typical vertical profilesneen the dry and wet sea-
son, and between land (desert) and ocean areas. It washaeduting the dry season the
weaker convection and uplift resulted in dust layers lyifage to the surface, both over
land and ocean. During the wet season the dust was upliftgebtdger altitudes over the
desert, which allowed it to be transported westwards owerodean in the Saharan Air
Layer, elevated over the marine boundary layer, reachiiiga@es of up t@Gkm, although
dust was also found in the marine boundary layer. Thoughetbesfiles are consistent
with what would be expected from the seasonal dynamics (&agson and Prospero,
1972), they are the first aircraft measurements to repotice¢profiles of dust measured
using the same aircraft and instrumentation during botba®s and from both desert and
ocean surface types, and are therefore important in supgaieory with a consistent set
of measurements.

The potential dust sources for the dust encountered dur@B® have been inves-
tigated using the NAME model. The dust sources were foundetinkthe northwest
Sahara for DODO1, whereas DODO?2 sources were much moreblefi@nging from
the northwest Sahara to the central Sahara). This was foupe ¢consistent with the me-
teorology driving the dust uplift and transport in each seasvell-defined northeasterly
winds in the dry season (the Harmattan), and more localisadection (often connected

to mesoscale convective systems) with transport at greatgye of altitudes in the wet
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season. Therefore it is likely that the microphysical anensical properties of DODO2
dust will be much more varied due to the greater variationust dource (likely to affect
chemial composition) and transport distances and alt#t(lileely to affect size distribu-
tion).

Chemical composition data from filter samples has been agwlyscorporating the
findings of Formentet al. (2008) relevant to DODO. The elemental ratio data (avadabl
for most of the DODO flights) suggested differences in contjmrs between the two
seasons based on the amounts of calcium, which could be ceadni® the dust having
different source regions between the two campaigns. Thaem difference in the
Fe/Al ratios between the DODO campaigns, though this is aoessarily an indicator of
absorption. Contrastingly, iron oxide concentrations éarrfsamples were larger for flight
b242 where the dust had more Sahelian sources than the @B&rsamples examined.
Limited amounts of data regarding the mineralogy from SEM @BEM analysis revealed
composition differences in the dust between the differangaigns, flights, dust layers at
different altitudes and between the accumulation mode aadse mode for flight b237.
This suggests that it may not be appropriate to model theudiiisty one refractive index

for all dust cases and patrticle sizes.

7.2.2 Optical and Microphysical Properties of DODO Dust

The accumulation mode size distributions measured by theSECduring the DODO
campaigns (.01 < r < 1.bum) have been used to examine how size distributions
changed with season and with transport. More variabilitg feaund in the DODO?2 size
distributions, which was found to be due to the greater rangeansport altitudes dur-
ing the wet season in comparison to the dry season. Thistedsul a greater fraction
of the larger accumulation mode patrticles to reside in higtiigude dust layers during
DODO2. Differences in the accumulation mode size distidsutvere found between
measurements made over land and ocean: fewer partictes at2,m were found over
the ocean, due to loss from deposition, which was most makgceater radii.

The optical properties of dust measured during DODO have lezemined. For

the accumulation mode only°° was measured and found to vary betwéer3 to 0.99.
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Using measured size distributions, and assumingrtfidt= 1.53, Mie code calculations
determined values df5%) from 0.95 to 1.6m?g~!, ¢°°from 0.56 to 0.70 andn?* from
0.00014 t0 0.0046:. The measurements ©f*° fall at the high end of those in the literature,
though they are similar in value to the numerous measurenant estimates of Taar
et al. (2001); Kaufmaret al. (2001); Duboviket al. (2002); Haywoockt al. (2003); Todd
et al. (2007); Kandlelet al. (2007); Osbornet al. (2008).

The factors contributing to the variability itg* and%>>9 observed during the DODO
campaigns have also been examined. An important questierwivather the composi-
tion or the size distribution had more influence over theagptproperties. It was found
that variations inv3°” were dominated by changesni’” , and that changes in the accu-
mulation mode size distribution had no discernible inflleenowy™ . This was despite
significantly more variability in the accumulation modeesdistribution during DODO2
compared to DODO1. Contrastinghz>? was highly dependent on the size distribution.
Due to changes in the size distribution with dust transpioig,would mean that>>) may
change substantially across the Atlantic, where®$ would be more dependent on the
dust source region, and these results suggest that it wauteédsonably stable during
transport across the Atlantic. For example, during b173lE (where the same dust
outbreak was sampled on consecutive days), derig&dzalues did not change, whereas
the size distribution was different during the two flightfieBe findings confirm that rep-
resenting both size distributions and composition are imamb for the accurate modelling
of dust in terms of optical properties.

Variations inn; andw;™ could be linked to variations in dust source regions, show-
ing that the particular dust source which is activated hamaortant effect on the optical
properties of the transported dust. Pinpointing particdisst sources was not possible due
to the limitations of the NAME results since they indicategydial uplift only, and do not
attempt to consider properties which affect dust mobilisatsuch as surface moisture or
low level wind speeds, for example. Batlj*® andn?>° showed more variability during
DODO2, which was connected to more variable dust sourcesadtiee meteorology of

the wet season. Therefore the seasonal meteorology haseah @i the variability of

the optical properties of transported dust. Previous ssidave shown that the chemical
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composition is related to the dust source location. The widggace ofv, on the chem-
ical composition has been demonstrated here, confirmingrpertance of the source
location in determining the optical properties of dust.

The effect of the coarse mode size distribution on the olgpicgerties has also been
assessed for a case study from flight b238. Inclusion of taeseanode resulted in a sig-
nificant decrease > andk.,; and an increase >’ . The magnitude of these changes
was dependent on the amount of coarse mode measured, whifpezhfor different mea-
surement techniques. The largest coarse mode measureesited inv)>° decreasing
from 0.98 to 0.90. This change highlights two issues: firstly, the importaotaccurate,
consistent measurements of the coarse mode on reseancitgsee Section 7.3) due to
the high sensitivity of the optical properties to the coarsmle. Secondly, the addition
of the coarse mode lowetg>®, bringing it more towards the range of lower measure-
ments and estimates of° by studies such as Carlson and Benjamin (1980); ldeas
(1998); Ottoet al. (2007, 2009) (values frord.76 to 0.837). It is likely that if n?°° had
been lower, even further reductionsif’® would have occurred for the b238 case study.
Changes im; as a function of particle size were not accounted for in thésis due to a
lack of data, even though it is likely that does change with particle size (e.g. Kandler
et al, 2007), and the mineralogy for b237 showed differences éetvthe accumulation

mode and coarse mode.

7.2.3 Pyranometer Measurements

Chapter 5 described a detailed investigation into the quailitl accuracy of the BAe-146
upper pyranometer measurements. This was necessary duado @ investigation of
this type since the move from the previous C-130 aircraft &©BAe-146, which meant
that an up-to-date estimate of the uncertainty was notadeail It was also required
in order to be able to rely on the pyranometer measurementhdopurpose of model
comparisons.

Firstly an investigation into the standard values of pitdp) (and roll (r) offset
of the pyranometers relative to the aircraft as used by FAAMMY the processing of

DODO data was performeddp and dr were found to be significantly different from
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the values used by FAAM, which entailed large errors in tisulteng irradiances. The
DODO pyranometer data was processed using diffefganddr values, calculated from
pirouette and box pattern manoeuvres. The total unceytainthe upper pyranometer
measurements resulting from the combined uncertaindpjr, F DI R and calibration
error was calculated. Comparisons against model and ARM daativen made, and the
resulting discrepancies were defined as the pyranometertanties to be adopted for
the analysis of DODO data. The uncertainties adopted wéfe and15% for the clear
and red dome pyranometers respectively, and for both uppkioaver pyranometers.

Investigations into the dirtying of the front of the pyraneter domes during DODO
were also carried out. As a result of this problem, significketreases in the measured
signal of up to11% were found when the aircraft was heading into the sun. Thezef
DODO data obtained on relative headingst@i0° were discarded.

These investigations into the quality and accuracy of theupyranometer measure-
ments made during DODO allowed the data to be processed@piady, and allowed
an uncertainty to be applied to the measurements. Recomt@mmslavere made based
on the problems encountered with the DODO data and baseadedhniques applied to
the DODO pyranometer data. Some of these recommendatiorsshrece been adopted

by FAAM, and others are being considered for the future.

7.2.4 Radiative Effect of DODO Dust

Chapter 6 investigated how important the variability in thetical properties observed
during DODO were to the dust shortwave radiative effect, ateimpted to validate the
model calculations by comparing them to pyranometer measeints.
The variations invy andn; were found to cause significant changes in the instanta-

neous top of atmosphere, surface and atmospheric radefteets. They also resulted

in a change of sign of the radiative effect from negative teifpee at the top of the at-
mosphere, thus resulting in the effect of the dust changiom fa net cooling of the
earth-atmosphere system to a net warming in the shortwas@rspm. Changes in in-
stantaneoud R Ero 4 due to the increase af tested resulted in increases (more positive,

or less negative) o821 m =2 over the desert ant0iWm 2 over land, whereas the in-
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stantaneousi REsr decreased b31Wm =2 over the desert angs1Wm =2 over land.
Peak instantaneous atmospheric heating rates were oliserverease by a factor 6t
Therefore the observed variations in the single scatteaibgdo during DODO have an
important role in determining the shortwave radiative ffef the dust.

Comparisons of modelled irradiances with measured irragigrirom the aircraft
pyranometers were performed as a function of altitude, & lnp and downwelling ir-
radiance. The results showed that the model irradiancesdgrith the measurements
within instrument uncertainties and model uncertaintye(tiu the spatial and temporal
variability of the dust) for the shortwave downwelling diance at high and low alti-
tudes. The shortwave upwelling irradiances were in agreeatdow altitudes below the
dust, but not at higher altitudes above the dust. This revalt the model estimates of
ARFEsrc are valid, but that thed REo 4 values from the model may be too negative,
since the model was overestimating the amount of upwelliragliance at the top of the
atmosphere.

Sensitivity tests were performed in order to investigasuagptions in the modelling
work and to investigate reasons for the discrepancy in slaee upwelling irradiance be-
tween the model and pyranometer measurements. The upgvshiortwave irradiances
were found to be most sensitive to the inclusion of the coanseée size distribution, and
to large changes (increases) in the imaginary part of thragtfe index. A combination
of including a significantly larger imaginary refractivedex and the coarse mode size
distribution leads to dust which is more absorbing, lesgcéfle, and has a lower extinc-
tion per unit mass. This can significantly reduce the shardwgwelling irradiance at
high altitudes.

These sensitivity tests suggest that in the model calomstthe values of, used
are too high. This is probably a limitation associated witack of adequate knowledge
of the aircraft inlet cut-offs for the inlets leading to thephelometer, PSAP and filter
samples, which creates problems in assigning a verticaldaBle and optical properties
representative of the real dust in the atmosphere. The#atioms are discussed further
in Section 7.3. Nevertheless, the agreement of the modegbyashometer irradiances at

low altitudes supports the importance of the variationshen DODO optical properties
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for the ARE at the surface. The overestimate of the model upwellingliarzces at high
altitudes is likely to result in an even greater dependefi¢benA R Erp 4 On the optical
properties than has been shown here from the model results.

The radiative modelling carried out here also assumed beatust particles were
spheres, allowing the use of Mie theory. However, the SEMrfdamples clearly show
that the particles are non-spherical, so this assumptieretbre entails uncertainties.
However, it has been shown that although non-sphericatpeshave significantly differ-
ent phase functions to spherical particles, the net effepewameters, , g andk.,; which
are integrated over all scattering angles are small if thegbes are randomly orientated
in the atmosphere (Mishchenlkd al, 1997). For example, Ottet al. (2009) found that
the correct representation of particles as oblate spheforda SAMUM dust event re-
sulted in changes af;, of up to 1%, g of up to4% andr°°° of up t03.5% in comparison
to the values resulting from spherical particles. In coriguar to the changes in optical
properties shown in the DODO case study sensitivity testshi® coarse mode and re-
fractive index, these are small changes. @ttal. (2009) also found that non-spherical
particles result in significantly increased back-scatiausing a more negativéR E7o 4
by 29% over the desert anth7% over the ocean. This effect could be important for the
DODO results. However, increased upwelling shortwavelienace at the top of the at-
mosphere due to non-spherical particles would actuallyesse the discrepancy between

the model and pyranometer measurements for the DODO results

7.3 Limitations and Suggestions for Future Work

The work in this thesis has been able to use aircraft measuntsrof mineral dust from the
BAe-146 during the DODO campaigns, obtained over remotasaoger the Mauritanian
desert and from over the Atlantic ocean where ground-bassdumentation is absent,
and in-situ measurements to validate satellite data afelluséne results have provided
an insight into the variability of the optical propertiestadnsported mineral dust and its
radiative effect. However, there are some limitations ® tbsults which mostly stem
from measurement uncertainties. These are described Jalng with suggestions for

future aircraft campaigns.
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1. Rosemount inlet cut-off

One of the key assumptions in this study is that the cut-dliusof the Rosemount
inlets (feeding the nephelometer and the PSAP) was-at1.5um; the same as
the maximum size measured by the PCASP. This was assumeddrageeVious
findings (Haywoodet al., 2003) that the aerosol optical depths derived from the
nephelometer and PSAP measured in dust during SHADE weea faf 1.5 too
small compared to AERONET measurements. This also repesbéine current
thinking at the time of the DODO campaigns (e.g. Osbanal., 2008; Johnson

et al, 2008; McConnelkt al,, 2008).

Lack of knowledge of the inlet cut-off radius is a problem whsipermicron size
particles are present, as with dust. This is appreciatedAM; and therefore for
an upcoming dust campaign the operation of two nephelosieide by side in
the BAe-146 is planned, one with a cyclone-impactor which alilow a known
cut-off radius to be applied to the measured aerosol pasticThis should provide
extra information on what sized particles are being measuBring SAMUM,
aircraft measurements of dust absorption were made by a R&#A&h was con-
nected to the same sampling line as a condensation partiotger. This allowed
knowledge of the size distribution measured by the PSAPchvhias determined
to bed < 2.5um, Petzoldet al. (2009). This technique could be applied on the
BAe-146 and would provide valuable information on the sisgrdbution measured

by the nephelometer and PSAP.

2. Chemical Composition

Spectral refractive index data calculated from filter saaps an important part
of radiative closure. The refractive index data availaloleffight b238 has been
extremely useful in this respect. However, due to the likkfierences in size dis-
tributions measured by the filter inlets, and the nephelensetd PSAP, comparing
the chemical refractive indices and the Mie code deriverhotive indices is not
straightforward. Refractive index data as a function of $iae the filter samples

(e.g. Ottoet al., 2009) would significantly improve this problem, thoughaibing
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the data would involve extensive laboratory work and this hat been possible

during DODO. Data of this type would be extremely valuabléuiture campaigns.

3. Coarse mode size distributions

During DODO, difficulties in measuring the coarse mode sigtridution were

encountered. This was partly due to the key instrument farsemode size dis-
tributions measurements (SID (Small Ice Detector)) betngck by lightning. As

a result other experimental instruments had to be reliechupauring SHADE an

FFSSP (Fast Forward Scattering Spectrometer Probe) waategeuccessfully to
measure coarse mode, and this has been operated during¢iné GERBILS dust
campaign on the BAe-146. It is recommended that effort isartagknsure that the
coarse mode size distribution can be adequately measurediddyle, calibrated in-
struments during future aircraft campaigns measuring. dilsis thesis has shown
that the optical properties of dust in the shortwave arengtsoinfluenced by the
coarse mode size distribution. Additionally the coarse ensize distribution is

important in determining the longwave radiative effect.

7.4 Final Comments

Chapter 1 showed that the valuesuwgffor dust reported in the literature cover a large
range due to uncertainties in the refractive index, siz&idigion and morphology. In
particular, the imaginary part of the refractive inde%anm varied by nearly two orders
of magnitude fron®.0004: to 0.017. This thesis has added to the volume of data available
on the magnitude of the single scattering albedo, massfgpesgtinction, asymmetry
parameter and the imaginary part of the refractive indexe @ata resulting from this
study placed,5*° at the higher range of the values in the literature, ffo®3 — 0.99, with
correspondingly low values of?°° from 0.0001: — 0.0046i. However, these values repre-
sent only the accumulation mode sized particles and ardiserts the amount of coarse
mode present, which can decreasg”’. Additionally then?>° results are dependent on
the size distribution measured by the nephelometer and PSAP

The recent number of dust field campaigns are leading to aiggamount of emerg-
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ing data concerning dust, andn; . Although values of measured, still vary greatly,
recent publications rarely find values@f® > 0.006i. Lower measurements af* are
generally attributed to the number of large particles pregeg. Ottoet al,, 2009) rather
than high imaginary refractive indices. Therefore it appdi&ely that the high, but widely
adoptedn?®° value 0f0.008: in dust models (Shettle and Fenn, 1979; WCP, 1983; Hess
et al, 1998) is an overestimate. Variations in the remaining eaofg:; values are likely
to be due to the composition of the dust, such as the propodfiabsorbing iron ox-
ides (Lafonet al, 2006). This thesis has shown that the optical propertidsraaginary
refractive index during DODO changed with the dust sourceimirous studies have
shown that composition changes with dust source (e.g. Clloaeeal., 1997; Claquin
et al, 1999; Caquineaet al., 1998, 2002). Due to the strong dependenceydn the
imaginary refractive index of dust, as shown in this thedetermining and parameter-
ising the composition of the different Saharan (and Sahgllust sources is extremely
important for the accurate modelling of the radiative dffeictransported dust. Using
accurate values of; for dust in satellite retrievals will have similar implicans.

This thesis has shown that the range of optical propertietisf measured during
DODO result in significantly different radiative effects. 1@&adering this, it is important
to continue to explore, constrain and attribute the valitghin the optical properties of
dust. The DODO project focused on West Africa in the coasigibn around Senegal and
Mauritania, and the results were limited to flights carried @ver a total time of around
two weeks. Further studies in different locations, and émgler time periods, could add
useful information on how the optical properties of dustyvan much larger timescales
and spatial areas. Recent and upcoming aircraft campaigheomloubt add to these
results, as will the new observatory at Cape Verde which agmadnitor atmosphere-
ocean interactions, including dust transport and deositi

Aircraft field campaigns allow the combination of chemicadattering and absorp-
tion, size distribution and radiative measurements to/fakplore the relationships be-
tween dust composition, microphysical and optical prapssthrough to the full radia-
tive effect. In this respect they can obtain valuable in-siteasurements of dust which

ground-based and satellite retrievals are unable to abtdowever, the DODO results
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were limited by several instrumentation issues and lacknoinkedge regarding instru-
ment inlet efficiencies. If future aircraft field campaigne able to make use of well-
calibrated, accurate instruments, there is real potefdialuture studies to further the
knowledge of the magnitudes and variability of dust optpraperties.

Due to the small-scale nature of dust uplift, which can ofierat a lower resolution
than that of regional dust models, challenges remain inrdostelust models to represent
reality accurately (e.g. Washingtat al., 2006; Heinoldet al,, 2009). However, the re-
cent North-African dust campaigns (DODO, DABEX, AMMA, SAMU&hd GERBILS)
have enabled significant improvements in the accuracy dfrdaodels through better un-
derstanding of the dust uplift mechanisms and through cosges with aircraft data
(e.g. Ackerleyet al,, 2009; Heinoldet al., 2009). As dust models improve and develop in
terms of the dynamics enabling dust uplift, and in terms efdize distributions uplifted
and transported, the representation of the chemical catigofor different source areas
should not be bypassed, since this is an important goveifrdust optical properties. A
combination of aircraft, ground and satellite measuresgnduld continue to be used for
assessing model accuracy. Recent developments in usinlifesalata to determine the
locations of dust sources (e.g. Schepamsil., 2007; Koven and Fung, 2008) should be
valuable in including the effects of varying compositiorttwgource in dust models.

The deposition of dust to the ocean can have a large impactimate. Aircraft
measurements can be used to validate and improve dust nibd=lgh comparing size
distributions of transported dust, for example, which getadmproved model estimates of
dust deposition. Aircraft measurements also provide data® chemical composition of
transported dust, such as iron content, which is importardéposition to the ocean. Re-
search cruises (e.g. Rijkenbeggal., 2008) provide key information on the amount, com-
position and effects in the upper ocean of dust which has 8epastited. Measurements
of this type can be linked to longer term data, from sataljiggound-based observatories
(such as the one at Cape Verde), and possibly in future also iy measurements
(e.g. Singeeet al,, 2003), allowing short-term intensive field campaign measients to
be applied to a longer time scale.

Dust has an important place in the climate system througdrantions with both
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shortwave and longwave radiation, and through depositiotihé surface of the Earth.
Although much dust is of natural origin, a significant prapmor may be anthropogenic
(Mahowaldet al, 2005), and this proportion may change in the future. Tloeesfif
dust emissions alter due to climate change or changing géuse, understanding the
impacts of dust on the climate is of great significance. Tihésis suggests that in terms
of the shortwave direct radiative effect of Saharan dusg, afrthe priorities should be to
determine how dust composition varies across specific ssuncNorth Africa, since this

has a large impact on the radiative effect.
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[11 North African dust is important for climate through its direct radiative effect on solar and
terrestrial radiation and its role in the biogeochemical system. The Dust Outflow and
Deposition to the Ocean project (DODO) aimed to characterize the physical and optical
properties of airborne North African dust in two seasons and to use these observations to
constrain model simulations, with the ultimate aim of being able to quantify the deposition of
iron to the North Atlantic Ocean. The in situ properties of dust from airborne campaigns
measured during February and August 2006, based at Dakar, Senegal, are presented here.
Average values of the single scattering albedo (0.99, 0.98), mass specific extinction
(0.85 m? g 1.14 m? g ), asymmetry parameter (0.68, 0.68), and refractive index
(1.53-0.0005i, 1.53—0.00141) for the accumulation mode were found to differ by varying
degrees between the dry and wet season, respectively. It is hypothesized that these
differences are due to different source regions and transport processes which also differ
between the DODO campaigns. Elemental ratios of Ca/Al were found to differ between
the dry and wet season (1.1 and 0.5, respectively). Differences in vertical profiles are
found between seasons and between land and ocean locations and reflect the different
dynamics of the seasons. Using measurements of the coarse mode size distribution and
illustrative Mie calculations, the optical properties are found to be very sensitive to the

presence and amount of coarse mode of mineral dust, and the importance of accurate
measurements of the coarse mode of dust is highlighted.
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1. Introduction

[2] Mineral dust is an important species in the Earth’s
atmosphere. Picked up from the surface around the globe,
the majority of this dust is a natural aerosol although models
suggest that 5—7% of the global dust loading is anthropo-
genic in origin [7egen et al., 2004] and this may be between
0 and 15% in the North African region [Yoshioka et al.,
2005]. Activities such as land use change and overgrazing
increase the dust available for uplift [e.g., Tegen and Fung,
1995]. Dust is lifted from land surfaces across the globe, but
Saharan mineral dust accounts for an annual source of 400—
700 Tg a~' [Washington et al., 2003], a large proportion of
the total. Dust is emitted from sources within North Africa,
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of which the Sahara forms the major part [e.g., Woodward,
2001], and can be advected across the Atlantic toward the
southeast USA and South America [Prospero, 1999; For-
menti et al., 2001; Reid et al., 2003]. Some of this dust
advection occurs during Africa-wide outbreaks [e.g., Slingo
et al., 2006]; there has been somewhat less focus on the
properties of airborne dust during less extreme outbreaks
and throughout the year.

[3] The most direct way in which mineral dust can
influence global climate is by scattering and absorbing
radiation, affecting both regional and global energy balance.
Mineral dust, perhaps most interestingly of all aerosols, can
affect both solar and terrestrial radiation. In the shortwave
part of the spectrum, dust scatters radiation back to space
but depending on the albedo of the underlying surface it can
either increase (over ocean) or make little difference (over
desert) to the total albedo. The impact in the longwave
depends crucially on the surface temperature and the alti-
tude of the dust layer. Radiation from the ground is
absorbed in the dust layer and reemitted back toward the
ground thereby potentially increasing the surface tempera-
ture. For dust over the ocean surface the result is usually
dominated by the solar effect, however for dust at altitude
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over a desert surface the longwave effect can dominate the
flux changes at the top of the atmosphere. It is also
important to distinguish between the effect at the top of
the atmosphere and at the surface, since the direct solar
radiation reaching the ground can be dramatically reduced
while the diffuse component increases substantially during
major dust outbreaks. The impact of dust on longwave
radiation is important for satellite retrievals of sea surface
temperature and the spectral signal within the 8—12 pum
region can be used to infer the mineralogy of the dust
[Highwood et al., 2003]. The Saharan Dust Experiment
(SHADE) surveyed the optical properties and radiative
impact of Saharan dust during September 2000 [Haywood
et al., 2003]. Magnitudes for the local direct radiative effect
over the ocean reached as much as —130 W m ™2 at the top
of the atmosphere for an individual dust storm. Slingo et al.
[2006] also showed top of atmosphere shortwave flux
increased by 100 W m™ = while the surface downward solar
flux at Niamey reduced by as much as 300 W m ™2 for the
dust storm of early March 2006. These are considerable
perturbations to the local energy balance. In terms of global
climate change, the IPCC 2007 report considered the
anthropogenic dust top of the atmosphere radiative forcing
to range between —0.3 W m ™2 and +0.1 W m ™ [Forster et
al., 2007]. Key parameters for determining the radiative
effect of dust include the single scattering albedo (wy), the
asymmetry parameter (g), and the mass specific extinction
(kext), which are dependent on size distribution and refrac-
tive index.

[4] Other impacts of North African dust on the climate
system are less well studied and quantified. Even small
concentrations of mineral dust are thought to be able to
significantly affect cold cloud properties including the
radiative properties of cirrus, dehydration of the tropopause
and convective cloud dynamics. Laboratory studies show
that dust might act as ice nucleii and have shown dust to
exhibit complex primary and secondary nucleation at vary-
ing ice supersaturations [e.g., Field et al., 2006]. Accord-
ingly, DeMott et al. [2003] results from CRYSTAL-FACE
(The Cirrus Regional Study of Tropical Anvils and Cirrus
Layers—Florida Area Cirrus Experiment) showed that
Saharan dust plumes were associated with elevated ice
nuclei counts across Florida, while Richardson et al.
[2007] showed a proportionately high contribution to ice
nuclei by mineral dust over the continental USA. It has also
been hypothesized that dust may provide a surface for
heterogeneous chemical reactions to take place. For exam-
ple, ozone can be destroyed on pure calcium carbonate
particles. Salisbury et al. [2006] found that daily cycles and
absolute concentrations of some oxygenated species were
different during dust storms in the MINATROC (Mineral
dust aerosol and tropospheric chemistry) project. However,
it was impossible to unequivocally attribute this to hetero-
geneous reactions on the dust itself.

[5s] Airborne North African dust is of great interest to
marine biologists. Much of the dust leaving the western
coast of Africa is deposited in the Atlantic Ocean where it
provides a flux of nutrients such as iron and phosphorus to
the ocean. This deposition stimulates nitrogen fixation and
relieves iron limitation of phytoplankton activity. The
resulting growth of marine biological organisms results in
ocean sequestration of carbon dioxide and fluxes of hal-
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ocarbons, alkylnitrate and DMS between atmosphere and
ocean. Iron from mineral dust therefore plays an indirect
route in carbon and other mass fluxes between atmosphere
and ocean [Jickells et al., 2005].

[6] One climate impact which has received much interest
in recent years has been the role of North African dust in
tropical storm and hurricane formation. Jones et al. [2004]
reported indirect observations of modification of African
Easterly Waves (the forerunner disturbances of some hurri-
canes) via the radiative impacts of dust. Evan et al. [2006]
showed that mean dust coverage as measured by satellites
and tropical cyclone activity are strongly correlated over the
North Atlantic. Particular highlight has been given to the
contrasting North Atlantic hurricane seasons of 2005
(active, fewer dust outbreaks than normal) and 2006 (less
active, more dust outbreaks than normal). However, this is
not in itself enough to suggest that the dust is directly
influencing the tropical cyclones. Various mechanisms
including the radiative impact on sea surface temperature,
and alteration of vertical shear regions, and the entrainment
of dust laden dry air have been proposed. However, none of
these have been shown to be a predominant governor of
cyclone activity, with N. Atlantic sea surface temperatures
playing a very large role in determining the cyclone activity.
The correlation between dust and cyclone activity may stem
from them both being driven by a third party, for example
Sahelian rainfall in the previous season.

[7] Because of the significant destructive capacity of
hurricanes, there is considerable interest in summer season
dust uplift and transport. The mechanisms of dust produc-
tion and uplift are rather different between dry season
(November to March) and the wet season (July—September).
During the dry season, dust in western Africa is mainly
found at low altitudes and its uplift often results from
activity along trailing cold fronts associated with systems
passing through the Mediterranean region. Orography and
local advection effects then magnify the dust uplift [e.g.,
Slingo et al., 2006]. The winter season, therefore, tends to
produce very dramatic dust outbreaks that last a few days.
During the wet season, dust tends to be uplifted in convection
over the African continent and then transported westward at
altitude. The different transport mechanisms between sea-
sons could have an effect on the size distribution of dust,
and hence result in different optical properties. The vertical
profiles of dust also vary substantially between seasons
[e.g., Karyampudi et al., 1999; Zhu et al., 2007], which
will also have an impact on the radiative effect.

[8] In addition, there is evidence that the African source
regions may differ throughout the year [e.g., Schepanski et
al., 2007; Washington et al., 2003; Chiapello et al., 1997)].
The Bodélé Depression in Chad is perhaps the major source
region for mineral dust, but there are significant sources in
the western Sahara which also influence the dust flowing
toward the Atlantic. As shown by Washington and Todd
[2005] and Engelstaedter and Washington [2007], there is
evidence that the uplift from these different sources
responds to different parts of the atmospheric dynamics.
In the case of the Bodélé Depression the presence and
strength of the low-level jet is important, while dust
production from the western Sahara seems to be more
closely related to the degree of low-level convergence.
Differing mineralogy at these sources may influence the
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DODO campaign meteorology from ERA operational analyses. The 1000 mbar geopotential
(m* s for (a) DODOI1 period 7—17 February 2006, (b) DODOI1 period 14—16 February 2006, and
(¢) DODO2 period 22—-28 August 2006. The 850 mbar wind vectors for (d) DODOI1 period 7—
17 February 2006, (¢) DODOI1 period 14—16 February 2006, and (¢) DODO2 period 22—-28 August

2006. Locations of Dakar and Nouakchott are indicated by a star and circle, respectively.

30f 19

D14S05



Appendix A. Paper published in the Journal of GeophysicabReh 270

D14S05 MCCONNELL ET AL.: SEASONAL VARIATIONS OF SAHARAN DUST D14S05

b169
b170
b171
b173
b174
b175

P,
CRN 9
]
o &°
__ b237
,,,,,,,,, b238
R b239
_————— b240
— b241
— — . b242
>)
o~ %\\\ -
[ 2N -
(=] b ° \\\

Figure 2. Flight tracks for (a) DODO1 and (b) DODO2 campaigns based in Dakar, Senegal.

composition of mineral dust [ Claquin et al., 1999; Formenti et
al., 2008] and its microphysics, and thus the radiative impact
[e.g., Todd et al., 2007; Highwood et al., 2003].

[9] It is important to remember that dust is not the only
aerosol that affects sub Saharan Africa. During the dry
season, considerable biomass burning activity along the
coast of the Gulf of Guinea and convection there results
in a ubiquitous layer of biomass burning aerosol at higher
altitudes above the dust, and this complicates retrieval of
aerosol properties from AERONET (Aerosol Robotic Net-
work) and satellite methods as biomass burning aerosol has
quite different properties to dust. The interaction of dust and

biomass during January—February 2006 was examined in
detail by the Dust and Biomass Experiment (DABEX) of
the UK Met Office [Johnson et al., 2008; J. M. Haywood et
al., Overview of the Dust and Biomass Burning Experiment
and African Monsoon Multidisciplinary Analysis Special
Observing Period-0, submitted to Journal of Geophysical
Research, 2008] and parallels between dust and biomass
found during that campaign and those reported here are
discussed by Osborne et al. [2008].

[10] In terms of understanding the climate impact of dust
throughout the year there is clearly a need to establish
whether the likely seasonal differences in uplift and trans-
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Table 1. Summary of Flights During DODO1 and DODO2 Campaigns

Flight Number Date Takeoff, Landing Operating Area Objectives
DODO1
B169 7 Feb 2006 112228, 141834 over ocean south of Dakar instrument shake-down, biomass burning aerosol
sampling
B170 11 Feb 2006 095447, 145335 over ocean south of Dakar in situ biomass aerosol collection
B171 12 Feb 2006 084911, 130656 north of Nouadhibou, over model validation for major dust storm to north of
(B172) ocean region; aircraft lost science power during refuel
therefore no data available from B172
B173 14 Feb 2006 094953, 143615 coastal region, in situ sampling of local dust source
Dakar-Nouackchott
B174 15 Feb 2006 094400, 131354 over sea north and in situ sampling of dust advected over ocean and
south of Dakar biomass aerosol
B175 16 Feb 2006 085143, 141538 land regions in in situ sampling and radiometric measurements
northern Mauritania over land, moderate dust loading
DODO2
B237 22 Aug 2006 135855, 182401 over ocean northwest of Dakar in situ and radiation measurements of dust over
ocean off Senegal/Mauritania coast
B238 23 Aug 2006 130025, 173152 land regions in sample heavy dust loadings over land in Mauritania
northern Mauritania forecast by dust models and visible in
satellite imagery
B239 24 Aug 2006 095141, 135328 over ocean, between and in situ measurements of dust forecast over ocean to
to the south of Dakar and Sal south of Dakar-Sal area
B240 24 Aug 2006 151619, 193645 over ocean northwest of Dakar mapping of in situ dust to north of Dakar for
comparison with B239
B241 25 Aug 2006 135438, 183200 over ocean between intercomparison flight with NASA DC8 and
Nouadhibou and Dakar high-level calibration of radiometers
B242 28 Aug 2006 110243, 153338 over ocean northwest of Dakar in situ and radiation measurements of moderate

dust loadings to north of Dakar

port processes lead to any discernible influence in radiative
or microphysical properties. From a biogeochemical point
of view, these may also lead to differences in nutrient
deposition to the ocean. The Dust Outflow and Deposition
to the Ocean (DODO) project was conceived to use aircraft
measurements of airborne dust to constrain model estimates
of dust deposition to the ocean. The microphysical and
optical properties and the vertical structure the dust that
were measured during the two major fieldwork periods in
Africa are described in this paper. Section 2 describes the
airborne campaigns and instrumentation in more detail,
including measurement correction procedures based on an
intercomparison flight with the NASA DC-8 aircraft. The
characteristics of dust found during both DODO campaigns
are described in sections 3, 4 and 5. The paper ends with
discussion in section 6. The project is ongoing, and model
results will be reported elsewhere in due course.

2. Methodology
2.1. DODO Meteorology and Flight Patterns

[11] In order to characterize airborne North African dust
and outflow to the ocean in both the dry season and the wet
season, two airborne campaigns based in Dakar, Senegal,
were organized. DODOI took place during the dry season
from 7 to 16 February 2006, while DODO2 followed in the
wet season from 22 to 28 August. Both campaigns were
also associated with the AMMA (African Monsoon Multi-
disciplinary Analysis) project [Redelsperger et al., 2006].
The 1000 mbar geopotential and 850 mbar wind vectors are
shown in Figure 1, for the whole of DODO1 (Figures la
and 1d), the last 3 days of DODO1 (Figures 1b and le), and
the whole of DODO2 (Figures 1c and 1f). During DODO1
the flow changed substantially: for the first week the flow
was dominated by an anomalous low-pressure system

located over the Canary Islands, shown by the geopotential
lines in Figure la, which resulted in little offshore flow in
the region between Dakar and Nouakchott (Figure 1d). This
is contrary to the predominantly easterly flow that would be
expected from climatology [e.g., Hastenrath, 1991] and no
dust was sampled during this period. The flow changed
during the three final days of the campaign, becoming more
climatological with northerly/northeasterly flow to the north
of Dakar (Figures 1b and le), advecting light dust loadings
toward Dakar. During this period the dust samples discussed
in this study were collected on flights B173, B174 and B175
(Figure 2a). This flow pattern is not reflected in the DODO1
averages (Figures la and 1d) because of its short time
duration. To the south of Dakar the flow was offshore
(see Figure 1d) giving rise to the advection of biomass
aerosol (originating from southern West Africa) at midlevels
in the troposphere, this being sampled during three of the
six DODOI1 flights which operated to the south of Dakar
(see Figure 2a).

[12] The geopotential in Figure 1c shows the Saharan heat
low positioned over Algeria during DODO2. The wind
vectors at 850 mbar suggest offshore flow to the north of
Dakar, with a recirculation to the south of the region.
However, it is important to note that these mean circulation
patterns are a combination of flow patterns from a succes-
sion of African easterly waves that passed over Dakar
during this time, bringing relatively large meridional excur-
sions of alternately dry and moist airflow over Dakar. The
six flights during DODO2 concentrated mainly on the ocean
and land areas to the north of Dakar (Figure 2b), reflecting
the largest likelihood of dust sampling. During DODO2,
Dakar itself was frequently affected by clouds associated
with Mesoscale Convective Systems which passed mainly
to the south of the main operating area. A summary of the
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Table 2. Summary of Aerosol-Related Instruments on Board the FAAM BAel46 Operated During the DODO Campaigns

Size Range (Optically Equivalent Radius),

Type of Measurement Instrument Wavelengths, etc. Comment
Aerosol microphysics PMS PCASP, GRIMM 0.05-1.5 pm, 0.15-20 pm, 2.5-20 pm
OPC, DMT CDP

Aerosol optical properties TSI nephelometer, PSAP

Aerosol chemical composition bulk filters, Aerodyne

AMS, VACC
Trace gas chemistry 05, CO
Thermodynamics AVAPS

A =0.45,0.55,0.7 pm; A= 0.567 pm

90-mm Nuclepore 0.4 pm pore size;
quartz; Particle sizes 50—500 nm;
temperature range 50—300°C,
PCASP 0.05-1.5 yum

particle scattering coefficient,
particle absorption coefficient
inorganics (elements and water
soluble fraction), carbon (EC and
OC), volatile and semivolatile
aerosols, water and volatile material
05 and CO are sampled using online
analyzers
temperature, pressure, winds, GPS

location, duration and nature of the flights in both DODO
campaigns is given in Table 1.

[13] In this study results are presented for aircraft maneu-
vers consisting of vertical profiles, measuring the vertical
distribution of aerosol, and straight and level runs, measur-
ing in situ aerosol for a duration of between 5 and 30 min at
a constant altitude. Vertical profiles range from either
ground level (in the case of takeoff or landing) or the
aircraft’s minimum safe altitude of 50ft over sea or approx-
imately 500ft over land, to above the aerosol layer. The
aircraft flies at 110 m s~ ' but ascends/descends at 5 m s~
and therefore covers considerable horizontal distance during
a profile, which means that the straight and level run data is
valuable in terms of showing the horizontal variation. Most
instruments on the BAel46 (including the nephelometer)
sample at least 1Hz, giving good resolution of data in the
vertical and horizontal. Straight and level runs will hereafter
be referred to as “runs.”

2.2. BAel46 Instrumentation

[14] The core instrumentation on the UK community
Facility for Airborne Atmospheric Measurements (FAAM)
BAel46 is described by Haywood et al. (submitted manu-
script, 2008). Details of the most relevant instrumentation
for acrosol and dust measurements are given in Table 2. Key
instruments included the wing-mounted Passive Cavity
Aecrosol Spectrometer Probe (PCASP), TSI integrating
nephelometer model 3563 and Radiance Research Particle
Soot Absorption Photometer (PSAP) (corrected according
to standard procedures as in the work by Bond et al. [1999])
in terms of aerosol microphysical and optical properties for
the accumulation mode.

[15] Bulk filters were used to collect samples of airborne
dust. The aerosol sampling system used on board the
BAel146 is identical to that previously used on board the
UK Met Office C-130 and is described in detail by Andreae
et al. [2000], who estimated the inlets to the filters to sample
35% of the coarse mode by mass. Aerosol particles were
sampled by filtration onto two stacked filter units (SFUs)
mounted in parallel. Each SFU can hold a maximum of
three filters on sequential 47-mm diameter polyethylene
supports, but only one stage was used during DODO.
Samples were collected only during horizontal flight legs
lasting not less than 20—-30 min in order to guarantee
sufficient loading of the filter samples. One SFU consisted
of a Nucleopore filter (nominal pore size 0.4 m) measuring
the inorganic composition. The second SFU was used for
measuring carbonaceous aerosols on one quartz filter.

2.2.1. Nephelometer Corrections Using the DC-8
Intercomparison

[16] During DODO?2, the BAel46 flew a wing tip to wing
tip comparison flight (B241) with the NASA DC-8. Flight
B241 included 3 straight and level runs within the Saharan
Air Layer over the Atlantic Ocean to the north of the Cape
Verde Islands (see Figure 2b). This provided an opportunity
to compare the nephelometers on board both aircraft. The
BAel46 was operating a TSI 3563 nephelometer running
from a Rosemount inlet, which has been estimated by
Haywood et al. [2003] to have an upper limit for dust
particles at around 3 pm in terms of optical diameter,
although the true cutoff is not well defined. The DC-8 operated
a TSI 3563 nephelometer behind the NASA LaRC type
inlet. This inlet has been shown to give a 50% loss of dust
particles above 3.6 ym aerodynamic diameter (giving an
optically equivalent diameter of 2.0 pm [McNaughton et al.,
2007]).

[17] Figure 3 shows the scattering from the DC-8 and the
BAel146 TSI nephelometers during one of the three straight
and level runs from flight B241. In each case, both
nephelometers measured dry scattering at low values of
relative humidity and the data has been corrected as advised
by Anderson and Ogren [1998]. Relative humidity during
these runs varied between 52% to 69% and so no attempt

B241 Run 2

150 '

Scattering Mm

152931 153355 153819

Time

154243 154707

Figure 3. Nephelometer measurements of scattering in
Mm™! from intercomparison flight B241 (BAe146 run 2) at
2100 m within dust layer. Heavy lines are BAel46
measurements corrected according to Anderson and Ogren
[1998]. Light lines are DC-8 TSI nephelometer data
corrected similarly. Dotted lines are 450 nm, solid lines
are 550 nm, and dashed lines are 700 nm.
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Table 3. Linear Pearson Correlation Coefficients (r) Between
DC-8 and BAel46 Data During Three Wing Tip to Wing Tip
Straight and Level Runs Within Dust Layers During DODO2
Flight B241

Channel Run 1 Run 2 Run 3
0.45 pm 0.93 0.96 0.93
0.55 pm 0.82 0.97 0.94
0.70 pm 0.80 0.94 0.91

has been made to account for any hygroscopic growth,
which is thought to be small for dust particles within this
range of humidities [e.g., Li-Jones et al., 1998; Carrico et
al., 2003] It is apparent that the two nephelometers are
sampling similar variability in the aerosol layer (i.e., spatial
variability) however there is a significant offset between the
two instruments, with the BAe146 scattering being substan-
tially lower than the DC-8. In addition, the 450 nm channel
on the BAel46 nephelometer is reading relatively much
lower than other frequencies compared to the DC-8. The
ratio between DC-8 and BAel46 values is approximately
2.5 in each of the 3 runs. Table 3 shows the linear Pearson
correlation coefficients (r) for scattering measured by the
two systems at the three different wavelengths during the
three different straight and level runs within dust. The
average ratios of the DC-8 to BAe146 scattering across the
three runs were 7.3, 2.36 and 2.4 at 450, 550 and 700 nm
respectively.

[18] The combined evidence of (1) high correlation
between the two nephelometers at all wavelengths and in
all three runs, (2) higher scattering measured by the
DC-8 nephelometer by a factor of 2.5, and (3) underesti-
mation of aerosol optical depth by the nephelometer and
PSAP compared to AERONET by an average factor of 3.1
(see following paragraph), point to a fault with the BAel46
nephelometer, suggesting a sensitivity loss perhaps due to
the high dust loadings experienced during an immediately
preceding campaign where the nephelometer was not close-
ly monitored and which may have resulted in the detectors
becoming dirty. On the basis of the similar inlet cutoff
diameters on the two aircraft and the large differences in
scattering between the two nephelometers, it is thought
unlikely that the differences in scattering are due to the
DC-8 inlet having a greater passing efficiency.

[19] It was therefore decided that for DODO?2, the
BAe146 nephelometer data would be scaled to agree with
the DC-8 TSI data. A linear fit was used to fit the BAe146
data to the DC-8 data. The resulting corrections using the
average fit parameters across all three runs for 450, 550 and
700 pm channels of the BAel46 scattering data are shown
below.

o0 (inm™') =332 x 1076 +7.3 x o*° (1)
Too(inm™) = 113 x 107 +2.36 x 0°* 2)
ol (inm™') = 10.1 x 1070 + 2.4 x 7 3)

Note that a larger correction for blue wavelengths is
required because of the very low scattering at blue
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wavelengths compared to red and green wavelengths.
Figure 4 shows the effect of this correction for one of the
straight and level runs, the triangles representing the
correlation of the original BAel46 data with the DC-8
data, and the diamonds the improved correspondence when
the fits in equations (1)—(3) above are applied. It should be
noted that the uncertainty in passing efficiency of the
BAe146 Rosemount inlet relative to the DC-8 LaRC type
inlet results in a small amount of uncertainty in applying the
scaling factor from the intercomparison flight B241 to the
other DODO2 flights where the aerosol size distributions
and optical properties may be different.

[20] The underestimation of scattering by the BAel46
nephelometer can also be shown by comparing optical
depths measured by the Dakar AERONET station at Mbour
to those obtained by integrating the vertical profiles of
scattering in the vicinity of the only AERONET station,
according to the expression:

z

0.550
S / o 1, ()
Wy
0

0

where w3 ° is the single scattering albedo calculated from a

horizontal run in a dust layer at an appropriate altitude.
PSAP data is only used for straight and level runs when the
flow rate has been manually set to 3 L per minute and
integration of absorption measured by the PSAP during
profiles is not possible as the flow rate is not recorded on
the BAel46. The comparison of calculated AODs with
those measured by AERONET is shown in Table 4.
DODOI1 profiles (assumed to be unaffected by the
nephelometer issues, but still affected by any inlet losses)
underestimate AOD compared to AERONET by a factor of
1.54 which is consistent with previous experience during
SHADE [Haywood et al., 2003], this being attributed to loss
of coarse mode particles in the instrument inlet. The
DODO2 comparison using data corrected using the DC-8

B241, Run 2
150 [ ‘ ‘
8 [ o
E [ s 0/\
2 100+ 09 > .
s | o8 .
§ L $
S s0r :
= I
5 [
3 I
ol
0 50 100 150

DC-8 scattering Mm”

Figure 4. Correlation plot of DC-8 and BAel46 nephel-
ometer measurements from BAel46 runs 1-3 of flight
B241. Triangles show BAel46 data with correction only
according to Anderson and Ogren [1998]. Diamonds show
BAel46 data corrected according to a linear fit against the
DC-8 data at each of three wavelengths and averaged across
all three runs. Heaviest symbols are 550 nm, and palest are
700 nm.
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Table 4. Correction Factors Obtained From Comparing AERONET Optical Depths at Dakar With Integrated
Extinction From Accumulation Mode Measurements During Aircraft Profiles at Dakar

Aircraft-Based
550

AERONET Optical Depth

Flight Profile Optical Depth 7 at 550 nm TagrONET C = TApRONET/T
DODO1
B168 P17 0.21 0.38 1.83
B169 Pl 0.30 0.24 0.81
B171 Pl 0.11 0.11 1.00
B173 P1 0.09 0.12 1.34
B174 P10 0.05 0.11 2.03
B175 P1 0.12 0.15 1.19
B175 P8 0.04 0.11 2.56
Mean 1.54
DODO2
B236 P10 0.33 0.23 0.71
B237 P8 0.61 0.64 1.06
B238 Pl 0.38 0.68 1.80
B238 P9 0.42 0.48 1.16
B242 Pl 0.18 0.42 2.30
B242 P11/P12 0.27 0.29 1.08
Mean 1.35

data gives a similar underestimate, whereas using data not
corrected in equation (2) the aerosol optical depth was
underestimated by a factor of 3.1.

[21] The variability of the underestimation of aerosol
optical depth shown in Table 4 is assumed to be related to
differing amounts of coarse mode aerosol being present,
although some of the variation may be explained by
discrepancies in inlet passing efficiency between the two
aircraft which would result in a different scaling factor
being required for different size distributions. As concerns
hygroscopic growth, few estimates of hygroscopicity of
Saharan dust exist, but it is likely that relative humidity
effects are small. When dust is mixed with large amounts of
other aerosols, humidity can be more important, but using
the hygroscopic growth values for submicron Asian dust
mixtures of Carrico et al. [2003] and biomass burning
aerosol hygroscopic growth characteristics from Magi and
Hobbs [2003] with our profiles resulted in AOD estimates
far larger than those from AERONET. Therefore we do not
account for hygroscopic growth here, but acknowledge that
this could result in small increases in the calculation of
AOD. The average distance between the mean profile
location and the AERONET station varies between 29 and
254 km (mean of 114 km). Despite some of the profiles
being further away from the AERONET station there is no
correlation between distance to the AERONET station and
the ratios of the AODs, so this is unlikely to be the main
cause of differences in AOD.

[22] The comparison of AERONET and aircraft-measured
AODs points to a consistency between approaches and
supports that the scaling of the BAel46 nephelometer to
the DC-8 nephelometer. Further examination, on a flight by
flight basis, of the nephelometer behavior during the
AMMA airborne campaign immediately prior to the
DODO2 campaign suggests that the instrument apparently
developed a problem just before deployment in DODO2, a
problem that we were not able to rectify in the field.
Unfortunately it is not possible from these comparisons to
ascertain precisely the problem with the BAel46 nephe-
lometer during DODO2, although loss in the inlets of larger
particles is certainly a contributing factor, and this is partly

responsible for the underestimation of AOD in both DODO
campaigns. No further attempts were made to adjust the
nephelometer scattering data for hygroscopic growth for the
cases presented here, based on low relative humidity values
during runs sampling dust (46% on average during the
whole of DODO) and low expected hygroscopic growth
rates for dust particles [e.g., Li-Jones et al., 1998; Carrico et
al., 2003].

2.2.2. Measurement of Size Distribution

[23] The accumulation mode is measured by a wing-
mounted PCASP which measures particles sized between
0.05 and 1.5 pm optically equivalent radius. It is assumed to
sample at 100% efficiency at all sizes because of the short
sampling lines and relatively small maximum size. Errors in
the PCASP-measured size distribution due to nonspherical
particles [Osborne et al., 2008] are moderate compared to
other sources of uncertainty affecting the optical properties
presented here.

[24] Measurements of the coarse mode size distribution
are much less well defined than those for the accumulation
mode [e.g., Reid et al., 2003], and measurement techniques
on the FAAM BAel46 are less well validated. During
DODO2 the coarse mode was measured by a Droplet
Measurement Technology cloud droplet probe (CDP-100)
(see Table 2) and by particle counting software used on
scanning electron microscope (SEM) analysis images from
filter samples (see Table 2). An internal optical probe was
run but line losses prevented any meaningful numbers being
used for the supermicron sizes. Limitations of each tech-
nique for measuring the coarse mode and the processing of
the size distributions in order to allow comparisons are as
follows:

[25] 1. The CDP is mounted nonoptimally 10 cm away
from the aircraft skin which resulted in some initial uncer-
tainty in the sample volume as a function of particle size
[Abel, 2007]. Subsequent comparisons with several cloud
instruments, including FSSP-100, Johnson-Williams, Small
Ice Detector and Nevzorov were used to determine the
sample volume which showed a consistent behavior for
droplet sizes below 20 pm radius [4bel, 2007]. On the basis
of these comparisons the CDP number concentration for
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particles up to a radius of 20 pm has been adjusted by a
factor of 0.35 to account for uncertainties in the sample
volume. Above 20 pm radius the CDP has a shadowing
effect due to its position on the aircraft and hence data from
sizes larger than this has been discounted. The lower edge
of the smallest CDP size bin is not well characterized and
has also been discounted. To create a full size distribution
the CDP size distribution has simply been joined onto the
PCASP size distribution, and in most cases the transition
from PCASP to CDP size distribution appears smooth.

[26] 2. Filter samples were also used to obtain another
estimate of the coarse mode size distribution. SEM analysis
was performed at the Laboratoire Interuniversitaire des
Systemes Atmospheriques (LISA) in Créteil, France. Parti-
cle counting software was used on SEM images of dust
samples to obtain a size distribution (as described by Chou
et al. [2008]). The smallest 4 size bins from the SEM size
distribution were defined to be the same as the largest 4 bins
from the PCASP, so that the PCASP and SEM size
distributions overlap. The SEM number distribution was
higher than that of the PCASP in the four overlapping bins
and a scaling factor was necessary to match the two. The
whole SEM size distribution was then scaled down accord-
ingly. The SEM technique is a 2-D procedure which
measures geometrical diameter, and may overestimate par-
ticle diameters if the dust particles are nonspherical. Thus
the scaling down of the SEM size distribution can partly be
interpreted as accounting for this overestimation of diame-
ter, as well as a conversion from geometrical to optical
diameter. Errors in the PCASP size distribution due to the
refractive index and particle shape might also intervene as
estimated by Osborne et al. [2008], but are not able to
account for the difference between the SEM and PCASP
size distributions.

[27] Because of limitations with each technique we regard
the various estimates of the coarse mode as a range of
possibilities.

2.3. Dispersion Modeling Using NAME

[28] To identify potential dust sources, investigations
were undertaken using the UK Met Office Numerical
Atmospheric-dispersion Modeling Environment (NAME).
This is a Lagrangian particle model [Ryall and Maryon,
1998] in which emissions from pollutant sources are repre-
sented by parcels released into a model atmosphere driven
by the meteorological fields from the Met Office’s numer-
ical weather prediction model, the Unified Model [Cullen,
1993]. Each parcel carries the mass of one or more pollutant
species and evolves by various physical and chemical
processes during its lifespan. Although originally designed
as an emergency response tool, NAME has subsequently
been developed for a wide range of applications [e.g.,
Middleton et al., 2008; Gloster et al., 2007, Webster et
al., 2007; Witham and Manning, 2007].

[20] In this work two approaches have been taken. First,
to identify potential source regions of the dust measured
during DODO, NAME was initiated at a location where the
aircraft had measured dust, and the air mass was run
backward in time over 5 days in order to identify locations
where the air mass had been in the lower boundary layer,
within 200 m of the surface. While this technique highlights
regions from which the air originated, it does not indicate
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where dust was actually uplifted. In recent years a dust
scheme has been developed [4thanassiadou et al., 2006] in
which dust is dynamically lifted, transported and deposited
on the basis of the surface properties and meteorology.
Therefore second, the relative contribution to the dust
observed by the aircraft originating from different parts of
the model domain have been identified by altering the
extent of the modeled domain.

3. Identification of Aerosol Types

[30] The dominant aerosol types encountered during
DODO were mineral dust (both campaigns) and biomass
burning aerosols (DODO1 only). In order to isolate runs
where the accumulation mode was dominated by dust only,
we first removed runs where scattering from the nephelom-
eter at 450 nm was greater than 550 nm and 700 nm,
indicating the presence of biomass burning aerosol. For the
remaining runs, we then looked at data from the aerosol
mass spectrometer (AMS) and at the analysis of filter
samples using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Analysis of air
mass origin (see section 5) was not part of the selection
criteria for dust cases, but the results support the hypothesis
that the selected cases were dust aerosol, having sources in
the Sahara and Sahel. However, we note that air mass
origins do indicate that dust sampled during flights B173
and B174 had air mass origins around Spain and Portugal as
well as in the northwest Sahara.

[31] Analysis of filter samples does not suggest any
mixing of aerosol types or the presence of other compo-
nents. Submicron mass loadings of organics and sulfates for
DODOI1 were determined using AMS data [see Capes et al.,
2008]. The dust cases described in this study have less than
15% of the submicron mass constituted by sulphates and
organics, and can therefore be considered as dominated by
dust in the accumulation mode, with the exception of run
3.1 in flight B174 where higher mass loadings of sulphates
were found. On this basis, the aerosol samples presented are
referred to as dust, on the assumption that mineral dust is
almost certainly the dominant aerosol type and that mixing
with other components is thought to be unlikely for the runs
that have been selected.

4. Characteristics of Dust in DODO1 and
DODO2
4.1. Vertical Profiles

[32] Figure 5 shows the variety of vertical profiles of dust
(and biomass burning aerosol) found during the DODO
campaigns. In each case, the scattering coefficient at
550 nm, Angstrom exponent (calculated using the 550
and 700 pum channels of the nephelometer), and ozone
mixing ratio are shown. Small or even negative Angstrom
exponent values imply larger particles (more likely to be
dust), while larger positive values suggest small particles
(more likely to be biomass burning or anthropogenic
aerosol).

[33] Over land, close to the source, vertical profiles are
quite similar for both the dry and wet season (Figures 5a
and Sc), both showing a dust layer close to the surface.
Figure 5a in the dry season (flight B175) shows a thick dust
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Figure 5. Vertical profiles of corrected 550 nm scattering (Mm '), ozone mixing ratio (ppbv) and 550—
700 nm Angstrom exponent for (a) B175 profile 7 (Mauritania, dry season), (b) B174 profile 6 (over
ocean, dry season), (c) B238 profile 3 (Mauritania, wet season), and (d) B237 profile 2 (over ocean, wet

season).

layer from the surface extending to 3000 m with the largest
scattering toward ground level. The wet season (Figure Sc,
flight B238) shows a similar layer also extending to around
3000 m, but with peak scattering at around 1000 m. Above
3000 m low scattering values (<100 Mm™") extend up to
6000 m, whereas in the dry season no aerosol was seen
above 3000 m. Temperature and dew point temperature
values (not shown) indicate that the boundary layer heights
for to these two profiles correspond to the altitude at which
the scattering drops sharply, at around 3000 m for Figure Sa
and around 6000 m for Figure Sc, although there is a minor
inversion at around 1500 m, just above the scattering peak
at 1000 m. Thus it appears that the differences in the vertical
profiles of dust are due to seasonal variations in the height
of the boundary layer, although the location of the profiles
relative to the sources may also be a contributing factor.
[34] Figures 5b and 5d are profiles over the ocean from
dry season (flight B174) and wet season (flight B237)
respectively. During the dry season (Figure 5b) the scatter-
ing shows multiple layers of aerosol with one below 1000 m,
and a second thicker layer, itself with considerable vertical
structure, between 1500 m and 4000 m. The Angstrom
exponent suggests different aerosol characteristics between
these two layers with larger particles in the lower-altitude

layer. Ozone concentration is also positively correlated with
the scattering in the upper layer, but not in the lower layer.
This type of profile was common particularly during the
more southerly flights in DODO1 and consists of a low-
altitude layer of dust (present to varying degrees) and a
higher-altitude layer of biomass burning aerosol (most
likely mixed with some dust [e.g., Johnson et al., 2008]).
In contrast, during the wet season over the ocean (Figure 5d),
there is no biomass aerosol present and instead there is a
layer of weaker scattering from particles with a low
Angstrom exponent between 4000 and 6000 m. The ozone
shows an increase, as would be expected at altitude, but no
positive correlation with the scattering as was observed in
the winter season. The 4000 to 6000 m layer is presumably
the Saharan Air Layer (SAL), containing mineral dust,
which is uplifted by dry or moist convective activity over
source regions to higher potential temperature surfaces, and
then advected out over colder layers above the ocean. There
is some evidence that the angstrom exponent decreases
toward the ocean surface, suggesting the deposition of
larger particles. The seasonal variation in aerosol profiles
over the ocean will have important effects in terms of the
longwave radiative effect, which depends on the altitude of
the dust layer [e.g., Highwood et al., 2003], and also in
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Figure 6. Size distributions measured by the PCASP on all runs dominated by dust, along with the
average (heavy line) and errors (one standard deviation over each campaign) for (a) DODOI1 and
(b) DODO2. (c¢) Average size distributions for DODOI1 (solid line) and DODO2 (dashed line).
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Figure 7. Volume size distributions for B238 run 4.1 at 1 km altitude on 23 August 2006 over
Mauritania. The coarse mode was measured by a Cloud Droplet Probe (CDP) and by particle counting
software used on Scanning Electron Microscope (SEM) imagery from filter samples. Size distributions
from AERONET retrievals (Level 1.5, Version 2) are also shown. In order to compare distributions more
meaningfully, in particular with AERONET, each distribution has been normalized by the value at 1 pm

radius (see text for details of processing).

terms of dust deposition to the ocean, a process which might
be expected to take longer from a higher-altitude dust layer.

[35] Broadly the dust profiles are illustrative of what is
known about the large-scale dynamics of this region of the
atmosphere, clearly showing the elevated SAL in the wet
season and low-level dust transport in the dry season [e.g.,
Chiapello et al., 1995], although considerable variability
within this idealized picture is evident, such as a deeper dust
layer observed over land during the dry season (Figure 5b).
A ubiquitous biomass burning haze was detected by the
instrumentation and clearly visible by eye during almost all
the flights throughout the dry season. The difference
between vertical profiles of aerosol over land and ocean is
apparent. Since determining vertical profiles of aerosol
loading via remote sensing is challenging without recent
developments in lidar technology, these profiles will pro-
vide a valuable opportunity for comparison with dust model
results subsequently within the DODO project and beyond.

4.2. Size Distribution

[36] Accumulation mode size distributions measured by
the PCASP instrument for various straight and level runs in
both DODO1 and DODO2 are shown in Figures 6a and 6b,
with heavy lines showing campaign average size distribu-
tions. The average size distributions for DODO1 and
DODO?2 show small differences in the accumulation mode

between 0.2 and 0.6 ym and 0.7—1.5 pm radius (Figure 6¢)
between the two campaigns. Greater variability is seen in
the DODO?2 size distributions which can be at least partly
associated with greater changes in size distribution over
height of the dust layer.

[37] A significant coarse mode of dust is also present in
some cases. Figure 7 shows the coarse mode size distribu-
tions, in terms of volume density, from run 4.1 at 1 km
altitude during flight B238 (DODO2). This run is selected
as an example when dust concentrations were high and data
from both coarse mode instruments available. It should be
noted that we are comparing optically equivalent sizes for
the PCASP and CDP with geometric sizing from the SEM.
Since most of the optical instruments are calibrated using
latex spheres, if the aerosol being measured is substantially
absorbing, then a correction will need to be made. DODO
dust has been shown to be mainly scattering (see section 4.3)
so we are assuming that the correction needed would be
small, and within the considerable errors already described.

[38] The size distributions retrieved by inverting the
scattered sky radiances measured by the Dakar AERONET
site for the corresponding day are also shown, though it
should be noted that these are column integrated measure-
ments at a location around 580 km from the aircraft
sampling region, and so could at best only be expected to
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Figure 8. Accumulation mode single scattering albedos at 550 nm for each run in dust throughout the
DODO campaigns, with errors estimated from variability across each run (dotted error bars) and from
instrumental errors (solid error bars). Shaded/clear areas mark successive flights. Dashed horizontal lines
show the campaign mean values of single scattering albedo as shown in Table 6. Single scattering albedos
were calculated using absorption from the PSAP and scattering from the nephelometer, neither including

contributions from the coarse mode.

be broadly similar to the aircraft measurements. In order to
allow comparison between the in situ measurements and
AERONET, each size distribution in Figure 7 is normalized
by the value at 1 pm. This avoids normalizing to the
smallest bin of the PCASP which is known to be the least
reliable of the PCASP size bins, or normalizing to the peak
of the volume distribution which places too much faith in
the coarse mode measurements given the large range shown.

[39] Although there are limitations associated with each
measurement technique, it is important to note the large
range of coarse mode volume distributions shown in
Figure 7. The effects of this uncertainty arising from the
different measurements of the coarse modes on optical
properties are considered in section 4.4. The CDP and
SEM size distributions show a different coarse mode both
in terms of mode radius and magnitude, centered around
4.5 pm and 3.5 pm radius respectively. Considering the
distance to the Dakar AERONET site, a distance greater
than the assumed length scale of the dust outbreak indicated
from satellite imagery (not shown), it is unsurprising that
AERONET retrieves less coarse mode than the SEM and
CDP. The accumulation modes show comparatively better
agreement: at radii greater than 0.2 pum agreement is
achieved between AERONET and the PCASP size distri-
butions within the bounds of the errors and variability
shown. Below 0.2 pm more particles are measured by
AERONET than the aircraft.

4.3. Optical Properties

[40] Figure 8 shows the single scattering albedo values of
dust-dominated cases from both campaigns, associated
errors and campaign average single scattering albedos (see
also Table 5). Results shown are averages measured during
different aircraft runs which have been determined to be

dominated by dust (see section 3). As the PSAP and the
nephelometer most likely measure absorption and scattering
from the accumulation mode only, these results only show
optical properties for the accumulation mode. Measured
dust single scattering albedos were consistently high
(always greater than 0.98) during DODOI, but showed
greater variation during DODO2 ranging from 0.95 to
0.99. The variation observed during DODO2 could be
attributed to both the variation in size distribution with
altitude and to different dust sources and chemical compo-
sition. Although mixing or coating of dust with/by other
aerosols or chemicals is a possibility, this was not evident
from filter sample analysis.

[41] The campaign average mineral dust single scattering
albedos for DODO1 and DODO2 accumulation mode were
0.99 + 0.004 and 0.98 + 0.012 respectively, with errors
representing one standard deviation of the variability around
the mean (see Table 5), (as opposed to the range of observed
values shown in Figure 8). Hence DODOL1 dust is slightly

Table 5. Lognormal Parameters for DODO Average Size
Distributions (Accumulation Mode Only)

Mode 1, (pm) o W

DODOI1

1 0.083 1.36 0.815

2 0.160 1.16 0.095

3 0.310 1.50 0.067

4 1.000 1.31 0.023
DODO2

1 0.061 1.47 0.797

2 0.165 1.18 0.104

3 0.230 1.54 0.089

4 0.960 1.32 0.010
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Table 6. Campaign Average Optical Properties From DODO, DABEX, and SHADE Campaigns®
DODOI, DODO2, DABEX, SHADE,
Feb 2006 Aug 2006 Jan 2006 Sep 2000
[Osborne et al., 2008]: [Haywood et al., 2003]:
Observations: AM Mie: AM Observations: AM Mie: AM AM (AM + CM) AM (AM + CM)
Wy 0.99 + 0.004 0.99 0.98 £ 0.013 0.98 0.99 (0.98) 0.97 (0.95)
Refractive index 1.53-0.0005i 1.53-0.0014i 1.53-0.0004i 1.53-0.0015i
(550 nm)
330 0.68 0.68 0.71 (0.75) 0.72 (0.74)
k3 (m? g h 0.85 1.14 0.76 (0.33) 0.70 (0.42)

“DODO observations are taken from the nephelometer and PSAP data, while the Mie results are from calculations using the observed size distributions
for fine and accumulation mode particles only, assuming spherical dust and a refractive index to match the observed single scattering albedo. Errors on

observed wy®
mode.

more scattering than DODO2 dust, though the errors do
overlap. In comparison to other recent aircraft campaigns
measuring North African dust, DABEX (January 2006,
Niamey) measured consistently high «wg’° values with an
average of 0.99 [Osborne et al., 2008], and SHADE
(September 2000 around the Capo Verde Islands) measured
an average wq © of 0.97 with a range 0f 0.95—0.99 [Haywood
et al., 2003] (both campaigns accounting only for accumu-
lation mode). These results, where dust has been determined
to be the dominant aerosol type, suggest that the dry season
dust has a higher w3>® value than the wet season dust, for
which w3 values seem to be more variable.

[42] The DODO measurements of w ° are at the upper
end of previous estimates of wy. Values of w§ ® for global
dust range from 0.90 to 0.99, with an IPCC central global
estimate of 0.96 [Forster et al., 2007], with long-term
AERONET estimates of w$’° at 0.95 for Saharan dust
[Dubovik et al., 2002]. Note that the DODO calculations
of single scattering albedo do not include the coarse mode
contribution, the effect of which most likely decreases wy by
variable amounts (see section 4.4), depending on assump-
tions made about the composition of the coarse mode
compared to the accumulation mode. Higher values of
wg*® impact the direct radiative effect in the shortwave by
increasing the magnitude of the negative radiative effect at
the TOA [Forster et al., 2007].

[43] Table 6 shows the average optical properties (with
associated errors) for both DODO1 and DODO?2 calculated
from Mie scattering code, as well as comparison to previous
measurement campaigns. The measured size distributions
(Figure 6) were fitted with four lognormal curves to produce
a best fit curve (see Table 5). These were input into a Mie
scattering code together with an inferred refractive index
(constant with wavelength in the visible). The optical
properties were retrieved, and the refractive index was
chosen so that the single scattering albedo from Mie code
matched that from observations. A density of 2.65 g cm >
was assumed [Tegen and Fung, 1995] in order to calculate
the mass specific extinction.

[44] The inferred refractive indices (Table 6) show that
the DODO2 dust was more absorbing (higher imaginary
part) than DODO1 dust. This suggests that the different
campaign average single scattering albedos are explained by
the dust composition (see section 5), since the size distribu-
tions are similar in the accumulation mode (see Figure 6c).
Interestingly the refractive indices show similarities to the
SHADE and DABEX campaigns both in terms of location

® indicate one standard deviation around the mean of values shown in Figure 8. CM indicates coarse mode, and AM indicates accumulation

and season: both DODO1 and DABEX have low imaginary
refractive indices showing very little absorption. In contrast,
the wet season campaigns based around the West African
coast produced higher imaginary refractive indices show-
ing more absorption. These differences may be due to
different dust sources having different mineralogy (in
particular iron oxide amounts giving more absorption in
the UV and midvisible parts of the spectrum in DODO2).
Broadly the refractive indices from DODO fit in with the
emerging picture from recent studies that North African
dust has very low absorption [e.g., Kaufman et al., 2001,
Dubovik et al., 2002; Haywood et al., 2003; Osborne et
al., 2008].

[45] The asymmetry parameter calculated from Mie code
for both DODO campaigns is 0.68, indicating that most
radiation is scattered in a forward direction, and appears to
differ little between campaigns. The mass specific extinc-
tion for the accumulation mode is significantly higher
during DODO2 (1.14 m?> g ') showing that DODO2
accumulation mode dust is more efficient at extinguishing
radiation per unit mass of aerosol. Mass specific extinction
for DODO1 (0.85 m? g~ ') is similar to that measured during
SHADE and DABEX (0.76 m? g~' and 0.70 m* g™ ").
The higher value seen in DODO2 is possibly due to a
greater proportion of mass between radii of 0.2—0.4 pm
where the dust is optically more efficient at extinguishing
radiation.

4.4. On the Role of the Coarse Mode for Calculation of
Optical Properties

[46] Previous studies have shown that inclusion of the
coarse mode when calculating optical properties of dust has
a small effect, except in the calculation of mass specific
extinction which drops significantly because of the large
increase in mass when the coarse mode is included [Haywood
etal.,2003]. A sensitivity test was carried out to analyze the
importance of the large coarse mode observed in flight
B238 run 4.1 in calculating the optical properties, using
the different measurements of coarse mode as shown in
Figure 7.

[47] As described in section 4.3, Mie code was used to
calculate the optical properties using the measured size
distributions shown in Figure 7. Five lognormal modes
were fitted to the measured size distributions using the
coarse mode from each instrument as a sensitivity test in
varying the amount of coarse mode present. The first four
modes were fitted to the PCASP size distribution (repre-
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Table 7. Optical Properties for B237 Run 4.1 at 1 km Altitude
During DODO?2, Showing the Effect of Including the Coarse Mode
in the Calculation of Optical Properties®

Instrument Measuring

Coarse Mode W o*%° K30 (m® g 1)
No coarse mode (PCASP only) 0.98 0.69 1.22
SEM 0.96 0.72 0.46
CDP 0.90 0.77 0.20

“PCASP only results exclude the effect of the coarse mode, and use four
lognormals to fit to the size distribution. Size distributions using the SEM
and CDP use the same four lognormal modes for the accumulation mode
but include a fifth to fit the coarse mode which is derived from each
measurement.

senting the accumulation mode) and remained identical in
each case. The fifth mode was fitted to the coarse mode
from each instrument and the parameters of this mode
changed depending on which instrument was measuring
the coarse mode. The refractive index was calculated
specifically for the accumulation mode dust sampled in
run 4.1 and was applied to the whole size distribution.

[48] Table 7 shows the results of the effects of the
different coarse modes on the optical properties of the dust.
As found previously, the addition of the coarse mode
decreases wp’°, increases g and decreases ki [Haywood
et al., 2003]. The DODO results show that the changes in
the optical properties are more marked when a greater
amount of coarse mode is present, as with the CDP. For
example, wy ® decreases from 0.98 to 0.90 with the addition
of the CDP coarse mode, a substantial change. Less of a
decrease in wy’° is observed when less coarse mode is
measured. The mass specific extinction changes similarly
with the varying amounts of coarse mode. Thus the optical
properties in this case are extremely sensitive to the amount
and presence of the coarse mode. In this illustrative example
it has been assumed that the refractive index of the dust (and
therefore the composition) of coarse and accumulation
modes are the same. If there were dramatically different
sources or composition then the impact on the optical
properties could be different to that described. SEM and
TEM analysis on a small number of particles for this case
showed some differences of composition between the
accumulation and coarse modes. In particular the accumu-
lation mode contained iron oxides which were not measured
in the coarse mode. Iron oxides such as hematite and
goethite are responsible for absorption of UV and visible
light [Sokolik and Toon, 1999; Lafon et al., 2006]. Future
work will involve a more sophisticated representation of
refractive index with particle size. Meanwhile these results
show that accurate measurement of the coarse mode in
mineral dust is extremely important and so in future aircraft
studies effort must be made in operating fully calibrated
aerosol probes that can measure particles sizes up to
10—20 pm radius.

5. Dust Source Identification

[49] Elemental concentrations for the combined accumu-
lation and coarse modes were measured by particle induced
X-ray emission (PIXE) at the Laboratorio di Tecniche
Nucleari per i Beni Culturali (LABEC) [Chiari et al.,
2005; Calzolai et al., 2006]. Ratios of elemental concen-
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trations usually associated with dust have been calculated
for the same cases as those described in sections 3 and 4,
and are shown in Table 8. Average elemental ratios for Si/Al
are 2.7 £ 0.2 for DODOLI and 2.6 + 0.3 for DODO2. These
are all somewhat higher than previous SHADE results from
Formenti et al. [2003], and from the range of results for
different origins given by Chiapello [1996], but less than
the value in crustal rock [Mason, 1966]. It is possible that
transport as well as source regions affects this ratio, since
some of DODO1 and DODO?2 samples were much closer to
the source of the dust than those in the previous studies. It is
also possible that the source area of the dust has different
characteristics.

[s0] DODOI shows substantially higher Ca/Al ratio (1.1 £
0.4) compared to DODO2 (0.5 + 0.2), indicating that the
DODO1 samples had sources based more toward the north-
ern Sahara than DODO?2 [e.g., Formenti et al., 2008; J. L.
Rajot et al., AMMA dust experiment: An overview of
measurements during the dry season special observation
period (SOP 0) at the Banizoumbou (Niger) supersite,
submitted to Journal of Geophysical Research, 2008]. The
K/Alratio is 0.3 + 0.1 for DODO1 and 0.2 + 0.1 for DODO2:
again DODO2 is similar to results for Saharan dust from
Chiapello [1996]. Finally, Fe/Al ratios are 0.7 = 0.1 for both
DODO1 and DODO?2, slightly higher than was found during
SHADE by Formenti et al. [2003] and by Chiapello [1996].
Formenti et al. [2008] have shown than the Fe/Al ratio is not
that sensitive to the source region. Conversely, these authors
indicate that the iron oxide to iron ratio is more sensitive to
source region.

[s1] The elemental analysis of filter samples and optical
property results suggest some differences in source charac-
teristics between DODO1 and DODO?2, and between dif-
ferent dust samples collected from different (and sometimes
the same) flights. NAME was run for several cases for both
DODO campaigns in order to determine potential dust
source regions. Figure 9 shows air mass origins from the
NAME for dust sampled during different runs from two
flights (B175 in DODOI1 and B238 in DODO2) over
Mauritania.

[52] For the flights and runs shown, the dust encountered
during DODOL1 straight and level runs originated (over a
5 day period) from more geographically limited regions
than that encountered during DODO2. Figure 9a shows the
air mass origin from B175 (run 7.2 at 170 m above ground
level), and suggests potential dust sources originating from
the boundary layer in Algeria and Mauritania. Dust found at
similar altitudes and geographical locations during DODO2
flight B238 (run 3.3) suggested that the air mass originated
from more coastal regions of western Sahara and Morocco
(Figure 9b). There is a substantial difference in single
scattering albedo between these runs, with that from DODO2
being lower. Although mixing with anthropogenic aerosol
from Spain or Portugal could be a factor (though it was not

Table 8. Mean Elemental Ratios Measured by PIXE for Filter
Samples From DODO?*

Si/Al Ca/Al K/Al Fe/Al
DODO! dust 2.7(0.2) 1.1 (0.4) 0.3 (0.1) 0.7 (0.1)
DODO2 dust 2.6 (03) 0.5(02) 02 (0.1) 0.7 (0.1)

*Values in parentheses represent one standard deviation.
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Figure 9. Five day particle release experiments from the UK Met Office NAME model, indicating the
likely origin (within the lowest 200 m) of dust encountered during straight and level runs of the BAe146
aircraft. (a) DODOI1 B175 run 7.2 at 175 m above ground level (agl), (b) DODO2 B238 run 3.3 at 175 m
agl, (c) DODO2 B238 run 5.1 at 2 km agl, and (d) DODO2 B238 run 7.1 at 5 km agl.

evident on filter samples), the lower single scattering albedo
is likely due to the mineralogy of the dust since Formenti et
al. [2008] found high values of absorbing iron oxides for
this run.

[53] Analysis of air mass origins for dust encountered
during other straight and level runs in flight B238 over
northern Mauritania suggests different source regions for
each dust layer at different altitudes. At around 2 km (run
5.1) the dust appears to have originated from a mixture of
locations including a well-defined area within Mauritania,
coastal regions around Morocco, and central Algeria and
western Libya (Figure 9c). Dust from within the highest
altitude in the SAL at around 5.2 km (run 7.1) has 5 day
origins further west around northern Niger, southern Algeria
and southwest Libya (Figure 9d). Thus for the case of B238
dust encountered higher up in the atmosphere is likely to
have originated from sources further east than sources at
lower altitudes.

[s4] NAME simulations for the other flights (not shown)
show similar patterns in the air mass origins. DODOI dust
(dry season) was always transported by air masses originat-
ing from the north to northwest within a narrow plume (as
shown in Figure 9a), whereas the DODO2 (wet season)
potential dust sources were much more widespread over
North Africa, as indicated by the variation in potential
sources shown in Figures 9b—9d. This difference could be
explained by the small number of dust events encountered
during DODOI1, with similar meteorology during each,
rather than being a truly seasonal effect.

[s5] Different dust sources are expected to have different
mineralogy and therefore different optical properties [e.g.,
Claquin et al., 1999; Caquineau et al., 2002]. It is therefore
interesting that both the single scattering albedos shown in
Figure 8 and the potential dust sources for DODO2 dust
cases show more variability than those for DODOI1, and
suggests that the dust mineralogy or source region is having
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an important effect on the optical properties observed.
Notably the air mass origins for dust sampled during flight
B242 (not shown) appear to be from further south than
those for other flights, with potential sources being centered
around southern Algeria, eastern Mali and northwestern
Niger. This coincides with single scattering albedos for this
flight being much lower than those for other flights. It is
possible that the mineralogy of dust sampled during this
flight is rather different to others, possibly because of higher
concentrations of absorbing iron oxides in sources located
further south [Claquin et al., 1999; Alfaro et al., 2004;
Lafon et al., 2006]. Further work will examine the miner-
alogy from flight B242 in more detail.

[s6] Care must be taken in interpreting these results, since
although the air masses may have passed through these
potential source areas this does not necessarily mean that
dust has been uplifted. In order to account for this for the
case of flight B238, forward model runs were undertaken
incorporating the dust uplift scheme. Results indicate that
essentially all the dust observed at low altitude (run 3.3)
originated from the region west of OE. This region
accounted for approximately 80% of the dust observed at
mid levels (run 5.1) but only 10% of that observed at high
levels (run 7.1), with the remainder having been transported
from further east. Therefore the hypothesis that for the case
of flight B238 the high-altitude dust had been transported
over larger distances than the dust sampled at lower
altitudes, and that the high-altitude dust had different dust
sources to the dust at low altitudes, as indicated by the air
mass origins from NAME, is supported by the dust model
results.

6. Discussion and Future Plans

[57] Aircraft observations of North African dust during
the DODO project reveal some interesting differences
between wet and dry season dust during 2006. Differences
in the measured accumulation mode w3 for dust between
the dry and wet season campaigns suggest higher values of
wp™" are more prevalent during the dry season (0.99 (0.98—
0.999), DODO1), while wet season wy>® values are more
variable (0.98 (0.94—0.999) DODO2) and slightly lower on
average. This range of observed single scattering albedos
will be important in terms of the radiative effect. Potential
dust sources suggested by NAME are also more variable
during DODO2, whereas during DODO1 they were more
confined in area and located in the northwest Sahara. Of the
elemental ratios examined those of Ca/Al were the most
variable between the DODO campaigns, with higher values
observed during DODOI, also suggesting dust sources
further toward the northern Sahara. Changes in such ratios
also have implications for minerals deposited to the ocean.
The size distributions for the accumulation mode were less
variable between campaigns and flights. Thus the available
data suggests that the different optical properties of the
accumulation mode between the two DODO campaigns are
related to the chemical composition of the dust and the
potential dust sources. This also is reflected in the different
derived refractive index for the accumulation mode between
campaigns; 1.53—0.0005i for DODO1 and 1.53-0.0014i
for DODO2. Mineralogical information will be used to
confirm the consistency of our inferred refractive indices
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with the observed composition. We note that the correction
of the BAe146 nephelometer based on the DC-8 nephelom-
eter involves some uncertainty based on the uncertainty in
the passing efficiency of the Rosemount inlets on the
BAel46 relative to those of the DC-8, and that there is
therefore a degree of uncertainty in the measured optical
properties for the DODO2 accumulation mode results.

[s8] Aerosol optical depth estimates from the aircraft
extinction profiles in general underestimated those from
AERONET (values shown in Table 4). Differences were
within a factor of 1.5 for DODO1, and to within 1.35 during
DODO2 once correction had been made to DODO2 values
on the basis of a poorly behaving nephelometer and compar-
ison with the NASA DC-8. These ratios to AERONET are
consistent with previous work from SHADE [Haywood et
al., 2003] and are attributed to loss of coarse mode particles
in the aircraft inlets. During DABEX, Osborne et al. [2008]
found that once corrected for missing scattering based on
measurements of the coarse mode the aircraft extinction
tended to overestimate dust optical depth compared to
AERONET data at Banizoumbou.

[s59] The importance of the coarse mode in affecting
radiative properties is apparent in DODO, as is the lack of
adequately validated airborne measurements. While the
single scattering albedo for the accumulation mode was
measured directly, we must rely on size distribution meas-
urements in order to calculate the single scattering albedo
for the combined accumulation and coarse modes. We have
presented size distributions from two different techniques
for measuring the coarse mode, both of which have limi-
tations. We illustrate that the uncertainty from different
coarse mode size distributions results in a large variation
in the single scattering albedo of dust (0.90 with the largest
coarse mode to 0.98 with no coarse mode present), although
here we make the simple assumption that the coarse mode
composition is the same as that of the accumulation mode.
This is an area where development is required in order to
reduce the uncertainty in key properties such as the single
scattering albedo and hence the radiative effect of dust.
Large-scale dust events such as the March 2006 dust storm
are likely to have a substantial coarse mode, which could
lead to significantly different values of single scattering
albedo and may explain differences previously reported
[Slingo et al., 2006; Haywood et al., 2003].

[60] The vertical profiles measured during DODO are
qualitatively consistent with what would be expected on the
basis of the differing meteorology of the two seasons. (e.g.,
Chiapello et al. [1995] (winter transport at low altitudes)
and Karyampudi et al. [1999] (wet season transport in
SAL), and Zhu et al. [2007] (comparison of dust plumes
in different seasons)). When present, dry season dust was
always found at low altitudes, whereas wet season dust was
found to be transported up to altitudes of 6 km. However,
during one flight in the dry season dust was found in a layer
extending up to around 3 km over the land (flight B175),
implying that there may be substantial variability in the
idealized picture. A ubiquitous layer of biomass burning
acrosol was found aloft during the dry season to the south of
Dakar.

[61] The optical properties of dust aerosol are crucial in
determining the radiative effect of dust accurately [Haywood
and Shine, 1995] and so variations in the single scattering
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albedo such as those presented here are extremely impor-
tant. Further work will assess the radiative effect of the dust
sampled during both DODO campaigns, using both radi-
ometer data from the aircraft and a radiative transfer code.
Finally, the iron content will be assessed in more detail as
this is relevant for converting the deposition of dust in
general to the ocean to a contribution of iron.

[62] There are obvious limitations to using only 1 year for
a comparison. However, we believe the results presented
here are of winder applicability since the flow during
DODO?2 was climatological and during DODOL1 the anal-
ysis of dust samples was completed on days when the flow
was climatological. Additionally, the campaign suffered
from some major uncertainties in the behavior of key
instrumentation. However, having made best attempts with
independent data to quantify and assess the reasons for
necessary corrections, these observations add to the avail-
able data on North African dust. The case studies are being
used to constrain numerical models of dust uplift and
transport which will ultimately be used to assess the
deposition of dust to the Atlantic Ocean. Dust is a crucial
part of the climate system, acting as a forcing and involved
in feedbacks between anthropogenic and natural climate
change mechanisms. However, the processes involved in
dust uplift are many and occur at small spatial scales and are
often episodic in nature. The use of integrated airborne,
ground and remote sensing measurements to constrain
models is a vital step forward in our ability to model dust
distributions, and for this there must be a continuation of
long-term monitoring of dust properties such as by
AERONET and AMMA dust stations, supplemented by in
situ aircraft campaigns covering as many seasons and
locations as is feasible.
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AEJ
aer
AERONET
AEW
Al

AM
AMF
AMS
AMMA
AOD
ARE
ARM Program
AVHRR
BADC
BODEX
BSRN
CALIOP
CALIPSO
CAMM
clr
CDP
CM
DABEX
DMS
DODO
ECLATS
ECMWEF
ERA
ES96
FAAM
FL
GATE
IPCC
ITCZ
MCS

African Easterly Jet

Aerosol present

Aerosol Robotic Network

African Easterly Wave

Aerosol Index

Accumulation Mode

ARM Mobile Facility

Aerosol Mass Spectrometer Probe
African Monsoon Multidisciplinary Analyses
Aerosol Optical Depth

Aerosol Radiative Effect

Atmospheric Radiation Measurement Program
Advanced very high resolution imaging spectrometer
British Atmospheric Data Centre

Bocklé Depression Experiment

Baseline Surface Radiation Network
Cloud-Aerosol Lidar with Orthogonal Polarization
Cloud-Aerosol Lidar and Infrared Pathfinder Satbbservation
Crisis Area Mesoscale Model

clear skies (no aerosol present)

Cloud Droplet Probe

Coarse Mode

Dust and Biomass Burning Experiment

Dimethyl sulphate

Dust Outflow and Deposition to the Ocean
Etudes Climatiques dans I'Atlantique Tropical
European Centre for Medium Range Weather Forecasting
ECMWF ReAnalyses

Edwards and Slingo Radiative Transfer Code
Facility for Atmospheric Airborne Measurements
Flight Level

GARP Atlantic Tropical Experiment

International Panel on Climate Change
Intertropical Convergence Zone

Mesoscale Convective System

MINATROC Project Mineral dust aerosol tropospheric chergiproject

MODIS
MSG
NAME
NAMMA
OMI
PCASP
PIXE
PSAP
PSP

Moderate resolution imaging spectrometer
Meteosat Second Generation

(Met Office) Numerical Atmospheric-dispersion Modeti Environment

NASA AMMA
Ozone Monitoring Instrument
Passive Cavity Aerosol Spectrometer Probe
Particle Induced X-ray Emission
Particle Soot Absorption Photometer
Precision Spectral Pyranometer
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RE Radiative Efficiency

SAL Saharan Air Layer

SAMUM Saharan Mineral Dust Experiment
SeaWIFS Sea-viewing Wide Field-of-view Sensor
SEM Scanning Electron Microscope

SEVIRI Spinning Enhanced Visible and Infrared Imager
SFC Surface of the Earth

SHADE Saharan Dust Experiment

SWuU Shortwave Upwelling Irradiance

SWD Shortwave Downwelling Irradianc

TEM Transmission Electron Microscope

TOA Top of Atmosphere

TOMS Total Ozone Monitoring Instrument
WCP World Climate Program
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Qg

A

5

Cezt; Cscaty Cabs

dAN/dr

dp
dr
dp,c
dr,c
dpot
drior

FDIR

Surface Albedo

Angstrom exponent, no units

Angle between solar zenith angle and normal to a pyranonugrees
Single-particle extinction, scattering and

absorption cross sectiom?

Size distribution measurement: number of particles percotgntimetre
in the size intervat to r + dr, cm3m ™!

pitch of pyranometer relative to aircraft inertial navigatsystem, degrees
roll of pyranometer relative to aircraft inertial navigatisystem, degrees
pitch of aircraft, degrees

roll of aircraft, degrees

total pitch of pyranometer from the horizontal, degrees

total roll of pyranometer from the horizontal, degrees

Ratio of direct downwelling irradiance to total downwellimgadiance,
no units

Asymmetry parameter, no units

Irradiance W m 2

Diffuse downwelling irradiance/m 2

Direct downwelling irradiance}/ m 2

Total downwelling irradiancd}/ m 2

Mass specific extinction at wavelengthm?g—!

Mass mixing ratiokg/kg

Number of particles per cubic metn@, 3

Imaginary part of the refractive index at wavelengtno units

Real part of the refractive index at wavelengtmo units

SeeN

Single scattering albedo at wavelengtmo units

Phase functiongr—!

Particle radius

density of an aerosol particle; 3

Density of air,kgm =3

Effective Radiusimn

Geometric median radius in a lognormal size distributien,

relative heading (solar azimuth minus aircraft headinglyjrdes
Extinction coefficientyn !

Geometric standard deviation in a lognormal size distrdmyto units
Aerosol optical depth at wavelengiih no units

Solar zenith angle, or scattering angle, in degrees ormadia

Volume Fraction - volume of dust per cubic metre air, no units
Altitude, m



