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Abstract

Mineral dust is an important component of the Earth’s atmosphere, affecting climate

through the direct radiative effect and through the deposition of dust to the ocean. Un-

derstanding of these processes is limited by a lack of in-situ observations of dust which

results in a large uncertainty in the microphysical, optical, chemical and radiative proper-

ties of dust.

This thesis presents an analysis of dust measurements obtained during the DODO

(Dust Outflow and Deposition to the Ocean) aircraft campaigns which took place in

February and August 2006 over West Africa and the tropical East Atlantic Ocean. In-situ

and radiative measurements are used to examine the variations in optical, microphysical

and radiative properties of the dust in the two seasons. Specific limitations relating to the

nephelometer and upper pyranometer are overcome through aircraft, ground-based and

model comparisons and appropriate correctional procedures have been applied.

Vertical profiles of dust extinction and size distributionsdiffered between land and

ocean areas, and between the dry and wet seasons. Dry season dust was found at low alti-

tudes, whereas wet season dust extended up to6km, reflecting the seasonal meteorology.

Measurements of the single scattering albedo for the accumulation mode at550nm

are found to range from0.93 to 0.99. This variation is related to differences in chemi-

cal composition and dust sources, but not to changes in the measured size distributions.

Optical properties are found to be sensitive to inclusion ofcoarse mode size distribution

measurements.

The range of optical properties observed are modelled in a radiative transfer code in

order to investigate their impact on the dust shortwave direct radiative effect. The results

are compared to irradiance measurements from the aircraft pyranometers, which have un-

dergone a detailed quality assessment. The range of opticalproperties cause a difference

of up to a factor of five in atmospheric heating, and can alter the sign of the top of at-

mosphere radiative effect. The variations in the optical properties measured during the

campaigns are therefore significant and have implications for accurate dust simulations in

models and for satellite retrievals.
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1.1 Introduction

Between 1905 to 2006, the Earth’s average temperature increased by0.74◦ (Solomon

et al., 2007). This increase in temperature is a response to a perturbation in the energy

balance of the Earth-atmosphere system. Two of the most important causes of this pertur-

bation are greenhouse gases, and atmospheric aerosols - small particles suspended in the

Earth’s atmosphere.

Greenhouse gases act to absorb and emit infrared radiation back towards the Earth’s

surface, thereby causing a net warming. Aerosols, however,depending on their properties,

are able to reflect solar radiation back out to space, causinga cooling, or absorb solar

and infrared radiation, which can have a warming effect. These processes are known

as the direct aerosol radiative effect. The IPCC 2007 report estimated the direct aerosol

radiative effect to be−0.5 ± 0.4Wm−2, compared to a forcing of2.63 ± 0.266Wm−2

from greenhouse gases. Anthropogenic aerosols therefore have a significant impact on

climate.

Aerosols in the Earth’s atmosphere arise from anthropogenic activities, such as com-

bustion of fuels, and include sulphate particles, elemental and organic carbon and nitrate

particles. Natural aerosols, such as sea salt, volcanic aerosol and mineral dust are also

present in the atmosphere. Mineral dust aerosol consists ofsolid particles which have

been uplifted from arid surfaces and transported by the atmosphere. Eventually they are

deposited to the surface, over land or ocean, through wet or dry deposition. North Africa

is the dominant global source of dust both in terms of occurrence and intensity (Liuet al.,

2008a), supplying around 400-700Tg for atmospheric transport every year (Washington

et al., 2003).

The majority of mineral dust is natural aerosol, though models suggest that5 to 7%

of the global dust loading is anthropogenic in origin (Tegenet al., 2004). In the North

African region this may increase to0 to 15% (Yoshiokaet al., 2005), where activities such

as land use change and overgrazing increase the amount dust which can 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 globalclimate is by scatter-

ing and absorbing radiation, affecting both regional and global energy balances in the

shortwave and longwave spectral regions due to the presenceof both sub-micron and

super-micron particles. In the shortwave part of the spectrum, dust mainly scatters radi-

ation 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 (e.g. Balka-

nski et al., 2007). The impact in the longwave depends crucially on the surface tempera-

ture and the altitude of the dust layer (e.g. Highwoodet al., 2003), which may vary with

meteorology both within and across seasons.

Other impacts of Saharan dust on the climate system are less well studied and quan-

tified. For example, laboratory studies and field experiments show that dust can act as

ice nuclei, so that small concentrations of mineral dust areable to significantly affect cold

cloud properties including the radiative properties of cirrus, dehydration of the tropopause

and convective cloud dynamics (e.g. Fieldet al., 2006; DeMottet al., 2003; Richardson

et al., 2007).

It has also been hypothesised that dust may provide a surfacefor heterogeneous

chemical reactions to take place. For example, ozone can be destroyed on pure calcium

carbonate particles. Salisburyet al. (2006) found that daily cycles and absolute concen-

trations 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 heterogeneous reactions on the dust itself.

Atmospheric dust also has an impact on ocean biochemistry. 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 halocarbons, alkynitrate and DMS (dimethyl sulphide) between the atmosphere and

ocean (Jickellset al., 2005).

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

by the radiative impacts of dust. Evanet al. (2006) showed that mean dust coverage as

measured by satellites and tropical cyclone activity are strongly correlated over the North

Atlantic. Various mechanisms, including the radiative impact on sea surface tempera-

tures, the alteration of vertical shear and the entrainmentof dry dust laden air have been

proposed, though none have shown to be the predominant governor of cyclone activity,

with sea surface temperatures playing a very large role. Thecorrelation between dust and

cyclone activity may stem from them both being driven by a third party, such as Sahelian

rainfall from the previous season (e.g. Prospero and Lamb, 2003).

1.3 North African Climatology and Dust Transport

Transport of dust from North Africa varies with season and meteorology. The following

sections give an overview of North African climate, and how this affects the seasonal dust

uplift and transport.

1.3.1 North African Climate

Tropical climates are, to a large extent, dominated by the movement of the Inter-tropical

Convergence Zone (ITCZ) and the associated Hadley circulation. The location of the

ITCZ changes throughout the year and is driven by the latitudeof most intense solar

radiation, which results in deep convection around the ITCZ.As shown in Figure 1.1,

the ITCZ is located south of the equator in the northern hemisphere winter, and covers

northern Africa in the summer. High levels of precipitationare associated with the deep

clouds at the ITCZ, and the precipitation pattern also changes between the summer and

winter, as shown in Figure 1.2. Hence the naming of the North African ‘wet’ and ‘dry’

seasons.

The descending part of the Hadley circulation is associatedwith the subtropical high

pressure systems (see Figure 1.3). The location of the centre of the subtropical anticy-

clones varies with season. The subtropical highs are closest to the equator in winter, and

are displaced polewards in summer. The North Atlantic subtropical high, often known as
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Figure 1.1: Schematic of mean winds and ITCZ location over Africa in January and July (Das, 1986).

Figure 1.2: Seasonal rainfall (mm) over Africa during December - March (left) and June - September
(right), (Janowiak, 1988).

the Azores high pressure, shows a northwestward movement during summer, as the ITCZ

moves northwards over Africa.

The trade winds constitute the lower-tropospheric equatorward flowing branch of the

Hadley circulation. The general pattern is for trade winds to blow from the eastern edges
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Figure 1.3: Sea level pressure over the global tropics (+1000mbar) (Godbole and Shukla, 1981), during
January (top) and July (bottom).

of subtropical highs towards the southwest (in the northernhemisphere) and towards the

ITCZ. During winter, when the subtropical highs are closest to the equator, the meridional

pressure gradient is largest, and therefore the trade windsare strongest. In the upstream

portion of the trade winds, the flow tends to be subsiding and divergent, resulting in clear

skies and low precipitation.

As shown by Figure 1.3, the resulting surface circulation results in north easterly

(Harmattan) trade winds over the Sahara, which are particularly strong during the dry

season. During the wet season North Africa is subject to moreintense convection due

to the more northerly location of the ITCZ and more intense solar radiation. Further

north, over the Sahara, this is dominated by dry convection,whereas further south this

convection will become moister and associated with more precipitation.

During summer, when dry convection over the Sahara is intense, a well-mixed bound-

ary layer can become very deep, extending several kilometres from the surface. As the

mid-tropospheric flow is westwards (see Figure 1.3) this drywarm air flows westwards

towards the Atlantic, where it is undercut by moister, denser marine air, or the marine

boundary layer, and becomes what is known as the Saharan Air Layer (SAL). The bound-

ary between the marine boundary layer and the SAL is characterised by a temperature

inversion, which caps any convection resulting from the marine layer. The base of the
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SAL is found at altitudes of 1-2km, and the top of the SAL remains at altitudes compara-

ble to the top of the Saharan mixing layer (5-6km) (Carlson andCaverly, 1977). The SAL

is transported across the Atlantic over a period of 5-6 days at a typical speed of8ms−1,

descending as it moves westwards (Carlson and Prospero, 1972).

The African Easterly Jet (AEJ) is found to the south of the SAL, and is an easterly

maximum in the mid-troposphere over West Africa throughoutthe year, but which be-

comes a more well-defined jet of more than10ms−1 from April to November, when it

also attains its most poleward position, as shown in Figure 1.4 (Burpee, 1972). The AEJ

has a core around600mb, is located at around15◦N , and extends from the Red Sea to the

Atlantic Ocean. The AEJ is the result of a positive thermal gradient from the equator to-

wards the Sahara. Instabilities of the AEJ are known as African Easterly Waves (AEWs),

have wavelengths of around2000 to 4000km, a period of around3 to 5 days, propagate

westwards and are a feature during boreal summer (Hastenrath, 1991). It has been pro-

posed by Carlson and Prospero (1972) that the westward propagation of the SAL results

from AEWs crossing the West African coastline.

Figure 1.4: August mean meridional-vertical cross-section of zonal wind component (ms−1) along5◦W ,
from Burpee (1972).

1.3.2 Climate and Dust Transport

Since mineral dust has such wide-ranging impacts on the climate, it is important to be

able to understand and predict dust uplift and transport. Dust uplift is governed by soil

characteristics and surface windspeeds, the latter havinga dependence on meteorology.
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As a result of this, dust uplift and transport differ betweenthe North African dry season

(November to March) and the wet season (July to September), as shown in the schematic

from Stuutet al. (2005) in Figure 1.5.

During the dry season dust in North Africa is found mainly at low altitudes (e.g.

Chiapelloet al., 1995). Uplift can result from strong surface winds along trailing cold

fronts associated with low pressure systems passing through the Mediterranean region,

and also from northeasterly trade winds (also known as the Harmattan) which are present

during the dry season. Factors such as local orography can magnify the dust uplift (e.g.

Slingoet al., 2006).

Figure 1.5: Seasonal variation in latitudinal position of the ITCZ and its consequences for atmospheric
conditions over northwestern Africa. Arrows indicate direction of trade winds; dust plumes are indicated
by grey shadings. December, January and February are shown on the left, and June, July and August are

shown on the right. Figure 2 from Stuutet al.(2005).

During the wet season dust tends to be uplifted by dry and moist convection over the

African continent and then transported westwards. Upon reaching the Atlantic Ocean,

the dusty air rises above the moist oceanic boundary layer and becomes the Saharan Air

Layer (SAL). The SAL is an elevated layer of intensely dry warm air, frequently laden

with dust aerosol (Karyampudiet al., 1999).

Recent work has shown that North African dust source regions may vary throughout

the year, as the meteorology changes (e.g. Schepanskiet al., 2007; Washingtonet al.,

2003; Chiapelloet al., 1997). Different source regions appear to respond to different

parts of atmospheric dynamics: the activity of the Bodélé Depression in Chad (a ma-

jor source region for mineral dust) is strongly dependent onthe presence and strength

of the low level jet (Washington and Todd, 2005; Washingtonet al., 2006), while dust
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production from the western Sahara is more closely related to the degree of low level

convergence (Engelstaedter and Washington, 2007b). Differing mineralogy from these

different sources may influence the composition, optical properties and the radiative ef-

fect of atmospheric dust (e.g. Claquinet al., 1999; Formentiet al., 2008; Highwoodet al.,

2003).

Satellite measurements of Saharan dust show that transportalso varies with season

(e.g. Liu et al., 2008a; Hermanet al., 1997; Engelstaedteret al., 2006). For example,

Liu et al. (2008a) showed that in Northern Africa the altitude at whichdust was most

commonly found varied with season, using space-borne lidardata from 2006-2007. They

found dust up to 6km altitude in all seasons, but dust was mostfrequently found in the 1-

2km layer year round, except for December-February when it was most common between

0.2-1km. Of all seasons, winter dust episodes in Northern Africa were the most intense.

The observations showed that in spring and summer, the dust layer top was found around

4km, but significant dust still existed up to 6km. During winter the mean dust layer height

was 2km, though dust was found up to 4km. They found that in summertime most dust

was transported towards North America, predominantly at altitudes above 2km, but that

the amount of dust decreased with increasing transport due to deposition and dispersion.

Interestingly, they showed that dust concentrations at thelowest altitudes (< 1km) did not

show significant decreases with westwards transport, indicating that low altitude transport

is also important in summer, as well as in winter, and can cover significant distances.

Thus in the different seasons, North African dust is transported by different meteoro-

logical mechanisms. The different meteorology may have an effect on determining which

dust sources are activated and on whether/how the size distributions change, and will thus

have an effect on the optical properties of the dust. Additionally, the differing meteorol-

ogy means that the vertical profile of the dust will vary between the 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 regionif clouds are present (Liao

and Seinfeld, 1998). Characterising dust in a range of different meteorological conditions

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

Dust sources are usually associated with topographical lows in arid regions (Prospero

et al., 2002). Dust production depends on the available supply of wind-erodible material,

usually formed from fluvial erosion followed by subsequent drying and loss or absence of

vegetation, which permits small particles to be uplifted into the atmosphere, given high

enough windspeeds (Mahowaldet al., 2005; Jickellset al., 2005).

Satellite data has frequently been used to identify North African dust source regions

(e.g. Prosperoet al., 2002; Washingtonet al., 2003; Engelstaedter and Washington, 2007a;

Schepanskiet al., 2007). The results indicate numerous sources over both theSahara and

Sahel, some of which appear to have variable emissions over both seasons and years.

Some studies have found that most dust is associated with a small number of key pref-

erential source regions (e.g. Hermanet al., 1997; Washingtonet al., 2003; Zhang and

Christopher, 2003), an example of which is shown in Figure 1.6. One source of partic-

ular importance is the Bodélé Depression, which emits dust all-year round and is likely

to be the dominant source of global dust (Washingtonet al., 2003), being responsible for

6−18% of global dust emissions (Toddet al., 2007). However, as shown in Figure 1.7,the

Bodélé Depression is a significant dust source year-round, whereas dust emissions from

other smaller, but nonetheless important, dust sources in west Africa appear to be much

more variable on a seasonal scale.

The dust emitted from each individual source will be dependent on the parent soil

type of the source, and therefore dust emitted from different sources are likely to have dif-

fering composition and mineralogy. Direct measurements ofsoil composition are sparse

to non-existent, and therefore other methods have been employed to estimate soil compo-

sition. For example, Claquinet al.(1999) estimated the mineralogy of North African soils

by relating surface mineralogy to classical soil types and found that the fraction of illite,

kaolonite, smectite and calcite showed strong north-southvariations across the Sahara

and Sahel, and that hematite content was particularly high in the Sahel as compared to the

rest of the Sahara. Other studies of source mineralogy and composition are mostly based

on dust samples measured downwind of sources, which are thentraced back to particular

geographical regions. For example, Chiapelloet al. (1997) collected dust samples at Sal,
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Figure 1.6: Long term mean (1980-1992) TOMS Aerosol Index over North Africa (colours), precipitation
(solid lines) and major dust sources inferred form areas of highest TOMS AI (Figure 1 from Engelstaedter

and Washington (2007a)).

Figure 1.7: Derived dust sources from SEVIRI MSG IR data by season on a1◦ × 1◦ grid. (Figure 1 from
Schepanskiet al.(2007)).
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Cape Verde, and found that as the dust source changed from the Sahel towards the north-

west Sahara the calcium content and Si/Al ratio of the samples increased. Caquineau

et al. (2002) used a combination of ground-based measurements of dust at Cape Verde

and Barbados, satellite imagery and back trajectories to show that the illite to kaolonite

ratio varied between sources, showing a much higher ratios in the northwest Sahara as

compared to the Sahel and eastern Sahara.

Many studies have measured different dust chemistry and/ordust optical properties,

which have been traced back to different source regions (e.g. Toddet al., 2007). Kandler

et al.(2007) found that the amount of calcium within dust sampled at Izaña, Tenerife, was

strongly related to the geographical source region indicated by back trajectories, with dust

originating from the northern Sahara having a much greater calcium content, a finding

corroborated by Formentiet al. (2008). Kandleret al. (2007) also found that the opposite

was true for iron oxide content - dust originating from further south in the Sahara/Sahel

had higher iron content. Formentiet al.(2008) found that dust originating from the Sahel

and Mauritania were enriched in iron oxides in the form of goethite and hematite, in

comparison to dust from the Bodélé depression which was iron oxide depleted.

These results all indicate that the mineralogy of dust varies strongly as a function of

its source region. Therefore if dust source activity variesseasonally with the dominant

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

1.4 Remote Sensing of Dust

Satellites provide useful information on dust aerosols because of the global nature of

their measurements, and their ability to produce data spanning larger time periods than

instrumental field campaigns can cover. Previously much knowledge of global dust distri-

bution has been based on passive satellite measurements, such as the Advanced Very High

Resolution Radiometer (AVHRR) (Carlson, 1979; Husaret al., 1997), Meteosat (Moulin

et al., 1997), Total Ozone Mapping Spectrometer (TOMS) (Prosperoet al., 2002), its

predecessor, the Ozone Monitoring Instrument (OMI, Torreset al. (2007), and the Mod-

erate Resolution Imaging Spectroradiometer (MODIS) (Kaufmanet al., 2005). However,

these measurements are often limited to making measurements over ocean due to the high



Chapter 1. Introduction 13

amounts of scattering by highly reflective desert surfaces as compared to that by aerosols,

preventing measurements of optical thickness close to dustsource regions.

TOMS and OMI are able to make use of measured radiances over desert however, by

measuring in the UV spectral region where surface reflectivity is low (Hermanet al., 1997;

Torreset al., 1998). However, TOMS and OMI measurements are limited because they

are strongly affected by the vertical distribution of the aerosol (e.g. Torreset al., 1998;

Chiapelloet al., 1999; Mahowaldet al., 2005) and are also unable to distinguish between

dust and biomass burning aerosols (Prosperoet al., 2002), which can be a problem in the

dry season in West Africa. Passive measurements are also unable to determine the vertical

distribution of dust aerosols, which can be important for the radiative effect (Liuet al.,

2008a).

The use of multi-angle sensors has also extended the use of single-angle satellite data

such as that from MODIS, which can sometimes be unusable due to sun-glint. For exam-

ple, MISR (Multi-angle Imaging Spectroradiometer) routinely measures global aerosol

optical thickness at a resolution of17.6km over land and ocean (Kahnet al., 2007), and

does not suffer from sun-glint problems. It has therefore been possible to use MISR data

in conjunction with MODIS data to fill in the areas suffering from sun-glint, extending

MODIS data coverage by up to50% (e.g. Kalashnikova and Kahn, 2008). However,

the orbit pattern of MISR means that data is available at lower temporal resolution than

MODIS data.

Detection of dust over bright surfaces such as deserts is often not possible due to the

high surface reflectances, which makes partitioning reflectance between the surface and

dust aerosol difficult. However, some progress has been madeby using satellite mea-

surements from the blue part of the visible spectrum, where desert surfaces have a much

lower reflectance (Hsuet al., 2004). The algorithm of Hsuet al. (2004), “Deep Blue,”

has been applied to MODIS and SeaWIFS (Sea-viewing Wide Field-of-view Sensor) data

and allows optical depths over deserts to be calculated.

Developments have also been made in detecting dust over deserts using the infrared

part of the spectrum. The SEVIRI (Spinning Enhanced Visible and Infrared Imager)

instrument on the Meteosat-8 satellite provides information on dust events in high tem-
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poral resolution (Schmetzet al., 2002). Brightness temperature differences are calculated

from measurements of narrow band infrared radiances over wavelengths12.0 − 10.8µm,

10.8 − 8.7µm and10.8µm (Schepanskiet al., 2007). The spectral absorption character-

istics of dust then allow it to be detected at a temporal resolution of15 minutes, which is

useful in tracking dust storms. The use of infrared radiances also mean that this is possible

at night time.

The launch of CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-

servation) in April 2006 (Winkeret al., 2007, 2003) carrying the Cloud-Aerosol Lidar

with Orthogonal Polarization (CALIOP) has enabled a better understanding of the vertical

global and temporal distribution of mineral dust and CALIOP is also able to distinguish

between dust and other aerosol types by measuring of the depolarization ration (Sassen,

2000). CALIOP can also detect dust aerosols for any terrestrial surfaces during both day

and night (Liuet al., 2008a), and has a vertical resolution of up to30m and horizontal

resolution of1/3km below8.2km.

Longterm continuous measurements of aerosols have also been achieved through the

AERONET (Aerosol Robotic Network) (Holbenet al., 1998). AERONET is a worldwide

network of ground-based sunphotometers, from which measurements of aerosol optical

depth at visible and near infrared wavelengths are available. Retrieval algorithms also

allow various other aerosol optical properties and size distributions to be calculated. An

advantage of AERONET data with respect to dust measurementsis the continuous nature

of the measurements, but a sparsity of measurements over deserts where mineral dust is

most prevalent.

In summary there has been a large amount of progress in satellite detection and mea-

surement of dust in recent years. Different satellite products benefit and suffer from differ-

ent issues, though the combination of different satellite products can alleviate this prob-

lem. Improvements have also been made in retrieving aerosolproperties over deserts,

which has previously been problematic. Nevertheless, the use of in-situ measurements,

such as examined in this thesis, is vital in order to constrain the optical properties of dust,

which are used in satellite retrievals, and to provide opportunities for validation of satellite

data for specific case studies.



Chapter 1. Introduction 15

1.5 Optical Properties of Dust

In order to model the radiative effect of aerosols, it is necessary to know or to be able to

calculate their optical properties, which describe how theaerosol particles interact with

electromagnetic waves, through scattering and absorption. A brief description of aerosol

optical properties is given here, followed by a more detailed review 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 radiation, they are able to scatter this

radiation in different directions, or absorb the radiationand re-emit it as thermal energy.

The sum of scattering and absorption of this energy is known as extinction, and can be

expressed in two ways. The first is in terms of the single-particle extinction cross section,

Cext (in m2), where,

Cext = Cscat + Cabs, (1.1)

whereCscat andCabs represent the single-particle scattering and absorption cross sections,

which is analogous to the shadow the aerosol particle casts on the incident radiation.

The second way the amount of extinction can be expressed is through the dimension-

less quantity,Qext, the extinction efficiency. This is the ratio of the single-particle cross

section to the geometric area of the particle, given as

Qext =
Cext

πr2
, (1.2)

wherer is the particle radius andQext indicates the efficiency of the particle at extinguish-

ing radiation as a function of its size.Qscat andQabs can be defined similarly.

For a monodisperse sample of aerosols, where there areN particles per cubic metre,

the total amount of extinction, or extinction coefficient, can be defined as,

σext = NCext = πr2NQext, (1.3)

whereσext is measured inm−1. If the aerosol sample is then assumed to be polydispersed,
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this then becomes,

σext =

∫ rmax

rmin

πr2Qext
dN

dr
dr, (1.4)

where dN
dr

is the number of particles per cubic metre in the size rangedr, andrmin and

rmax are the minimum and maximum radii that the size distributioncovers.σscat andσabs

can be defined similarly.

The mathematical representation of absorption and scattering of light by spherical

aerosol particles with a similar circumference to that of the wavelength of light is de-

scribed by Mie theory (Bohren and Huffman, 1983). Key parameters that govern the

scattering and absorption of light under Mie theory includethe wavelength,λ, of the in-

cident radiation, the particle size, frequently expressedas a dimensionless size parameter

α = 2πr
λ

, and the complex refractive index - the optical property of the particle in relation

to the surrounding medium,n. It is usually understood thatn is given in relation to air,

the refractive index of which is almost unity.n is a complex number,

n = nr − nii, (1.5)

where the real part represents the amount of scattering of energy by a particle, and the

imaginary part represents the amount of absorption. Both real and imaginary parts are

a function of wavelength. The refractive index of a particleis governed by its chemical

composition.

Given the particle size and refractive index, Mie theory canbe used to calculate

the scattering and absorption properties,Qscat andQabs of an aerosol population, if the

aerosol particles are assumed to be spherical. (Issues arising from non-spherical particles

are discussed in Section 1.5.5). In order to calculate irradiances when aerosol is present,

three aerosol optical properties, which vary with wavelength, are required:

1. Single Scattering Albedo

The dimensionless single scattering albedo,ωλ
0 , is the ratio of scattering to extinc-

tion of energy, and can be defined as

ωλ
0 =

Qλ
scat

Qλ
ext

=
Cλ

scat

Cλ
ext

=
σλ

scat

σλ
ext

, (1.6)
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whereQλ
scat, Cλ

scat andσλ
scat are as defined previously in Equations 1.2 and 1.3.

Therefore the fraction of light scattered by a particle isωλ
0 , and the fraction ab-

sorbed, the co-albedo, is1 − ωλ
0 . Since the value ofωλ

0 indicates the amount of

absorption, and therefore the conversion of light to thermal energy, the value of

the single scattering albedo is important in determining the amount of atmospheric

heating due to the aerosol. Aerosol particles with a single scattering albedo close

to 1 will mostly scatter radiation, whereas particles with lower single scattering

albedos will absorb more radiation.

2. Mass Specific Extinction

The mass specific extinction is the amount of extinction per unit mass of aerosol,

usually given inm2g−1, and indicates how efficient a given mass of aerosol particles

are at extinguishing radiation. It is defined as,

kλ
ext =

3Qλ
ext

4rρaer

, (1.7)

whereρaer is the density of the aerosol particle, assumed to be2.65gcm−3 (Tegen

and Fung, 1995).

3. Phase Function

The phase function describes the angular distribution of light intensity at a particular

angle,θ, given relative to the incident radiation, scattered by a particle at a given

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

P (θ, α, n) =
F (θ, α, n)

∫ π

0
F (θ, α, n) sin(θ)dθ

, (1.8)

whereF is is the intensity of the radiation scattered into angleθ, andP is measured

in sr−1.

A more commonly used parameter in two-stream approximations is the asymmetry

parameter,gλ, which is the intensity-weighted average of the cosine of the scatter-

ing angle:

g(α, n) =
1

2

∫ π

0

cos(θ)P (θ) sin(θ)dθ. (1.9)
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A value of 1 indicates that radiation is scattered entirely into the forwards direc-

tion, whereas a value of−1 indicates that radiation is scattered entirely into the

backwards direction. Positive intermediate values indicate that most radiation is

scattered forwards, negative values indicate the reverse.If light is scattered isotrop-

ically, theng = 0.

In terms of the radiative effect of aerosols, the amount of aerosol present in a vertical

profile, as well as the amount of extinction caused by the particles, is important. The total

amount of extinction due to scattering and absorption caused to incoming radiation at the

top of the atmosphere (TOA) due to aerosol particles betweenthe TOA and the surface

is defined as the aerosol optical depth (AOD, orτλ). For a population of polydisperse

particles this is defined through aerosol optical properties as,

τλ =

∫ TOA

0

∫ rmax

rmin

πr2dN

dr
Qλ

extdrdz =

∫ TOA

0

σλ
extdz. (1.10)

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

law, as,

τλ = ln

(

Iclr
SFC

Iaer
SFC

)

cos(θ), (1.11)

whereI is irradiance inWm−2, SFC indicates the calculation refers to the surface, andθ

here is the solar zenith angle.clr andaer indicate the irradiance that would be measured

under clear skies (no aerosol present), and with aerosol present.τλ is therefore the extra

extinction that occurs at a particular wavelength due to thepresence of aerosol particles.

Additionally another useful parameter to describe aerosolparticles is the angstrom

exponent,Ȧ, which describes the wavelength dependence of extinctionover two wave-

lengths:

Ȧ = −
log(xλ1

)/log(xλ2
)

log(λ1)/log(λ2)
, (1.12)

wherex can beτ , σext or σscat. This is useful since scattering and extinction at a particular

wavelength tend to be related to the size of a particle - thus if Ȧ is large, it indicates

the presence of smaller particles, whereas larger particles will have a smaller, or even

negative, value oḟA.
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1.5.2 Refractive Index of Mineral Dust

1.5.2.1 Real Part

The real part of refractive index,nr , for Saharan dust is generally better constrained

than the imaginary part in the shortwave spectrum. Many studies, such as Shettle and

Fenn (1979) and WCP (1983) suggest thatn550
r in the visible is1.53, and is constant

over wavelengths0.2 to 1.0µm. Remote sensing case studies by Tanré et al. (2001) and

Kaufmanet al. (2001) have found that using this value leads to consistent results 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 estimatednr for Saharan dust to be1.48

at Cape Verde for optical depths of0.7 at 440nm. Laboratory measurements ofnr also

deviate from the1.53 value suggested by WCP (1983) by up to±0.05 (e.g. Patterson

et al., 1977; Carlson and Benjamin, 1980; Sokoliket al., 1993; Sokolik and Toon, 1999)

with measurements by Pattersonet al. (1977) ofnr ranging from1.558 − 1.562 ± 0.004

at550nm.

At least part of this variation is due to the differing mineralogy of samples as well as

differences in measurement techniques. Sokolik and Toon (1999) highlighted the effect

of mineralogy on the refractive index by showing that based on literature estimates of

the most common minerals in dust (except hematite),nr at 500nm varies from1.49 to

1.7, whereas for hematitenr varied between2.8 to 3.3. Despite this uncertainty innr,

these variations are small in terms of percentages and are thought to be less significant

in determining the optical properties of dust than the uncertainties associated with the

imaginary part of the refractive index (e.g. Liao and Seinfeld, 1998).

1.5.2.2 Imaginary Part

The value of the imaginary part of the refractive index,ni, as reported by the literature

is much more variable thannr, showing variations of at least an order of magnitude, and

has therefore been the object of much research and discussion.

Calculations ofni can be divided into two main groups (Sokoliket al., 1993): firstly

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

refractive index. Estimates using latter technique are subject to uncertainties relating as-

sumptions of the value of surface albedo, real part of the refractive index and effects of

non-spherical dust particles, as well as the averaging of the imaginary part over the atmo-

spheric column (which may contain other aerosol types). Theformer technique can be

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

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

nents to determine the refractive index, and those using diffuse reflectance methods in the

lab to calculate the refractive index. Problems with the latter laboratory technique include

factors such as the treatment of samples in order to analyse them.

The most commonly used values ofni at visible wavelengths for Saharan dust orig-

inate from work by Pattersonet al. (1977), who used lab measurements of diffuse re-

flectance of dust samples collected at various locations including Tenerife (Canary Is-

lands), Sal (Cape Verde Islands), Barbados, and from a research vessel located at17◦N ,

26◦W . They found similar refractive indices for all sites, with the imaginary part decreas-

ing from0.025i at300nm to 0.0038i at600nm, with a value of around0.005i at550nm.

Errors in the value ofni were estimated to be40%. Similar laboratory measurements of

ni have been made by Lindberg and Laude (1974); Levinet al. (1980) for dust samples

from other parts of the world, who found that the value ofni at 550nm varied between

0.004 to 0.007i, values in agreement with those of Pattersonet al. (1977).

Other early estimates of the refractive index were made by Carlson and Caverly

(1977) who combined Mie code simulations with ground-basedmeasurements of direct

and diffuse radiation with aircraft measurements of size distributions at Sal, Cape Verde,

in order to constrain the imaginary part of the refractive index when the real part was as-

sumed to be1.54. The refractive indices of Carlson and Caverly (1977) of0.018i, 0.008i

and0.0029i at wavelengths of0.375, 0.468 and0.610µm were found to agree very well

with those from Pattersonet al. (1977) within the experimental errors of both studies.

Both these studies indicated significant absorption at visible wavelengths by Saharan

mineral dust, and subsequent modelling studies assigned spectral refractive indices ac-

cordingly, such as Shettle and Fenn (1979); WCP (1983); d’Almeida et al. (1991); Hess
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et al. (1998). For example, Shettle and Fenn (1979) and WCP (1983) used a constant

imaginary part of the refractive index of0.008i at visible wavelengths (see Figure 1.8).

Carlson and Benjamin (1980) included spectral variations ofni at visible wavelengths,

using refractive indices of1.56− 0.018i, 1.54− 0.008i, 1.54− 0.0029i and1.58− 0.002i

for the spectral bands0.32 − 0.42µm, 0.4 − 0.53µm, 0.53 − 0.69µm and0.69 − 4µm,

respectively.

Variousni values from the literature have been collated by numerous studies, in-

cluding Ottoet al. (2007), as shown in Figure 1.8. They used values ofni at visible

wavelengths from the literature (from Sokoliket al. (1993); Pattersonet al. (1977); Carl-

son and Benjamin (1980), dotted red lines in Figure 1.8) to compute a spectrally varying

average imaginary refractive index (thick red line in Figure 1.8) which resulted in a value

of 0.006i at 550nm. Figure 1.8 also clearly shows that most experiments have found

dust to be significantly more absorbing in the UV and lower visible wavelengths, withni

decreasing significantly between0.3µm to 0.7µm (e.g. Carlson and Caverly, 1977; Pat-

tersonet al., 1977; Sokolik and Toon, 1999; Duboviket al., 2002; Yoshida and Murakami,

2008).

Figure 1.8: Figure 4 from Ottoet al.(2007), showing compiled refractive indices from the literature (dotted
red lines), and a spectrally varying average of these estimates (solid red line). The black dashed line
represents the ’dust-like’ refractive index from Shettle and Fenn (1979) and WCP (1983). Values at visible
wavelengths from the literature come from Sokoliket al. (1993), who compiled various measurements of
ni from around the world, Pattersonet al. (1977) who measuredni for Saharan dust and Carlson and

Benjamin (1980) who based refractive indices on Carlson andCaverly (1977).

Estimates of refractive indices from aircraft measurements and remote sensing tech-
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niques have suggested significantly less absorption by dust. For example, estimates of

ni from Saharan dust at the Cape Verde AERONET station suggest values of0.0025i and

0.0007i at wavelengths of440nm and670nm (Duboviket al., 2002), with uncertainties of

±50% (Balkanskiet al., 2007). These estimates are in agreement with those from Tanré

et al.(2001) and Kaufmanet al.(2001) who used AERONET and Landsat satellite data to

estimateni values. Low values ofni of 0.003i were also found by Levinet al. (1980) for

a dust storm in Israel by using measurements of size distribution and optical depth, and of

0.001i by Ottermanet al.(1982) using satellite data from Landsat. Aircraft measurements

of Saharan dust also indicate much lower absorption of dust,with estimates of0.0015i for

ni at 550nm (Haywoodet al., 2003) using size distribution, absorption, scattering and ra-

diometric measurements. Other aircraft studies of mineraldust have found similar values

of ni, for example, Osborneet al. (2008) estimatedni to be0.0004i at550nm.

Another approach has been to calculate a bulk refractive index by analysing dust

samples for chemical composition, and calculating an overall refractive index based on

the volume fraction of various minerals present and their individual refractive indices. For

example, using this technique Ivlev and Andreev (1986) found an imaginary refractive

index of0.004i at550nm. Methods used by Kandleret al. (2007), Ottoet al. (2007) and

Ottoet al.(2009) were similar to this. Kandleret al.(2007) made in-situ cascade impactor

measurements of Saharan dust at Izaña, Tenerife, and using single particle mineralogy

from SEM and TEM analysis and attributed refractive indicesbased on values for each

species based on literature values, estimated the refractive index to be1.59−0.009i. Using

polar photometry on the same technique led to an estimate of the imaginary part of0.007i

at 700nm. Kandleret al. (2007) also showed that composition can change with dust

particle size, and calculated their refractive index as a function of particle size, finding that

the real part decreased slightly with size for particles larger than2µm diameter due to the

decreasing amounts of iron oxides, whereas for all particles of sizes between0.15−10µm

the value ofni decreased with increasing diameter due to the greater abundance of soot

and iron oxides in the smaller particles. Ottoet al. (2007) used a similar technique for

aircraft samples of dust from Morocco and found the opposite: that for particles sized

below 0.5µm diameter the value ofni was very low due to large amounts of sulphate



Chapter 1. Introduction 23

present in these size ranges. For extremely large particlesof diameter greater than50µm

they also found low values ofni due to greater volume fractions of quartz. However, they

found much less variation in refractive index for particlessized between0.5µm and50µm

diameter.

Other studies have highlighted the importance of differingmineralogy as well as dif-

ferent measurement techniques in determining the refractive index of dust (Sokoliket al.,

1993), since mineral dust can be a complicated mixture of various minerals, with vary-

ing optical properties and abundances which can change withdust source, mobilisation

processes, and chemical and physical transformation during atmospheric transport (Soko-

lik and Toon, 1999). For example, Sokolik and Toon (1999) showed that for the most

common minerals in dust (except hematite),ni varies from0.000075i to 0.001i, whereas

hematite was much more absorbing withni of 0.9i. Their results also showed that dust

can be much more strongly absorbing when hematite is attached to dust particles in the

form of aggregates rather than as an external mixture, further complicating techniques to

estimate refractive indices. The complexity of calculating the absorption of dust has been

further examined by Lafonet al. (2006) who showed that significant differences in single

scattering albedo can be caused by differing amounts of freeiron contained within dust,

as opposed to just the amount of iron oxide present.

Further intricacies have been found by Lafonet al. (2006), who found thatni was

different for hematite and goethite, both in terms of magnitude and spectral dependence.

Thus the single scattering albedo was strongly affected, though the mass specific extinc-

tion coefficient was not. They point out that retrievals of single scattering albedo from

optical depth or extinction measurements are unlikely to give satisfactory results due to

the different sensitivities ofkext and single scattering albedo to iron oxides. They also

found that coarse aggregates had much lower single scattering albedos compared to fine

aggregates, due to the size difference as well as coarse aggregates containing more iron

oxides than fine ones (contrary to the findings of Kandleret al. (2007)). Lafonet al.

(2006) suggest that transported dust, with preferentiallyremoved larger particles, will

therefore have higher single scattering albedo values.

Thus despite many measurements and estimates of the imaginary part of the refrac-
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tive index over the past thirty years, there is still much uncertainty over the magnitude

and spectral variation of the refractive index, with estimates at550nm varying between

0.0004i to 0.01i, an uncertainty of nearly two orders of magnitude. Nevertheless, some

of this variation may be due to variations in composition andmixing state of different

samples, and it is also possible that the different techniques used contribute to this range.

There is a clear need for a better understanding of the variations observed in the value of

ni.

1.5.3 Size Distribution of Mineral Dust

In modelling studies aerosol particles are often represented by lognormal size distributions

(e.g. d’Almeidaet al., 1991). This is convenient since it allows a mathematical function

to describe the aerosol distribution, rather than many specific numeric values. Lognormal

functions are regularly used to represent atmospheric aerosols since they represent the

shapes of well observed ambient aerosol size distributions(Seinfeld and Pandis, 2006).

The lognormal size distribution is defined as,

dN

dr
=

Ntot

(2π)1/2r ln σg

exp

(

−
(ln r − ln rg)

2

2(ln σg)2

)

. (1.13)

Therefore three key parameters govern the characteristicsof the lognormal size distribu-

tion, which arerg, the median radius,σg, the geometric standard deviation, andNtot, the

total aerosol number concentration. Aerosol size distributions can be defined by a single

lognormal mode, or a combination of several (Seinfeld and Pandis, 2006). Lognormal

size distributions can also be given in terms of surface area, volume and mass, which may

result in different values ofrg for the same size distribution.

Another common way of describing aerosol size distributions is through a single

parameter, the effective radius (reff ), where,

reff =

∫

r3 dN
dr

dr
∫

r2 dN
dr

dr
, (1.14)

which allows a straightforward comparison of different measurements.

Dust, unlike most aerosol species, is composed of both sub-micron and super-micron
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diameter particles, comprising an accumulation mode containing particles with diameters

between around0.1 to 1 − 3µm (e.g. Toddet al., 2007; Fouquartet al., 1987a), and a

coarse mode containing particles of diameter between around 1 − 3µm and extending up

to 100µm (e.g. D’Almeida and Schtz, 1983; Reidet al., 2003b). The diameter used to

separate the two modes varies between studies and is often chosen to separate different

aerosol types; for example, Duboviket al. (2002) separate the accumulation and coarse

modes at a diameter of1.2µm, Kaufmanet al. (2005) used a diameter of1µm, and John-

sonet al. (2008) used a diameter of0.7µm. In terms of mass loadings the coarse mode

is found to be more dominant, which is important to aerosol optical depth and deposition

of nutrients to the ocean, whereas in terms of particle number different studies find the

accumulation mode of varying importance.

The median radius and effective radius of the coarse mode fordust are typically found

to be between1−2µm by observational studies; for example Duboviket al.(2002) found

AERONET derived volume median radii at Cape Verde to be0.12µm and1.9µm for the

fine and coarse modes respectively. Toddet al.(2007) found an effective radius of1.66µm

and median radius of1.9µm. Measurements of Saharan dust by Haywoodet al. (2001);

Li-Jones and Prospero (1998); Arimotoet al. (1997) found the maxima in volume size

distributions to range from1 to 5µm. Dust size distributions with smaller particles were

measured by Maringet al. (2000), who found median number radii of around0.1µm and

less, corresponding to a volume mean radius of less than1µm. Thus it appears that there

is some convergence of size distribution measurements, buta large degree of variability

is still evident.

Presence of accumulation mode dust particles are extremelyimportant as it is the

submicron particles that interact most strongly with solarradiation; for example, Tegen

and Lacis (1996) found that the most optically effective particles were in the size range

of 0.3 − 1µm, and that the size distribution is very important in determining the optical

properties of dust. Recent studies have highlighted the importance of the coarse mode in

terms of optical properties, in that the presence of a largercoarse mode can strongly affect

the single scattering albedo at visible wavelengths (e.g. Otto et al., 2007). The amount

of coarse mode present is also important in determining the amount of absorption in the
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infrared (Tegen and Lacis, 1996). Toddet al. (2007) found that aerosol optical depth

changes in the Bod́elé Depression, Chad, were related to large changes in the amount of

coarse mode particles, as well as a shift in the modal radius.

Considering the importance of dust size distribution to bothdeposition of dust to the

ocean and to optical properties, it is of interest to know whether the size distribution of

dust changes during transport. Gravitational settling predicts that larger, heavier parti-

cles should be deposited on shorter timescales than smallerparticles (e.g. Maringet al.,

2003a), and therefore large changes in the coarse mode size distribution may be expected

with dust transport. Some studies support this, for example, satellite retrievals from AIRS

(Atmospheric Infrared Sounder) have show that the coarse mode effective radius of Sa-

haran dust decreased from2.4µm to 2µm during transport from the west coast of Africa

to around50◦W during April to June 2003 (Pierangeloet al., 2005). Satellite data such

as that from CALIPSO (Liuet al., 2008b), MODIS (Remer and Kaufman, 2006),AVHRR

and TOMS (Cakmuret al., 2001) consistently show that dust optical depth decreasesto-

wards the west with distance from the Sahara, showing that the amount of dust present

in the atmosphere is certainly decreasing with transport. CALIPSO lidar data also shows

that properties such as the ratio of dust optical depth and backscatter at1064 to 532nm,

and lidar ratios (the ratio of backscatter at180◦ to extinction) change during transport,

indicating that changes in either composition and/or size distribution are occurring (Liu

et al., 2008b) .

However, other studies have found little change in the coarse mode size distribution

with transport, such as Reidet al. (2008). Maringet al. (2003a) found that dust particles

smaller than7.3µm are not preferentially removed during transport, and the size distri-

bution remains largely unchanged for smaller dust particles, based on measurements over

both the Canary Islands and over Puerto Rico. Studies using lidar data to analyse the ver-

tical distribution of dust (e.g. Berthieret al., 2006; Liuet al., 2008b) therefore assume that

size distribution is constant in the vertical which means that the lidar ratio and the ratio of

backscatter at1064 to 532nm remain constant. The accumulation mode size distribution

is also thought not to change significantly during transportover short distances (Tegen

and Lacis, 1996).
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Additionally Maring et al. (2003b) and Reidet al. (2002) found dust size distribu-

tions to show only a small height dependence. However, this is not in keeping with the

modelling study of Tegen and Lacis (1996), who used a height dependent size distribu-

tions where the number distribution decreased in magnitudeand mean radius between

pressures of950, 470 and40mbar, 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 complicated due to the dependence

of optical properties on factors such as size distribution,refractive index (determined by

chemical composition and mixing state) and particle shape,all of which may vary over

time and space. It is therefore perhaps not surprising that the optical properties of dust

reported in the literature cover a large range of values.

Table 1.1 shows results of optical properties at particularwavelengths measured dur-

ing several prominent field campaigns based in the North Africa. Table 1.2 gives details

of optical properties of dust estimated through other techniques, mostly remote sensing by

ground-based instruments and satellites. It is clear that the measurements and estimates

of the optical properties are highly variable between different studies; for example, values

of single scattering albedo shown in Table 1.1 from measurements range from0.76 to

0.99 at550nm. The range in these estimates of single scattering albedo values for dust is

enough to cause either a positive or negative direct radiative forcing (Sokolik and Toon,

1996). Forsteret al.(2007) estimate the single scattering albedo of global dustto be in the

range of0.9 − 0.99 with a central global estimate of0.96 at670nm. However, long term

AERONET studies suggest that Saharan dust is less absorbingthan dust from other parts

of the world, with single scattering albedo values of0.98 at 670nm (see Table 1.2) as

opposed to values ranging from0.95 to 0.97 for other parts of the world (Duboviket al.,

2002).

Many initial calculations of the single scattering albedo of North African dust were

modelling studies based on the refractive indices of Pattersonet al. (1977). These studies

used various size distributions combined with Mie scattering code and the resulting single
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ω0 g kext λ Size Range Campaign,

year
Location Comment Reference

0.900-0.961 n/a 1.21-0.93 550nm < 10µm NAMMA,
Sept 2006

Sal,
Cape Verde

Ground-based measure-
ments of size distribution,
scattering and absorption

Jeonget al. (2008)

0.79 0.79 n/a 532nm AM+CM SAMUM,
May 2006

Morocco Aircraft measurements
of size distribution &
ground/aircraft radiometric
measurements

Ottoet al. (2009)

0.99 ± 0.02 0.71 0.76 550nm AM DABEX,
Jan 2006

Niger Aircraft measurements of
scattering and absorption

Osborneet al. (2008)

0.98 0.75 0.33 550nm AM+CM DABEX,
Jan 2006

Niger Aircraft measurements of
size distributions, scattering
and absorption

Osborneet al. (2008)

0.945 − 0.955 0.74 − 0.81 n/a “solar wavelengths” AM+CM Jul-Aug
2005

Izaña,
Tenerife

Ground-based chemical
measurements at 2367m
asl analysed with polar
photometry

Kandleret al. (2007)

0.969/0.986 n/a n/a 440/670nm AM+CM BODEX,
Feb-Mar
2005

Bodélé
Depression,
Chad

Cimel data with AERONET
retrieval algorithms

Toddet al. (2007)

0.76 0.81 n/a 550nm AM+CM ACE2,
July 1997

Canary
Islands

Aircraft measurements of
size distribution

Ottoet al. (2007)

0.97 ± 0.02 0.72 0.7 550nm AM SHADE,
Sept 2000

Tropical East
Atlantic

Aircraft measurements of
scattering and absorption

Haywoodet al. (2003)

0.95 0.74 0.42 550nm AM+CM SHADE,
Sept 2000

Tropical East
Atlantic

Aircraft measurements of
size distributions, scattering
and absorption

Haywoodet al. (2003)

0.95 0.66 n/a 0.3 − 2.8µm AM+CM ECLATS,
Nov-Dec
1980

Niamey,
Niger

Aircraft measurements
of size distribution &
ground/aircraft radiometric
measurements, refractive
indices based on Carlson
and Caverly (1977)

Fouquartet al. (1987b)

0.86 0.78 1.0 530 − 690nm 0.2 − 2.4µm GATE,
1974

Sal,
Cape Verde

Measurements of size distri-
bution and refractive indices
from Carlson and Caverly
(1977)

Carlson and Benjamin (1980)

Table 1.1: Results from major recent field campaigns where measurements of optical properties of North African dust in the solar spectral region have been performed.
AM = accumulation mode, CM = coarse mode. Sizes refer to diameter.
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ω0 g kext,m
2g−1 λ Location, year Technique Reference

0.912/0.976 412/550nm 10 − 35◦N , 20◦W − 30◦E,
May-Aug 2003-2006

MODIS data Yoshida and Murakami (2008)

0.93/0.98 0.73/0.71 440/670nm Capo Verde,
1993-2000

AERONET Duboviket al. (2002)

0.94/0.95 n/a n/a 440/670nm Capo Verde,
1994-1996

AERONET Tanŕe et al. (2001)

0.93/0.96 n/a n/a 440/670nm Banizoumbou,
1996-1997

AERONET Tanŕe et al. (2001)

0.97 ± 0.02 n/a n/a 670nm Capo Verde, June-Aug 1999
and Tropical North Atlantic
Ocean, April 1987

AERONET and Landsat Kaufmanet al. (2001)

0.837 0.775 0.37 550nm n/a Model study Hess et al., 1998
0.95 − 1.0(0.57 − 6.3) 0.65 − 0.8 0.2 − 2.5µm n/a Refractive indices from literature

and modelling of different minerals
Sokolik and Toon (1999)

Table 1.2: Estimates of dust optical properties from selected remote sensing and modelling studies. For the Sokolik and Toon (1999) data, the value in brackets
represents hematite and other values represent a range of size distributions tested for individual minerals rather than a dust mixture.
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scattering albedo values were low, suggesting large absorption by Saharan dust, ranging

from 0.63 to 0.89 at 550nm (Shettle and Fenn, 1979; WCP, 1983; Koepkeet al., 1997;

Hesset al., 1998). This range of results highlights firstly the possible absorbing nature

of Saharan dust, and secondly the importance of the size distribution in determining the

single scattering albedo, since despite these studies using very similar refractive indices,

the single scattering albedo results were very different.

Over recent years developments in remote sensing techniques have allowed more

estimates of aerosol optical properties, as well as estimates of dust single scattering albedo

from data over larger geographical regions and longer timescales. Tanŕe et al. (2001);

Kaufmanet al. (2001); Duboviket al. (2002) used AERONET data to derive high values

of single scattering albedo indicating that dust was much less absorbing than previous

calculations had shown, from values of0.93 to0.94 at440nm (Tanŕeet al., 2001; Dubovik

et al., 2002) to values between0.95 to 0.98 at670nm (Tanŕeet al., 2001; Kaufmanet al.,

2001; Duboviket al., 2002). Yoshida and Murakami (2008) analysed MODIS data and

found high values of single scattering albedo (0.912, 0.976 at wavelengths of412, 550nm)

over the entire Sahara during 2003-2006 over May-Aug. It should be noted, however, that

satellite and AERONET retrievals have errors and assumptions associated with them -

for example, since AERONET uncertainties in retrievals ofω0 , g andkext are high for

aerosol optical depths below0.2, Dubovik et al. (2002) discount data from these days.

Additionally, non-sampling on cloudy days may create a biasin the results.

The recent estimates of high single scattering albedo values for Saharan dust are

mostly backed up by in-situ aircraft and ground-based measurements, as shown in Table

1.1. The most direct measurements of the single scattering albedo come from measure-

ments of scattering and absorption, such as the aircraft measurements of Haywoodet al.

(2003) and Osborneet al. (2008). These campaigns find single scattering albedo values

of 0.97 and 0.99 at 550nm respectively, for the accumulation mode, since aircraft in-

strument inlets cut-off particles with larger diameters. Table 1.1 shows that these studies

find a small decrease inω0 when the coarse mode size distribution is included through

Mie calculations, though this requires an assumption of therefractive index. Jeonget al.

(2008) made direct measurements of the single scattering albedo at Sal, Cape Verde, and
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found values ranging from0.9 to 0.96 once the effect of sea salt aerosol particles had been

removed from the data.

Various other field campaigns and modelling efforts have measured the size distribu-

tion of Saharan dust, and combined this with either estimates of the refractive index from

the literature or from chemical composition measurements in order to calculate optical

properties using Mie scattering code, such as Carlson and Benjamin (1980); Fouquart

et al. (1987b); Ottoet al. (2007, 2009), as shown in Table 1.1. Values ofω0 from this

methodology suggest that dust has a more absorbing nature, with ω0 values ranging from

0.76 to 0.95. Though these studies include the optical effects of the full size distribution,

no measurements of scattering and absorption were made to give direct measurements

of the single scattering albedo. Finally, the methodology of Kandleret al. (2007) differs

from the other calculations described, since polar aerosolphotometry was used directly

on filter samples to calculate optical properties, including ω0 , which was estimated to be

0.95.

Note that though the Tables 1.1 and 1.2 give values of single scattering albedo at

particular wavelengths, for modelling studies it is necessary to know the full spectral

variation. As described in Section 1.5.2.2, most measurements show that dust is much

more absorbing in UV wavelengths than in the visible to near infrared (NIR), withni

decreasing from the UV into the visible. This is reflected in spectral measurements and

modelling estimates ofω0 , with higher single scattering albedo values at larger wave-

lengths. For example, Duboviket al. (2002) foundω0 to increase from0.93 to 0.99 over

wavelengths of440 to 1020nm from AERONET retrievals at Cape Verde, and Ottoet al.

(2007) showed thatω0 increased from around0.7 at200nm to around0.97 at700nm (ex-

act values are dependent on the size distribution used), based on refractive indices from

the literature shown in Figure 1.8.

It is clear from the literature that there is a wide range of measurements and calcula-

tions of single scattering albedo at visible wavelengths. Though part of this range may be

due to different measurement techniques being used, it is also possible that some variation

is due to changes in size distribution and chemical composition (hence refractive index)

of dust in time and space.
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Tegen and Lacis (1996) showed that size distribution is veryimportant in determining

the optical properties of dust. They used refractive indices from Pattersonet al. (1977)

and varied the effective radius of their size distributionsfrom 0.1 to 9µm, and showed that

the extinction efficiency in solar wavelengths was highly dependent on particle size, and

that as particle size increased the single scattering albedo decreased, from around0.95 to

0.65 at 550nm. In contrast, Sokolik and Toon (1996) estimated that uncertainties inkext

stem mainly from uncertainties in the refractive index, which resulted in values ranging

from 0.2 − 2m2g−1.

Likewise, the composition (and hence refractive index) strongly influences optical

properties. Studies such as Claquinet al. (1998, 1999); Sokolik and Toon (1999) em-

phasise that the way hematite is mixed with quartz or clay is complicated and strongly

impacts the resulting absorption. This means that if different source locations are com-

posed of different minerals, and dust transported from different sources is representative

of the original source, the resulting optical properties will differ. For example, Toddet al.

(2007) found that dust transported from the Ennendi region to the east of the Bod́elé

depression had single scattering albedos around0.91 at 440nm, compared to the much

higher values of around0.97 of dust being uplifted from the Bodélé Depression itself.

Jeonget al.(2008) also found significantly different single scattering albedos of dust (0.9

and0.96) originating from different source regions in North Africa.

Sokolik and Toon (1999) demonstrate that since the optical properties of the differ-

ent minerals are very different, the overall properties of aparticular dust sample depends

strongly on the relative abundance of each mineral. This canhave an effect on the mag-

nitude of single scattering albedo andkext and therefore the optical depth, particularly in

large dust loadings. Sokolik and Toon (1999) illustrated that for external mixtures an in-

crease in the proportion of hematite from 0 to 20% for a particular size distribution results

in a decrease of the single scattering albedo from over0.98 to below0.92. They show

that 20% is very high for hematite concentrations, and therefore conclude that values of

single scattering albedo as low as0.8 at 500nm, as results from using refractive indices

from Pattersonet al. (1977), must be either incorrect, or that the mixing of hematite was

not in an external mixture.
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Sokolik and Toon (1999) show that when hematite is aggregated with quartz or clay

(rather than being an external mixture), this type of mixingcan cause much lower single

scattering albedos. They found that when hematite was aggregated to clays (1% hematite,

99% kaolonite), single scattering albedo values at550nm were0.83 to 0.89, in contrast to

single scattering albedo of0.98 for an external mixture. Thus knowing whether hematite

is present as an external or aggregated mixture is crucial for calculating the radiative effect

of dust. Lafonet al. (2006) demonstrate that goethite is also an important iron oxide for

optical properties, but is included in studies less often than hematite due to a lack of data

availability. Lafonet al. (2006) examined optical properties of dust samples based on

their mineralogy, and found significantly higher single scattering albedo values to those

calculated using refractive indices of Pattersonet al. (1977).

Sokoliket al.(1993) showed that a spread inni ranging from0.003−0.009i can alter

the value ofω0 of by up to0.15, andg by up to0.5 at visible wavelengths for an assumed

size distribution. Therefore an increased range ofni from 0.01i to 0.0004i, as described

in Section 1.5.2.2 considerably increases the range of optical properties that could be

expected for a particular size distribution, intensifyingthe problem of representing the

optical properties of mineral dust.

In summary, the calculation of the optical properties of dust based on refractive in-

dices is complex. Refractive indices of dust can vary with source, chemical composition

and mixing state, with a strong dependence on the amount of absorbing iron oxide present.

Additionally the size distribution can have a large effect on the optical properties, which

is further complicated since various studies disagree on the amount of change in size

distribution for different sources, transport distances and transport altitudes.

1.5.5 Morphology of Mineral Dust

Section 1.5.1 described the procedure for calculating optical properties of aerosols, given

spherical particles. While this may be a good assumption for many aerosol types, mineral

dust has frequently been found to be composed of non-spherical particles (e.g. Reidet 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 optical properties, particularly in the

direction of the scattered radiation, or the phase function(e.g. Mishchenkoet al., 1997).

However, if the phase function is then integrated over hemispheres, differences in the

shape of the phase function in determiningg become less important. Additionally, if

irradiances (rather than radiances) are being modelled, errors due to spherical assumptions

will be smaller, on the order of a few percent (Mishchenko, 1993; Mishchenkoet al., 1995;

Liao and Seinfeld, 1998).

However, in contrast, results for a SAMUM case study from Otto et al. (2009)

show that non-spherical particles significantly impact radiances, particularly in the back-

scattering direction, and that optical depths and the asymmetry parameter were in error by

3.5% and4% respectively if spherical particles were assumed (though single scattering

albedos were only affected by up to1%).

1.6 Radiative Effect of Dust

The aerosol (or dust) direct radiative effect is a measure ofthe perturbation to the Earth’s

energy balance due to the presence of an aerosol. It is definedas the change in net (defined

as downwards minus upwards) irradiance (shortwave and longwave) at the top of the

atmosphere due to the presence of an aerosol (Forsteret al., 2007). The perturbation in

the energy balance is frequently defined as “radiative forcing” for anthropogenic aerosols.

Since dust is at least in part a natural aerosol, the term “radiative effect” is used (e.g.

Haywoodet al., 2003).

Atmospheric dust can result in both a shortwave and longwaveradiative effect due to

the presence of both sub and supermicron particles. In the shortwave spectrum, dust can

cause either a cooling or a warming of the Earth-atmosphere system depending on surface

albedo and dust optical properties (Balkanskiet al., 2007). In the longwave dust causes

a positive radiative effect as it emits radiation back towards the surface (Highwoodet al.,

2003). Therefore the net (shortwave plus longwave) radiative effect of dust can be either

positive or negative, depending on the strength of the shortwave or longwave effect (e.g.

Tegen and Lacis, 1996; Sokolik and Toon, 1999), both of whichare affected by factors

such as particle size, dust altitude and chemical composition (i.e. optical properties). For
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example, a higher altitude dust layer will cause a more negative TOA radiative effect due

to the colder emission temperature.

Large dust events can cause significant perturbations to climate in the shortwave. For

example, during SHADE, magnitudes of the local instantaneous direct radiative effect

over the ocean reached as much as−130Wm−2 at the top of the atmosphere (Haywood

et al., 2003), based on a combination of aircraft irradiance measurements and radiative

transfer modlling. Slingoet al. (2006) also showed top of atmosphere shortwave irra-

diance increased by100Wm−2 during the large dust storm of early March 2006, while

the surface solar irradiance at Niamey reduced by as much as300Wm−2, values which

were based on model estimates and satellite measurements. These are considerable per-

turbations to the local energy balance, and significantly larger than the accuracy of the

measurements. However, the mean global effects are much smaller due to the sporadic

spatial and temporal nature of dust storms. For example, theIPCC 2007 report considered

the anthropogenic dust top of atmosphere radiative forcingto range between−0.3Wm−2

to +0.1Wm−2 (Forsteret al., 2007), though these numbers include both shortwave and

longwave effects. The uncertainty in the net radiative effect of dust stems from uncertain-

ties in dust refractive indices, size distribution, morphology and dust altitude. Additional

uncertainties in the radiative forcing come from uncertainties in the proportion of dust

which is anthropogenic.

The value of the refractive index, particularly the imaginary part, affects the magni-

tude and sign of the radiative effect (e.g. Balkanskiet al., 2007; Wanget al., 2006; Sokolik

and Toon, 1999; Liao and Seinfeld, 1998; Claquinet al., 1998). Liao and Seinfeld (1998)

investigated the effect of increasing the imaginary part ofthe refractive index by20%

around a central value of0.006i, and found that over the ocean, this caused a change in

the diurnally averaged shortwave TOA radiative effect of+0.83Wm−2 due to the extra

atmospheric absorption. It should be noted that a20% change inni is not representative

of the range of uncertainty associated withni in the shortwave, and therefore actual un-

certainty in the TOA radiative effect is much larger than this. For example, Claquinet al.

(1998) found that the range of uncertainties associated with variation inni due to differ-

ent mineralogy in the literature was enough to increase the net TOA shortwave radiative
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effect from−1.39Wm−2 to +1.16Wm−2 due to increased absorption. The value ofni

used is therefore capable of causing a large change in both the magnitude and the sign of

radiative effect.

Both the shortwave and net radiative effects are sensitive tothe size distribution of

the dust (e.g. Tegen and Lacis, 1996; Liao and Seinfeld, 1998; Claquinet al., 1998). Liao

and Seinfeld (1998) varied the mass median diameter of the dust size distribution between

1−8µm and calculated the effect on the TOA shortwave radiative effect. They found that

increases in particle size lessened the cooling effect of the dust because of the absorbing

nature of larger particles. The same effect was demonstrated by Claquinet al.(1998) who

found that the mean number radius of a size distribution was critical in determining the

net cooling or warming of the atmosphere-Earth system. The critical radius at which this

change occurred was found to be0.5µm and0.2µm over the ocean and desert respectively,

though this was due to both effects in the shortwave and longwave spectra. Though there

was an important sensitivity to the mean number radius, Claquin et al. (1998) found little

sensitivity of the radiative effect to the spread of the sizedistribution.

As a result of uncertainties in refractive indices, size distributions and consequently

the optical properties of dust, the current estimate of dustglobal radiative forcing (−0.1±

0.2Wm−2, Forsteret al. (2007)) is not certain in terms of sign, although significantun-

certainties in terms of the fraction of dust which is anthropogenic contribute to this range.

1.7 Thesis Approach

Section 1.5 has shown that despite a large number of dust studies, in terms of in-situ mea-

surements, satellite data and modelling studies, the optical properties of North African

dust are still not well defined, and there is therefore a need to better understand the pro-

cesses that cause the optical properties to differ. Additionally, in terms of understanding

the climatic impact of dust throughout the year there is clearly a need to establish whether

the likely seasonal differences in uplift and transport processes caused by the meteorol-

ogy lead to any discernible influence in radiative or microphysical properties of North

African dust, and to establish whether this may be contributing to the wide spread of

optical properties reported in the literature.
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This thesis describes the analysis of aircraft measurements of North African dust,

obtained during two field campaigns based in West Africa - onein the dry season and one

in the wet season. The aim of this analysis is firstly, to determine the optical properties

of the dust, and relate these to the chemical and microphysical properties. Secondly,

the thesis assesses whether there are any differences in theoptical properties of the dust

which result from differing seasonal meteorology. Finally, the thesis aims to determine

the radiative effect of the dust, and also to relate this to the optical, microphysical and

chemical properties, in order that models and satellite retrievals are better able to represent

atmospheric dust.

A full description of the aircraft campaigns, instrumentation, flying patterns and me-

teorology encountered is given in Chapter 2. Chapter 3 describes the vertical profiles

of the aerosol encountered, the chemical composition of thedust, and the potential dust

sources. Chapter 4 describes the aerosol optical and microphysical properties.

Chapter 5 investigates the quality of the irradiance measurements from the pyranome-

ters on the aircraft, while Chapter 6 uses this data to validate and explore the radiative

effect of the dust encountered during DODO. Finally, Chapter7 presents a summary of

the thesis, limitations of the work and suggestions for the future, 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 DODO, in terms of flights, mete-

orology and dust activity (Section 2.2), the instrumentation on the aircraft (Section 2.3),

including problems with particular instruments and corrections applied. The criteria used

to identify dust aerosol from other aerosol types encountered is also described in Section

2.4.

2.2 Overview of DODO Fieldwork

The aims of the DODO field campaigns were to make aircraft measurements of dust dur-

ing transport. The DODO aircraft campaigns were based at Dakar Airport, Senegal, with

the fieldwork separated into two aircraft campaigns, one in the dry season (DODO1: 3rd

February - 16th February 2006) and one in the wet season (DODO2: 21st August - 28th

August 2006). Each campaign followed on from other aircraftcampaigns based in Niger,

Niamey: in the dry season DODO1 followed DABEX (Dust and Biomass Burning Exper-

iment, Haywoodet al. (2009)) and in the wet season DODO2 followed the aircraft-based

part of AMMA (Africa Monsoon Multidisciplinary Analyses, Redelspergeret al.(2008)).

Thus each part of DODO commenced with a transit flight from Niamey to Dakar, refu-

elling at Bamako airport in Mali. Both DODO1 and DODO2 were thenbased from Dakar

airport in Senegal, which allowed the BAe-146 aircraft to flyover both the surrounding

land and ocean and perform measurements of dust close to local sources and of trans-

ported dust over the ocean, in both seasons. The tracks for each flight (including the

transit flights) can be seen in Figure 2.1.

The following sections describe the meteorology during theDODO campaigns, the

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

2.2.1 Meteorology during DODO

Figure 2.2 shows the 1000 mbar geopotential and the 850 mbar vector winds during the

DODO campaigns. Averages over both campaigns are displayed(Figures 2.2(a), 2.2(b),

2.2(g) and 2.2(h)), as well as an average over the first and thelast three days during
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(a) DODO1

(b) DODO2

Figure 2.1: Flight tracks for each DODO campaign. Flights which did not encounter dust during DODO1
are shown in grey. Airport locations are indicated by a star (Niamey, Niger), circle (Bamako, Mali) and

square (Dakar, Senegal).

DODO1 (Figures 2.2(c), 2.2(d), 2.2(e), 2.2(f)), since the flow changed significantly during

these days and they were also when the only dust flights took place.

During DODO1 the flow changed substantially: for the first week the flow was dom-

inated by an anomalous low-pressure system located over theCanary Islands, shown by

the geopotential lines in Figure 2.2(a), which resulted in little offshore flow in the region

between Dakar and Nouakchott (Figure 2.2(b)). This is contrary to the predominantly

easterly flow that would be expected from climatology, and nodust was sampled during
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.2: DODO campaign meteorology from ERA operational analyses. The 1000 mbar geopotential
(m2s−2) and 850 mbar wind vectors for: (a) and (b) DODO1 from 3rd-16th February 2006; (c) and (d)
DODO1 for 3rd February 2006; (e) and (f) DODO1 from 14th-16thFebruary 2006; (g) and (h) DODO2
from 21st-28th August 2006. Locations of Dakar and Nouakchott are represented by a star and circle

respectively.
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this period. Therefore the flights that occurred during thisflow regime are coloured grey

in Figure 2.1.

The flow changed during the three final days of the campaign, becoming more clima-

tological with northerly/northeasterly flow in the Dakar region (Figures 2.2(e) and 2.2(f))

which resulted in the advection of dust towards the west African coast, which was mea-

sured during flights b173, b174 and b175. This flow pattern is not reflected in the DODO1

averages in Figure 2.2(a) and 2.2(b) because of its short time duration. To the south of

Dakar the flow was offshore (Figure 2.2(f)) giving rise to theadvection of biomass burn-

ing aerosol (originating from southern West Africa) at mid-levels in the troposphere, this

being sampled during four DODO1 flights (b168, b169, b170, b174) which operated to

the south of Dakar.

Dust was also sampled during the transit flight b168 on 3rd February. The me-

teorology for this day is shown separately in Figures 2.2(c)and 2.2(d), which show a

more climatological-like easterly flow between Dakar and Nouakchott (compared to the

DODO1 average in Figure 2.2(a)), giving advection of dust over the ocean. This dust was

sampled just to the north of Dakar at the end of the transit flight, and 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 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, the dust events

encountered during DODO2 are more driven by smaller scale convection events, and are

more easily described through the satellite imagery shown in Section 2.2.2. The six flights

during DODO2 based from Dakar concentrated mainly on the ocean and land areas to the

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

2.2.2 Dust Activity during DODO

Figures 2.3 and 2.4 show dust forecasts from the Met Office CAMM(Crisis Area Mesoscale

Model, Greed (2005)) model at 12Z each day and give a good overview of the dust activ-

ity during the campaigns. This information was used for flight planning during DODO.

Figure 2.3 shows the surface dust concentration ingm−3, whereas Figure 2.4 shows a
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forecast of the aerosol optical depth (AOD) at 550nm, with the different variables shown

for each campaign reflecting an update in the flight planning information and model out-

put between the DODO campaigns.

Figure 2.3 shows low forecast concentrations of advected dust over the ocean around

Dakar during flights b168, b173 and b174. Dust was forecast tobe advected further over

the ocean towards the southwest between flight b173 and flightb174, so that the same

dust outbreak was sampled on consecutive days. Contrastingly higher concentrations of

dust forecast over Mauritania can be seen in Figure 2.3(d) where a heavier dust storm was

encountered during flight b175.

Figure 2.4 shows the sequence of forecast dust events that occurred during DODO2.

On 21st August high optical depths are forecast over northern Mali which were sampled

during the transit flight (b236) between Niamey and Bamako. During 22nd-25th August a

tropical depression (Debby) developed and moved westwardsfrom Dakar, and can be seen

by the circular area of very low AOD values. This resulted in southeasterly flow across

the coastline north of Dakar, transporting dust over the ocean (which had previously been

sampled over land during b236), which was sampled in flight b237 (Figure 2.4(b)). High

optical depths were forecast over western Mauritania on 23rd August, which were sam-

pled during flight b238 when a heavy dust storm was encountered. Figures 2.4(d) and

2.4(e) show that lower dust AODs were forecast over the oceanduring flights b239, b240

and b241 (24th and 25th August). On 26th and 27th August - dayswhen no flights were

performed - the main dust outbreaks were not close to the Dakar region. Finally on 28th

August (Figure 2.4(h)) there was dust forecast over the ocean to the north of Dakar, which

was sampled during flight b242.

Note that though the CAMM forecasts give a good indication of the movement of the

dust outbreaks during DODO, and have the advantage of showing dust aerosol only and

not being limited by cloud presence obscuring the dust, theydo not necessarily represent

reality, and for this purpose satellite images must be examined. Indeed, one of the aims

of DODO was to validate dust model forecasts (e.g. Greedet al., 2008).

Figures 2.5 and 2.6 show dust product images from the MSG (Meteosat Second Gen-

eration) SEVIRI (Spinning Enhanced Visible and Infrared Imager) instrument (Schmetz



Chapter 2. Methodology 44

et al., 2002). Brightness temperature differences are calculatedfrom SEVIRI measure-

ments of narrow band infrared radiances over wavelengths12.0− 10.8µm, 10.8− 8.7µm

and10.8µm (Schepanskiet al., 2007). The spectral absorption characteristics of dust al-

low its detection, and it appears as pink in the false colour images. Therefore dust activity

during DODO can be seen and differentiated from other types of aerosol. These images

are available in 15 minute time resolution, and therefore are also useful in following the

movement of the dust storms which were sampled during DODO, in part to determine

whether different flights sampled the same dust plumes. Therefore 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 meteorology between DODO1 and

DODO2. In DODO1 deep convection associated with the intertropical convergence zone

(ITCZ) can be seen in the red-coloured cumulonimbus clouds tothe south of the equator,

whereas during DODO2 these can now be seen over northern Africa. In Figure 2.6(a) the

convective cloud of Tropical Depression Debby can also be seen on the left hand side of

the image. The large amount of cloud that was frequently present during DODO1 can

also be seen in Figure 2.5.

The dust sampled at the end of the transit flight b168 can be seen as a dull pink over

the ocean around Dakar. The dust around the coast to the northof Dakar on 14th February

(flight b173) and to the south of Dakar on 15th February (flightb174) is difficult to see

due to the presence of cloud above the dust. The dust sampled over land on 16th February

in Mauritania can just be made out as a light pink colour, justto the west of the band of

cloud stretching across West Africa.

Similarly the dust sampled during DODO2 can also be seen in Figure 2.6. On 21st

August the dust over Mali that was sampled during b236 (the transit flight) can be seen.

By following the succession of 15 minute images (not shown), it can be seen that this dust

is the same dust that was then sampled over the ocean to the north of Dakar during flight

b237 on 22nd August, and that the skies were clear in this region. Between 23rd - 27th

August a large amount of dust can be seen over northern Africa, mostly over northern

Morocco and Algeria (note that this was not well forecast by CAMM in Figure 2.4),

which appears to have been uplifted in the vicinity of an MCS (mesoscale convective



Chapter 2. Methodology 45

system) overnight on 22nd August in southern Algeria. This dust developed into a long

swathe, part of which broke off and was transported towards Mauritania and encountered

during b238 (23rd August). This dust was then advected over the ocean and appears

much less intense in the SEVIRI images in Figures 2.6(d) and 2.6(e). Since the dust in

Morocco was out of reach of the aircraft, the lower dust concentrations were sampled

over the ocean under moderate amounts of cloud on 24th August(b239 and b240) and

25th August (b241, which included an intercomparison with the NASA DC-8 aircraft).

Again, for these images (Figures 2.6(d) to 2.6(e)) the dust is difficult to see due to cloud

presence.

Three days later on 28th August flight b242 was performed in dust over the ocean

in moderate dust loadings, which can be seen in Figure 2.6(h). The 15 minute resolution

images can again be used to trace the dust from b242 backwardsin time. This does not

reveal any obvious source or MCS uplifting the dust, but suggest the dust is traceable

to roughly the southern Algeria/eastern Mali area. Again, the frequent cloud coverage

prevents being able to fully track the dust outbreak backwards over time.

Figures 2.7 and 2.8 also show the sequence of OMI (Ozone Monitoring Instrument)

Aerosol Index (AI) during the DODO campaigns. These are shown since they have the

advantage of representing the real situation (as opposed tothe model forecasts), and since

they are based on UV radiance they are not affected by cloud which limited the detec-

tion of dust in the SEVIRI images. The AI is based on the radiance measured at two

wavelengths (340 and380nm) in the UV, where dust is absorbing, and measurements of

the AI over north Africa are made around midday, once per day.OMI can also detect

dust aerosol over the desert, due to the low albedo of desert surfaces at UV wavelengths

. However, interpretation should be cautious since other aerosol types, including biomass

burning aerosol, can also be detected. Additionally the OMIAI is dependent on the height

of the boundary layer, and may not detect aerosol if the boundary layer height is very low

(e.g. Mahowald and Dufresne, 2004).

Figure 2.7 supports the pictures illustrated by the CAMM forecasts and fills in some

gaps from the SEVIRI images. Figure 2.7(a) shows the aerosol sampled during b168 to

the south of Dakar. Dust in the same region can be seen in Figures 2.7(b) and 2.7(c),
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though in all cases, the presence of biomass burning aerosolis likely to elevate the AI

above what it would be for dust alone. Note that the dust encountered to the north of

Dakar in flight b173 is not visible in Figure 2.7(b), and this may be related to the dust

being at very low altitudes. As with the SEVIRI images, the dust over Mauritania is

visible in Figure 2.7(d).

The higher AI values seen in Figure 2.8 reflect the higher dustconcentrations found

during DODO2 compared to DODO1. The dust sampled in the transit flight b236 over

Mali can be seen in Figure 2.8(a), which is then located further west over the ocean

on 22nd August during flight b237 (Figure 2.8(b)). The high dust concentrations found

during flight b238 over Mauritania can be seen in Figure 2.8(c), where the dust over

Morocco is also evident. The lower concentrations of dust over the oceans which were

sampled during Flights b239, b240 and b241 (Figures 2.8(d) and 2.8(e)) can also be seen.

Finally the higher dust AI over the ocean which was sampled during flight b242 on 28th

August can be seen in Figure 2.8(h). During DODO2 when biomass burning aerosol was

not dominant, the aerosol detected by OMI is much more likelyto be dust.
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(a) 3/2/2006 b168 (b) 14/2/2006 b173

(c) 15/2/2006 b174 (d) 16/2/2006 b175

Figure 2.3: 12 hour CAMM forecasts of surface dust concentration ingm−3 for the days on which dust
flights were performed during DODO1. The flight number performed on each day is indicated below each

figure.
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(a) 21/8/2006 b236 (b) 22/8/2006 b237

(c) 23/8/2006 b238 (d) 24/8/2006 b239, b240

(e) 25/8/2006 b241 (f) 26/8/2006

(g) 27/8/2006 (h) 28/8/2006 b242

Figure 2.4: Forecasts from CAMM of optical depth at 550nm for each day during DODO2. The flight
number performed on each day is indicated below each figure.
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(a) 1600 3/2/2006 b168 (b) 1200 14/2/2006 b173

(c) 1200 15/2/2006 b174 (d) 1200 16/2/2006 b175

Figure 2.5: SEVIRI Meteosat dust product images for each day dust flightswere performed during DODO1.
Magenta colours indicate dust, red is high cloud, orange mid-level cloud. The times of the satellite images

shown correspond to the DODO flight times.
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(a) 1200 21/8/2006 b236 (b) 1600 22/8/2006 b237

(c) 1600 23/8/2006 b238 (d) 1200 24/8/2006 b239

(e) 1600 25/8/2006 b241 (f) 1200 26/8/2006

(g) 1200 27/8/2006 (h) 1400 28/8/2006 b242

Figure 2.6: Same as Figure 2.5 but for DODO2.
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(a) 3/2/2006 b168 (b) 14/2/2006 b173

(c) 15/2/2006 b174 (d) 16/2/2006 b175

Figure 2.7: OMI Aerosol Index for each day dust flights were performed during DODO1.
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(a) 21/8/2006 b236 (b) 22/8/2006 b237

(c) 23/8/2006 b238 (d) 24/8/2006 b239, b240

(e) 25/8/2006 b241 (f) 26/8/2006

(g) 27/8/2006 (h) 28/8/2006 b242

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 performed using the FAAM (Facility

for Atmospheric Airborne Measurements) BAe-146 aircraft,over land (desert areas) and

ocean. The flight tracks are shown in Figure 2.1 and a summary of the location, duration

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

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

The results and aircraft measurements presented in this thesis come from aircraft ma-

noeuvres consisting of vertical profiles, measuring the vertical distribution of the aerosol,

and ‘straight and level runs’ (‘runs’ hereafter), where measurements were taken at a con-

stant pressure level or altitude. The straight and level runs usually last for a duration of

time between 5 and 30 minutes, covering up to around300km, in order to obtain enough

data to allow the horizontal variability to be measured, or to collect enough aerosol par-

ticles on filter samples. Runs are performed within aerosol layers to take in-situ mea-

surements, and at low and high altitudes to take radiometricmeasurements, as illustrated

in the schematic diagram in Figure 2.9. The aim is for the low level runs to be below all

aerosol, and for the high level runs to be above all aerosol with no clouds present. In prac-

tice airspace and time limitations may mean that this is not always possible. For example,

over the sea the BAe-146 can fly as low as 15m (50ft) during profiles or 30m (100ft) dur-
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ing runs, whereas over land the lowest altitude achieved during DODO was 70m (200ft).

Additionally the presence of clouds may prevent high altitude radiation work.

Vertical profiles range from either ground level (in the caseof take-off or landing) or

the aircraft’s minimum safe altitude of 20m (50ft) over sea or approximately 70m (200ft)

over land, to above the aerosol layer. Since the altitude of the dust varied between seasons,

the altitude range of deep profiles also varied between DODO1and DODO2. The aircraft

flies at110ms−1 but ascends and descends at5ms−1 and therefore covers considerable

horizontal distance during a profile, which means that the run data is invaluable in terms

of showing the horizontal variation. Most instruments on the BAe-146 sample at least at

1Hz, giving good resolution of data in the vertical and horizontal. The locations of the

runs and profiles performed in each flight can be seen in Figure2.10.
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(a)

(b)

Figure 2.10: Locations of (a) profiles and (b) runs during DODO. Each flightis represented by a different
colour as indicated in the legend. Circles represent the mean location of a run or profile.
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Flight Date Take-off
& landing
time

Operating Area Objectives Cloud
present?

b168 3 Feb 2006 074628,
170016

Land areas between
Niamey and Dakar,
refuel at Bamako

Transit flight (Niamey-Dakar), in-
situ and radiometric measurements
of dust

yes

b169 7 Feb 2006 112228,
141834

Over ocean south of
Dakar

Instrument shake-down, biomass
burning aerosol sampling

yes

b170 11 Feb 2006 095447,
145335

Over ocean south of
Dakar

In-situ biomass burning aerosol
sampling

yes

b171
(b172)

12 Feb 2006 084911,
130656

North of Dakar (up to
25◦N ), over ocean

Model validation for major dust
storm to the north of Dakar. Dust
storm not encountered and aircraft
lost science power during refuel and
therefore no data available for b172

yes

b173 14 Feb 2006 094953,
143615

Coastal region be-
tween Dakar and
Nouakchott

In-situ sampling of dust over coast-
line and land

yes

b174 15 Feb 2006 094400,
131354

Over ocean north and
south of Dakar

In-situ sampling of dust advected
over ocean and biomass burning
aerosol, probably same dust event
as b173

yes

b175 16 Feb 2006 085143,
141538

Land regions (desert)
in northern Maurita-
nia

In-situ sampling and radiometric
measurements of dust over desert;
moderate dust loadings

no

Table 2.1: Summary of flights performed during DODO1.
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Flight Date Take-off
& landing
time

Operating Area Objectives Cloud
present?

b236 21 Aug 2006 072144,
160735

Land areas between
Niamey and Dakar,
refuel at Bamako

Transit flight (Niamey-Dakar), in-
situ and radiometric measurements
of dust between Niamey and Ba-
mako. Lack of fuel at Bamako
meant a direct flight from Bamako
to Dakar

mostly
yes

b237 22 Aug 2006 135855,
182401

Over ocean north-
west of Dakar

In-situ and radiation measurements
of dust over ocean. Possibly same
dust event as b236.

no

b238 23 Aug 2006 130025,
173152

Land regions (desert)
in northern Maurita-
nia

In-situ and radiometric measure-
ments of dust over desert; high dust
loadings and low visibility

mostly
no

b239 24 Aug 2006 095141,
135328

Over ocean, between
and to the south of
Dakar and Sal (Cape
Verde Islands)

In-situ measurements of dust over
ocean

yes

b240 24 Aug 2006 151619,
193645

Over ocean, to north-
west of Dakar

In-situ and radiometric measure-
ments of dust over ocean. No cloud
physics data available.

mostly
no

b241 25 Aug 2006 135438,
183200

Over ocean, to north-
west of Dakar

Intercomparison with NASA DC-
8 aircraft and high-altitude calibra-
tion of radiometers

mostly
no

b242 28 Aug 2006 110243,
153338

Over ocean, to north-
west of Dakar

In-situ and radiometric measure-
ments of dust

mostly
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 aerosol measurements, radiometric

measurements and measurements of standard meteorologicalvariables during the DODO

campaigns. A summary of the instruments relevant to this thesis is given in Table 2.3, and

a full overview of all instruments is given in Haywoodet al. (2009).

At this point it is necessary to define how the terms ‘coarse mode’ and ‘accumulation

mode’ will be used in this thesis. The core instruments measuring in-situ aerosol prop-

erties (nephelometer , PSAP (Particle Soot Absorption Photometer) and PCASP (Passive

Cavity Aerosol Spectrometer Probe)) will be assumed to measure only the fine and accu-

mulation mode, and to exclude the coarse mode. The size rangemeasured by the PCASP

is r = 0.05 − 1.5µm (d = 0.1 − 3µm), and therefore this range will be taken to repre-

sent the accumulation mode in this thesis. The cut-off radiiof the PSAP and nephelometer

Rosemount inlets are thought to be around3µm diameter (see Section 2.3.4) and therefore

the same definition is applied to the PSAP and nephelometer data. Instruments measuring

the coarse mode (r > 1.5µm or d > 3µm) are non-core instruments and are described

further in Section 2.3.6.

The following sections describe some of the key instrument measurements, correc-

tions and limitations - particularly with regard to the nephelometer which developed a

fault during DODO2. A more detailed analysis of the pyranometer data has been carried

out and forms the content of Chapter 5.
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Type of
Measurement

Instrument Abbreviation Details Comment

Aerosol
Microphysics

PMS Passive
Cavity Aerosol
Spectrometer Probe
100-X

PCASP Size distribution,r = 0.05 − 1.5µm Wing-mounted

Droplet Measure-
ment Technology
Cloud Droplet Probe

CDP Size distribution, measuresr = 0.01 − 31µm,
only data fromr = 2.5 − 20µm used

Mounted on aircraft fuselage. Operated on se-
lected DODO2 flights, corrections applied for
non-optimal mounting.

Optical Prop-
erties

TSI 3563 Integrating
Nephelometer

Total scattering and hemispheric backscattering
coefficients (dry) at450µm, 550µm, 700µm

Supplied by Rosemount inlet. DODO2 data
corrected to agree with NASA DC-8 data.

Radiance Research
Particle Soot
Absorption Pho-
tometer

PSAP Aerosol absorption coefficient at567µm Supplied by Rosemount inlet.

Chemical
Composition

Filter Samples 90mm nucleopore filters with0.4µm pore size DODO1 filter samples had larger (5µm) pore
sizes

Aerodyne Aerosol
Mass Spectrometer

AMS Aerosol mass size distribution of
organics, nitrates, ammonium and
sulphates (d = 0.05 − 1µm)

Radiation Eppley PSP Clear
dome pyranometers

0.3 − 3µm up and downwelling
hemispheric irradiance

See Chapter 5 for correctional procedures

Eppley PSP Red
dome pyranometers

0.7 − 3µm up and downwelling hemispheric
irradiance

See Chapter 5 for correctional procedures

Gas Phase
Chemistry

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

Core data Various Pressure, altitude (radar, GPS, pressureheight),
GPS location, temperature, dew point tempera-
ture, aircraft pitch & roll.

Table 2.3: BAe-146 aircraft instrumentation relevant to this thesis and DODO.
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2.3.2 Uncertainties in PCASP Measurements

The Passive Cavity Aerosol Spectrometer Probe (PCASP) is an optical particle counter

which measures aerosol particle concentrations as a function of size, allowing a size dis-

tribution to be retrieved. The amount of light scattered by individual particles between

scattering angles of35− 120◦ is measured, and assumed to be dependent on particle size.

The scattered radiation is also sensitive to the shape and refractive index of the particles.

The PCASP is calibrated using polystyrene latex spheres witha refractive index of 1.588-

0.0i. Therefore aerosol particles with a different refractive index, and non-spherical shape

may result in inaccurate sizing by the PCASP (McMeekinget al., 2008).

The number of particles measured per second is converted to anumber concentra-

tion (cm−3) using the flow rate through the PCASP. This is not measured directly during

flights, but can be calculated using measurements of ambienttemperature and pressure

during the flight, if the flow rate through the PCASP has been measured on the airfield

before take-off (McMeekinget al., 2008). If this correction is not applied, PCASP data

from high altitude runs may be underestimates of the true number concentrations.

It has only recently (in the last month) become evident that the PCASP data from

the aircraft had not been corrected to the appropriate flow rate. Therefore data presented

in McConnellet al. (2008) do not include this correction. However, much of the data

from the PCASP is presented in terms of normalised size distributions - i.e. the number

concentrations are relative to the total number measured over a run. These measurements

will remain unchanged even if flow rate corrections are made to the PCASP data.

The effects of the PCASP flow rate corrections on the number concentrations are

greatest at higher altitudes. This has been investigated for data from DODO. Changes to

the absolute number size distributions range from very small (under5%) at low altitudes

(under 1km) to very large at high altitudes (increases in particle number concentrations

of around70% at 5 km altitude). Since this only affects data presented in terms of the

absolute number concentrations, the only data (and results) affected in this thesis is the

analysis of the coarse mode size distributions and optical properties in Chapter 4, Section

4.5. The PCASP data presented there is from an altitude of 1km,where the pressure and

temperature changes would result in an increase in particlenumber concentration of12%.
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This change has been applied to the results, which were not sensitive to a change of this

magnitude.

Assigning uncertainty to the PCASP measurements from DODO due to differences in

dust refractive index (from latex) and due to non-sphericalparticles is more difficult due to

lack of information on these properties. Osborneet al. (2008) investigated uncertainty in

PCASP measurements due to non-spherical particles (prolatecylinders and spheroids) and

spheres with a refractive index of 1.53-0.0004i and found that there was a tendency for the

PCASP to undersize particles by a factor of around 0.8 for particles smaller than0.2µm

radius. For particles larger than this, the sizing was under-estimated or overestimated by

a range of factors from 0.91-1.19 for different sized particles. Therefore the uncertainty

in the sizes of particles measured by the PCASP during DODO is likely to be around20%

since the real part of the refractive index of dust assumed here and the aspect ratio of the

particles from DODO (Chouet al., 2008) are likely to be similar to those from the tests

performed by Osborneet al. (2008).

2.3.3 PSAP Corrections

The Particle Soot Absorption Photometer (PSAP) measures particulate absorption by

monitoring the change in transmission across a fibrous glassfilter. Standard correction

procedures have been applied to the PSAP data as described inBond et al. (1999) and

Haywood and Osborne (2000). These corrections include adjustments for inaccuracies in

the filter spot size, flow rate, overestimations of absorption due to scattering being mis-

interpreted as absorption, and for multiple scattering. The flow rate on the PSAP on the

BAe-146 is set manually, typically to3Lmin−1. The flow rate is uncontrolled during

profiles, and therefore PSAP data from vertical profiles is not used. During straight and

level runs when the flow rate is controlled and therefore thisdata is used for absorption

calcuations.

The PSAP measures absorption at 567nm whereas the nephelometer measures scat-

tering at 550nm. The corrected absorption coefficient measured by the PSAP,σ567
a , has

been adjusted to 550nm assuming thatσa varies as1/λ (Haywood and Osborne, 2000),

to obtainσ550
a .



Chapter 2. Methodology 62

2.3.4 Nephelometer Corrections

The TSI 3563 nephelometer on the BAe-146 measures the aerosol scattering coefficient

at 450nm, 550nm and 700nm wavelengths over scattering angles of7 − 170◦ and is

supplied from the aircraft exterior by a Rosemount inlet. TheDODO nephelometer has

been corrected as advised by Anderson and Ogren (1998) for missed forwards scatter-

ing, assuming that the aerosol is submicron particles due tothe passing efficiency of the

Rosemount inlet.

During DODO2 the BAe-146 flew a wing-tip to wing-tip intercomparison flight

(b241) with the NASA DC-8 aircraft which was based at Sal, Cape Verde, during part

of DODO2 as part of the NAMMA (NASA African Monsoon Multidisciplinary Analy-

ses) project. The intercomparison part of the flight included three straight and level runs

within dust in the SAL to the north of Dakar over the ocean. This provided the opportunity

to compare measurements from the nephelometers on the two aircraft.

The DC-8 operated a TSI 3563 nephelometer (identical to that on the BAe-146), but

behind a NASA LaRC type inlet, which has been shown to give a50% loss of dust parti-

cles above3.5µm aerodynamic diameter, giving an optically equivalent diameter of2µm

(McNaughtonet al., 2007). The BAe-146 Rosemount inlets which supply the nephelome-

ter (and PSAP) have been estimated to have an upper limit for dust particles of around

3µm in terms of optically equivalent diameter (Haywoodet al., 2003), though the true

passing efficiency and cut-off are not well defined. However,the estimated inlet cut-off

diameters supplying the two nephelometers are similar.

The nephelometer data for the two aircraft have been compared, and is described in

McConnellet al. (2008). For information purposes, the findings from this comparison

are described here. The two nephelometers were found to measure the same variability

in the dust layer, but showed significant offsets between thetwo instruments with the

DC-8 nephelometer measuring more scattering by a factor of 7.3, 2.36 and 2.4 at 450nm,

550nm and 700nm respectively. It is thought that the BAe-146nephelometer developed a

fault during AMMA (the campaign preceding DODO2) and lost some sensitivity due to

high dust loadings experienced by the BAe-146 when the nephelometer was not closely

monitored and may have resulted in the detectors becoming dirty. Additionally the blue



Chapter 2. Methodology 63

scattering signal was especially low.

Therefore the BAe-146 nephelometer data have been corrected to agree with the DC-

8 nephelometer data as described in McConnellet al. (2008), for the whole of DODO2.

The underestimation of scattering by the BAe-146 nephelometer can also be shown

by comparing aerosol optical depths (AODs) measured by the Dakar AERONET station

at Mbour to those obtained by integrating the vertical profiles of scattering as measured

by the nephelometer, according to,

τ 550
ac =

∫ z

0

σ550
s

ω550
0

dz, (2.1)

whereτ 550
ac is the optical depth at 550nm measured by the aircraft,σ550

s is the scattering

coefficient (including both standard corrections and the DC-8 correction), andω550
0 is the

single scattering albedo of dust calculated from a horizontal run in a dust layer at an

appropriate altitude, according to,

ω550
0 =

σ550
s

σ550
s + σ550

a

, (2.2)

whereσ550
s andσ550

a are the scattering and absorption coefficients measured over a run,

again corrected for both standard corrections and for the DC-8 correction in the case of

σ550
s , since it is not possible to use PSAP data from vertical profiles.

Aircraft-measured optical depths for 13 deep profiles from DODO, either landing

or taking off at Dakar airport, have been calculated, and areshown in Table 2.4 with

AERONET aerosol optical depth measurements (τ 550
AER). DODO1 profiles underestimate

aerosol optical depth (AOD) by a factor of 1.54 on average in comparison to AERONET

measurements. DODO1 data is assumed not to be affected by nephelometer problems,

but similarly affected by any inlet losses which may be occurring during DODO2. It

is possible that there is a substantial difference in the amount of coarse mode between

campaigns which causes this difference. However, the reasonable behaviour of all three

nephelometer channels during DODO1, and a realistic zero signal suggest that the neph-

elometer was behaving normally. Therefore the underestimation of 1.54 is not surprising

and is attributed to the loss of coarse mode particles in the Rosemount inlet. This under-
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estimation is consistent with that observed during SHADE Haywoodet al. (2003). Using

the DC-8 nephelometer corrections described in McConnellet al. (2008) for the DODO2

data, a similar underestimate of 1.35 is obtained. Using data not corrected to agree with

the DC-8 data (but still adjusted using standard correctional procedures) results in the

AOD being underestimated by an average factor of 3.1 for DODO2.

Flight Profile τ550

ac τ550

AER τ550

AER/τ550

ac

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 measurements(τ550

ac ) for various profiles and
from the Dakar (Mbour) AERONET station (τ550

AER) at the same times. Also shown isτ550

AER/τ550

ac , the
ratio between the two measurements of optical depth. All aircraft calculations come from Equation 2.1
and incorporate standard corrections to nephelometer and PSAP data, and DODO2 nephelometer data is

corrected based on the NASA DC-8 nephelometer data.

The variability in τ 550
AER/τ 550

ac in Table 2.4 is probably related to differing amounts

of coarse mode aerosol particles being present, which wouldresult in smaller or greater

underestimates of AOD. Some of the variation may also be due to discrepancies in inlet

passing efficiency between the two aircraft which would result in a different scaling factor

being required for different size distributions.

Hygroscopic growth can result in aerosol particles becoming more scattering in hu-

mid environments. Since the nephelometer measures dry humidity, the measured scat-

tering can be an underestimate of the true ambient scattering. Few estimates of hygro-

scopicity for Saharan dust exist, though it is likely that the effects of humidity are small

(e.g. Li-Joneset al., 1998; Carricoet al., 2003). However, when dust is mixed with other

aerosol particle types, the effects of humidity can become more important. The effect

of hygroscopic growth on the nephelometer measurements hasbeen tested here using
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hygroscopic growth values for submicron Asian dust mixtures of Carricoet al. (2003)

and biomass burning aerosol values from Magi and Hobbs (2003). This resulted in AOD

values far greater than those from AERONET, and therefore hygroscopic growth is not

accounted for here, though it is acknowledged that it could result in small increases in

aircraft calculated AOD.

Another factor contributing to the variability of the values in Table 2.4 could be the

distance from the aircraft to the AERONET station - i.e. thatthe two measurements do

not represent an identical aerosol column. Additionally the aircraft covers substantial

horizontal distance during a profile. The average distance between the mean point of the

aircraft profiles and the AERONET station varies between 29 and 254km with a mean of

114km. However, there is no apparent correlation between distance from AERONET and

the correction factor, so this is unlikely to be the main cause of the difference in AOD.

The comparison between aircraft-measured AODs and the AERONET data shows

that the behaviour of the nephelometer data throughout DODO2 was consistent and sup-

ports the scaling of the BAe-146 nephelometer data described in McConnellet al.(2008).

Therefore the nephelometer data for the whole of DODO2 has been corrected based on

the DC-8 comparison. No corrections for hygroscopic growth in humid environments

have been made, since the detailed results using the nephelometer data in this thesis come

from straight and level runs within dust layers. These layers were typically very dry (far

drier than was experienced in the vertical profiles), with anaverage relative humidity of

46% during the whole of DODO, which would result in negligible hygroscopic growth

(Li-Joneset al., 1998; Carricoet al., 2003).

2.3.5 Filters

Bulk filters were used to collect samples of airborne dust during straight and level runs

lasting at least 20 minutes in order to guarantee sufficient loading of the filter samples.

The sampling system on the BAe-146 is identical to that from the C-130 and is described

in further detail by Andreaeet al. (2000), and by Formentiet al. (2008) with regard to

the DODO campaigns. Andreaeet al. (2000) estimated the inlets to the filter samples to

sample35% of the coarse mode by mass. Aerosol particles were sampled byfiltration onto
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a stacked filter unit using one stage containing a 90mm Nucleopore filter with a nominal

pore size of0.4µm. Unfortunately the DODO1 samples were mistakenly collected on

different filters with pore sizes of5µm, 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 accumulationand coarse modes were

measured by particle induced X-ray emission (PIXE) at the Laboratorio di Tec-

niche Nucleari per i Beni Culturali (LABEC) at Florence, Italy (Chiari et al., 2005;

Calzolaiet al., 2006). PIXE results are available for most of the runs examined in

this thesis.

2. Scanning electron microscope (SEM) and transmission electron microscope (TEM)

analysis was performed at the Laboratoire Inter-universitaire des Systèmes Atmo-

sph́eriques (LISA) in Cŕeteil, France on a limited number of samples (see Table

2.5) during a one week period. This allows the composition ofsingle particles to

be determined using an energy dispersive X-ray detection system. Further details

of the SEM and TEM used can be found in Chouet al. (2008).

The SEM can detect particles with diameter greater than1µm, whereas the TEM

measures the composition of particles smaller than1.5µm diameter, so there is

some overlap in the particle size measured by each instrument. SEM images of the

filter samples have also been used to calculate coarse mode size distributions (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 and Nindicate 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 much less well defined than those

for the accumulation mode (e.g. Reidet al., 2003b), and measurement techniques on the

BAe-146 are less well validated. During DODO the coarse modesize distribution was

measured by a CDP (flights b237, b238, b239, b240). Additionally it has been possible to

use scanning electron microscopy (SEM) on filter samples in order to use particle counting

software to calculate a coarse mode size distribution. Eachinstrument, limitations, and

corrections applied, are described below.

1. Cloud Droplet Probe (CDP)

The CDP is an optical particle counter which uses scattered light to size the particles

as they traverse a laser beam. It is mounted non-optimally 10cm away from the

aircraft skin which resulted in some initial uncertainty inthe sample volume as a

function of particle size. Subsequent comparisons with several cloud instruments

were used to determine the sample volume which showed a consistent behaviour

for droplet sizes belowr = 20µm (Abel, 2007). On the basis of these comparisons

the CDP number concentration for particles up to this size hasbeen adjusted by a

factor of 0.35 to account for uncertainties in the sample volume. Abover = 20µm

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 CDP size bin

is not well defined and has also been discounted.

In cases where full size distributions have been used in thisthesis, 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. The

CDP made measurements roughly every10s during DODO2, and therefore data is

available for both straight and level runs, and vertical profiles.

2. Scanning Electron Microscope (SEM)

Particle counting software was used on SEM images of dust samples (such as Figure

3.7, Chapter 3) to obtain a size distribution. The software uses brightness levels to

detect the particles and fits an outline to them. From this thecircumference, and
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a circular equivalent diameter can be calculated (Chouet al., 2008). The smallest

four size bins from the SEM size distribution were defined to be the same as the

largest four bins from the PCASP, so that the two size distributions overlapped and

could be compared directly.

This is a 2-D procedure which measures geometrical diameter. Non-spherical flat

particles are likely to be deposited on the filter samples with the side of largest

surface area lying parallel to the filter. This may lead to an overestimate of diameter

in comparison to the optical particle counters which measure diameter of particles

in all orientations. Measurements of SEM size distributions from specific cases are

examined in more detail in Chapter 4.

2.4 Identification of Dust Aerosol

The dominant aerosol types encountered during DODO were mineral dust (both cam-

paigns) and biomass burning aerosols (DODO1 only). In orderto isolate runs where the

accumulation mode was dominated by dust only, runs where scattering from the neph-

elometer at 450nm was greater than 550nm and 700nm were removed, on the assumption

that these runs were dominated by biomass burning aerosol (where the predominance of

smaller particles result in greater scattering at smaller wavelengths).

For the remaining runs, data from the AMS and filter samples (both SEM and TEM

analysis) have been used. Filter sample data for SEM samplesfrom flights b175, b237,

b238 and b242 have been analysed using the SEM, and do not suggest any mixing of

aerosol types or the presence of other components, including sulphate coatings on the

dust particles. The results are described in more detail in Chapter 4, but in these samples

very few particles other than dust were observed.

AMS data is available for all the runs during DODO1, but not for DODO2. The AMS

provides results on the composition in terms ofµgm−3 of organics, sulphates, nitrates and

ammonium, and these results represent the submicron portion of the aerosol. The PCASP

size distribution data for these runs has been used to calculate the total submicron mass,

from which the percentage of non-dust submicron mass can be calculated using the AMS
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data. These results show that the runs selected had less than15% of the submicron mass

constituted by organics, sulphates, nitrates and ammonia,and were therefore dominated

by dust. For the runs selected from flights b168 and b175, the submicron mass of the non-

dust components reached a maximum of5%, whereas the dust encountered during flights

b173 and b174 reached a maximum of15% of the mass being supplied by the non-dust

components, with the average mass of sulphates contributing between0.7 − 1.1µgm−3

for b173 and b174 (low loadings). Thus it appears that the dust from b168 and b175 was

much purer dust than was sampled during b173 and b174. This may be related to the

trajectory that the air had taken before passing over the Sahara, which appeared to be the

Spain/Portugal region (see Chapter 3). However, despite this, it is clear that the samples

were dominated by dust.

The results presented in Chapter 3 examine the likely originsof the air masses in

which dust was measured. These results were not used in the selection criteria for the runs

chosen, but are consistent with the runs chosen being dominated by dust, having origins

over the Sahara. The runs selected as being dominated by dustaerosol are described in

Table 2.6, and are examined in the following chapters in terms of their microphysical and

optical properties.

2.5 Chapter Conclusion

This Chapter has described the meteorology and dust events that occurred during the

DODO campaigns, and the instrumentation and relevant correction processes that have

allowed measurements of the dust to be made. The following two Chapters describe the

dust vertical profiles encountered, dust sources and dust composition (Chapter 3) and the

dust microphysical and optical properties (Chapter 4).
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Flight Run Altitude/km 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

b174 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)
b175 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 1.5 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 used in this thesis for analysis of
microphysical and optical properties. Note that no runs from b240 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 both seasons affects the vertical

profiles of the aerosol and where the dust originates from, asboth of these factors affect

the transport of the dust, and therefore potentially the size distribution. The chemical

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

dust source regions, which are expected to determine (or at least influence) the chemi-

cal composition of the uplifted dust. Section 3.2 describesthe vertical structure of the

aerosol encountered during DODO, Section 3.3 investigatesthe potential sources of dust

measured during DODO, and Section 3.4 describes the resultsavailable 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 of aerosol scattering at 550nm

from the nephelometer, the Angstrom exponent over wavelengths 550nm to 700nm, and

temperature and dew point temperatures. Small or negative Angstrom exponent values

indicate larger particles, more likely to be dust, whereas larger values indicate biomass

burning aerosols or anthropogenic aerosols. Large amountsof scatter in the Angstrom ex-

ponent indicate noise in the scattering signal due to very low amounts of aerosol particles.

The structure of the temperature and dewpoint temperature profiles gives an indication

of the humidity of the air and can indicate the location of theboundary layer, as well as

temperature inversions which can limit vertical mixing. The amount of scattering indi-

cates the amount of aerosol present (though the size of the particles will also affect the

scattering).

Over land, close to dust sources, vertical profiles are quitesimilar for both the dry

and wet season (Figures 3.1(a), 3.1(b)), both showing a dustlayer close to the surface,

indicated by the scattering profiles and small to negative values of Angstrom exponent.

Figure 3.1(a) for the dry season shows a thick dust layer extending from the surface to
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(a) Dry season, desert, b175 P7 (b) Wet season, desert, b238 P3

(c) Dry season, ocean, b174 P6 (d) Wet season, ocean, b237 P2

Figure 3.1: Vertical profiles of aerosol scattering at 550nm from the nephelometer inMm−1 (corrected as
described in Chapter 2), the Angstrom exponent over wavelengths 550nm to 700nm, temperature and dew
point temperature. Cases shown are for over desert in Mauritania (top) and over ocean (bottom) in the dry

season (left) and wet season (right). Flight numbers and profile names are indicated below each figure.
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3000m with the largest scattering towards ground level. Figure 3.1(b) for the wet season

shows a similar layer also extending to around 3km, but with peak scattering at around

1km. Above 3km, low scattering values (< 100Mm−1) extend up to 6000m, whereas in

the dry season no aerosol was seen above 3000m. The temperature and dewpoint tem-

perature profiles indicate that the altitudes at which the scattering drops off sharply is the

same as the altitude where temperature inversions occur - at6km in the wet season (Figure

3.1(b)) and at 3km in the dry season (Figure 3.1(a)). There isalso a minor temperature

inversion at around 1500m in Figure 3.1(b), level with the altitude where scattering drops

off sharply above the scattering peak at 1km. Thus the boundary layer heights are strongly

linked to dust profiles, as would be expected.

Figures 3.1(c) and 3.1(d) show the typical vertical profilesover the ocean during the

dry and wet seasons, from flights b174 and b238. There are two aerosol types present in

Figure 3.1(c): the lowest aerosol layer below 1km being dust, containing larger particles

(indicated by the small to negative angstrom exponent values), and the layers between 1.5

to 4km being biomass burning aerosol dominated by smaller particles (indicated by the

much larger Angstrom exponent values of between 0 and 1.7 - see Chapter 2 for a more

detailed examination of aerosol species). Carbon monoxide and ozone were also found

to be positively correlated with scattering in this upper layer, again indicating biomass

burning aerosol. This type of profile was typical of the DODO1(dry season) flights over

the ocean, especially to the south of Dakar, with a low altitude layer of dust, present to

varying degrees, and a higher altitude layer(s) of biomass burning aerosol.

In contrast, during the wet season the aerosol profile over the ocean is very different

to the dry season. In Figure 3.1(d) there is no biomass burning aerosol present, and instead

a layer of weaker scattering particles is present, particularly between 4-6km, which is the

Saharan Air Layer (SAL), containing mineral dust, again with small to negative values

of the Angstrom exponent. This dust has been uplifted over the Sahara (see Section 3.3)

by moist or dry convective activity to altitudes with a high potential temperature, and

then advected westwards over the Atlantic Ocean where it becomes separated from the

surface by the cooler, moister marine boundary layer. As indicated by the temperature and

dewpoint profiles, the SAL is dry and humidities are mostly low (under60%), and there
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is a strong temperature inversion at the top, which is typical of the SAL. Below around

4km dust is still present but with lower scattering values, indicating less dust. Between

1.5km and 4km, it appears from the temperature profile that this is dust within another

dry air mass, separated from the layer above by a slightly moister layer. From 6km to

1.5km, the Angstrom exponent shows a gradual decrease from 0to -1, indicating larger

particles present towards the base of the layer. Below 1.5km there is an absence of aerosol

particles down to 1km, where the marine boundary layer begins, which also contains

dust particles, with negative Angstrom exponents and high humidities (over80%). Filter

samples indicate that this aerosol was indeed dust and that negligible sea salt aerosol was

present (see Section 3.4). The very negative Angstrom exponents suggest the presence

of larger particles and possibly deposition from the dust layer above. (The origin and

chemical properties of this aerosol layer are discussed further in Section 3.3). Though the

general picture of wet season dust transport is for the majority of dust to be within the

Saharan Air Layer, it appears that dust is also found within the marine boundary layer, as

has been suggested by Colarcoet al. (2003) and found from lidar measurements by Liu

et al. (2008b).

Figure 3.1 shows a selection of profiles from DODO which were representative of

the other profiles performed during the campaigns. During the dry season, dust was not

always found below the biomass burning layers, but when present, the vertical extent

varied between500 to 1500m, and always extended right to the ocean surface (or within

the 30m altitude permitted for the aircraft). The vertical structure was mostly a single

layer, which dropped off sharply at the top of the layer at thealtitude of the temperature

inversion. Occasionally two dust layers were observed. Thedry season biomass burning

aerosol layers were found between a minimum of1000m to a maximum of5000m, and

the structure varied between a single layer to multiple layers (e.g. Johnsonet al., 2008).

There was always a ‘clean slot’ with no aerosol present between the biomass burning

aerosol and the lower dust layer. Therefore Figure 3.1(c) isrepresentative of the range

of flights during DODO1. The flight over the Mauritanian desert (Figure 3.1(a)) cannot

be analysed in terms of representativity, since this was theonly dry season flight over the

desert. Airborne lidar data, such as that from CALIPSO, will be valuable in evaulating
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this.

In the wet season the vertical structure of the dust was more variable. There were

frequently several layers in the dust outbreaks over the ocean, and the vertical span of

the dust varied from very narrow (around500m during part of flight b239) to very broad

(4000m in the case of one profile during b239) and more evenly distributed in the vertical

than that for b237. Vertical profiles from flight b236 over thedesert show quite a different

structure to that from b238 in Figure 3.1(b) - the dust was elevated above1000m, and

during different profiles peaked at altitudes between3000m to 5000m, perhaps because

the dust was being transported from further afield, rather than being in the process of

uplift as in b238.

The vertical profiles shown in Figure 3.1 are broadly consistent with what is expected

from West African seasonal dynamics, with the greater convective activity during the wet

season allowing dust to be uplifted to higher altitudes, andwith low-level dust transport

in the dry season. The seasonal variation in vertical profiles will have important effects in

terms of the longwave radiative effect, which depends on thealtitude of the dust layer (e.g.

Highwoodet al., 2003), and also on deposition of nutrients to the ocean, a process which

might be expected to take longer for a higher altitude dust layer. However, considerable

variation within this idealised picture is evident, such asthe deeper dust layer shown

in Figure 3.1(a) extending to 3km and dust within the marine boundary layer in Figure

3.1(d). A ubiquitous biomass burning aerosol layer was detected by the instrumentation

and clearly visible by eye during almost all the flights during the dry season, but notably

not during the more northerly flights, including flight b175 over the desert in Mauritania.

The difference between vertical profiles over land and oceanis apparent, in particular

with the warm dusty SAL air overlaying the marine boundary layer in the wet season

but not in the dry season. The differences shown in Figure 3.1demonstrate that dust

was being transported differently during each campaign during DODO, and may have

different impacts on the size distributions between campaigns.

Additionally the differences in the height of the boundary layer containing the dust

between the two seasons is of importance. Several studies have located dust sources based

on the TOMS Aerosol Index (AI) (e.g. Hermanet al., 1997; Prosperoet al., 2002; Ginoux



Chapter 3. Dust Vertical Profiles, Sources and Composition 77

et al., 2001; Goudie and Middleton, 2001; Engelstaedteret al., 2006), by locating regions

of North Africa with persistently high AI values as dust sources. However, as pointed

out by Mahowald and Dufresne (2004), the TOMS AI is sensitiveto the boundary layer

height, with higher boundary layers leading to greater values of AI. The results shown

here confirm that dry season dust is found at low altitudes, with the boundary layer and

dust top level varying between 500m-3km. Thus, as shown by Mahowald and Dufresne

(2004), low boundary layer heights in the dry season are likely to lead to dry season

dust sources being underestimated. For example, the TOMS AIimages in Chapter 2 do

not show the dust encountered over the coast during flight b173, which reached altitudes

of 1.5km, wherease they did show the b175 dust which extended to3km. Comparison

with dust from the other dry season flights is not straightforward due to the presence of

biomass burning aerosol above the dust layers, which TOMS also detects. However, very

recent studies using new space-borne lidar data (such as Liuet al. (2008b)) to examine

dust outbreaks should provide a good way to overcome this limitation.
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3.2.2 Size Distribution Profiles

Figure 3.2 shows how the measured size distributions changein the vertical. The colours

indicate the number concentration at a particular radius. This figure format is used as

it provides a detailed view of how the size distributions change in the vertical, without

having to average over layers. (See Section 4.2.3 for conventional plots of size distribu-

tion changes in the vertiacl). The accumulation mode size distribution is measured by the

PCASP, and extends to a radius of1.5µm. The CDP was available only during DODO2

and covers the ranger = 1 − 20µm. As described in Chapter 2, the CDP was an experi-

mental instrument during DODO2 and cannot be accurately relied upon, which explains

why the CDP and PCASP overlap is not always smooth in Figure 3.2.It does, however,

give a good qualitative indication of the vertical changes in coarse mode size distribution,

particularly since the profiles shown in Figure 3.1 do not provide any information on the

coarse mode particles.

In general, the size distribution profiles are complimentary to the scattering profiles

shown in Figure 3.1. Over land, it is clear that the peak dust concentrations were found

closest to the surface, with both the number concentration and the contribution from larger

particles decreasing with altitude. In Figure 3.2(a), the number of particles larger than

0.2µm drops sharply at 3km, consistent with the sharp drop seen in the scattering profile

in Figure 3.1(a). Interestingly, the PCASP data shows the presence of particles smaller

than this up to 5km, though since this is not seen in the nephelometer scattering data it

indicates that these particles are not very optically effective. In Figure 3.2(b) there is a

significant number of particles all the way up to 6.5km, consistent with the altitude in

3.1(b) at which scattering drops off sharply and the temperature inversion occurs. For

both profiles in the dry season, the greater number of larger particles closer to the surface

is consistent with Stokes’ theory that smaller particles, requiring smaller uplift velocities,

can be uplifted to greater altitudes.

Over the ocean the profiles of size distribution are also consistent with the scatter-

ing and temperature profiles. Figure 3.2(c) clearly shows the biomass burning aerosols

between 1-4km with radii smaller than around0.2µm. The dust layer can be seen below

1km, with more particles of radius greater than0.2µm in comparison to the biomass burn-
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ing layer. There is a sharp decrease in the number of particles at around500m where the

dust layer ends - this occurrs at all radii (though due to the choice of colour bar the drop

in number concentrtion in the orange colours appears more obvious). In the wet season,

the very different profile can be seen in Figure 3.2(d). Here peak number concentrations

in the coarse mode are found between around 3.5-4.5km, slightly lower than the peak in

accumulation mode particles and in scattering from Figure 3.1(d). This is an indication

that the nephelometer is reacting more strongly to particles in the accumulation mode, and

that variations in scattering due to coarse mode particles are not reflected in the scatter-

ing data. The cleaner layer seen in Figure 3.1(d) between 1-1.5km is also seen in Figure

3.2(d). Here the number concentration of coarse mode particles, and accumulation mode

particles in the ranger = 0.5 − 1.5µm drops off sharply. This may be because the two

layers are being transported from different locations and under different meteorological

conditions. The temperature inversion then prevents them from merging. Below 500m,

there is a sudden increase in the number of coarse mode particles which is not so marked

in the accumulation mode data. This increase in large particles may be due to the dust

layer above depositing larger particles.

In summary, the vertical profiles of size distribution differ between the two DODO

campaigns and between land and ocean cases, and can be explained by the differing mete-

orology between the dry and wet season. It is clear that the different meteorology results

in a different vertical structure to the dust, different transport mechanisms, and different

size distributions.
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(a) Dry season, desert, b175 P7 (b) Wet season, desert, b238 P3

(c) Dry season, ocean, b174 P6 (d) Wet season, ocean, b237 P2

Figure 3.2: Vertical profiles of size distribution for the same cases as shown in Figure 3.1. Colours indicate
number concentration (dN

dr , cm−3µm−1). Size distributions are covered by the PCASP for the accumula-
tion mode (up tor = 1.5µm) and the CDP for the coarse mode (r = 1 − 20µm). CDP data is only

available for DODO2 flights. Corrections to CDP data are described 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 been investigated using the Met

Office Numerical Atmospheric-dispersion Modelling Environment (NAME) (Ryall and

Maryon, 1998). This is a Lagrangian particle model in which emissions from pollutant

sources are represented by air parcels driven backwards in time by meteorological fields

from the Unified Model (Cullen (1993)). Although NAME was initially designed as an

emergency response tool, it has subsequently been developed for numerous applications,

including tracing the origin of air masses containing aerosols (e.g. Glosteret al., 2007;

Witham and Manning, 2007; Websteret al., 2007).

NAME has been used for DODO by tracing air masses backwards over five days from

locations where the aircraft sampled dust, in order to gain an understanding of the possible

dust source locations. This has been done using the locations of runs where the aircraft

measured dust, since data from these runs have been used to calculate the dust optical

properties in Chapter 4. NAME was initiated at times corresponding to the duration of

the aircraft runs, and at locations (latitude, longitude and altitude) corresponding to that

of the aircraft over the entire run. The trajectories of particles released within this volume

are then followed backwards in time by NAME, over 5 days - a typical lifetime of dust

in the atmosphere. When the particles enter a layer close to the surface, chosen to be

altitudes of 0-200m, the location of the particles has been recorded and mapped. Thus

the origin of the air masses sampled can be traced back to whenthey were close to the

surface, which is likely to indicate the location of dust uplift.

Caution should be exercised when interpreting the NAME results, however. The

results indicate where the airmasses were close to the surface, not where dust was actually

uplifted. Dust uplift is dependent on many factors, such as surface windspeeds and surface

moisture. Since NAME is not a dust uplift model, these factors are not taken into account

in the results shown in Section 3.3.2. Therefore the resultsshown in Section 3.3.2 should

be interpreted as showing locations where possible dust uplift may have occurred, had

sediment availability and uplift conditions been favourable. Therefore if source regions
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occur over the ocean, this indicates only that air originated over 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. They show the locations of

the air masses when they were close to the surface, in the lowest 200m of the atmosphere,

in order to give an indication of possible dust uplift locations for the dust measured by the

aircraft.

Figure 3.3 shows that during the dry season the dust laden airsampled by the air-

craft had been transported in well defined plumes from a northeasterly direction, consis-

tent with climatological winds over North Africa. Thus mostof the dust sampled during

DODO1 is likely to have been uplifted in Mauritania, Morocco, Western Sahara and Al-

geria. The dust sampled during b168 appears to have a less northerly trajectory than the

rest of the DODO1 dust, with sources also including northernMali. The overall picture

of dust transport during DODO1 is consistent for all cases examined, 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 not the case for the wet

season. Dust sampled during the various runs appears to haveoriginated from a variety

of widespread geographic locations. This indicates that both dust sources and transport

mechanisms were different and more varied during DODO2. Thecases of dust measured

during flights b237 and b238 shown in Figure 3.4 show that evenwithin single flights,

the dust measured at different altitudes originated from different parts of Africa. For both

b237 and b238 the dust encountered at higher altitudes had been transported from further

east than dust measured at low altitudes.

Interestingly, all the cases where dust was found at low altitudes during the wet sea-

son (Figures 3.4(a), 3.4(d), 3.4(e) and 3.5(g)) appear to have northeasterly origins with

obvious plume patterns, in a similar way to the DODO1 results. In the case of b237 R5

and b241 R5 (Figures 3.4(a) and 3.5(g)) the principal origin of the airmasses where dust

was sampled appears to be over ocean, though some air for b237R5 does originate from

Western Sahara and Morocco and some air for b241 R5 also originates from Mauritania,
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Mali and Niger. Note that these runs have been identified as dust from the procedure de-

scribed in Chapter 2. In particular, the case of b237 R5 will be examined in more detail

in terms of composition in Section 3.4.

It is interesting to note that the dust found during flight b242 and b241 R2 has more

southerly origins (b242 - southern Algeria, Mali and Niger,b241 - Mauritania, Senegal,

southern Mali, Burkina Faso, southern Niger and western Chad)than the other flights.

Since dust originating from more southerly sites in the Sahara/Sahel are thought to have

higher contents of absorbing iron oxides (e.g. Claquinet al., 1999; Alfaroet al., 2004;

Lafon et al., 2006), this is of interest, and will be discussed further with respect to the

optical properties in Chapter 4.

It is noticeable that the plumes from flights b173 and b174 have origins towards Spain

and Portugal as well as over northwest Africa, and that the air may therefore contain

anthropogenic European pollution or aerosols. Filter samples from these flights have not

been analysed and therefore cannot confirm this. However, the AMS submicron mass

percentage of sulphates was higher for the runs in b173 and b174 (Chapter 2), which is

consistent with the NAME results. However, the total percentage of non-dust mass was

still very low.

In order to account for the NAME results not including upliftpotential, forward

model runs were undertaken for the cases in flight b238, whichincorporated a dust up-

lift scheme (Athanassiadouet al., 2006). In this dust model, dust is dynamically lifted,

transported and deposited on the basis of the surface properties and meteorology. The

results indicated that essentially all the dust observed atlow altitude (Run 3.3) originated

from the region west of0◦E. This region accounted for approximately 80% of the dust

observed at mid level runs (Run 5.1), but only 10% of the dust observed at high altitudes

during Run 7.1, with the remainder having been transported from further east. Therefore

these dust model results support the hypothesis drawn from the NAME air mass origin

results that for b238 the high altitude dust had been transported over larger distances than

the dust sampled at lower altitudes, and also that the dust sources were different at differ-

ent altitudes.

The dust sampled during b173 and b174 appear to have very similar air mass ori-
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gins, both having sources in northern Mauritania, northernWestern Sahara, and southern

Morocco. Thus it appears that the same dust event was encountered on consecutive days,

with b173 encountering it along the west African coast and b174 sampling it further down-

stream to the southwest of Dakar. This makes these two flightsparticularly interesting, as

they can be potentially used to analyse the direct effects oftransport on dust, which will

be examined in more detail in Chapter 4.

In summary, the dust measured appears to have different sources between the two

DODO campaigns. This suggests firstly that the dust may have different composition,

if the properties of the parent soils differ, and secondly that the transport distances are

different, which may affect the size distributions. Additionally during the wet season

there is a greater variation in the suggested location of thesources, both for different

flights and within a single flight. Thus if this causes variation in the microphysical and

chemical properties of the dust, the optical properties could be expected to be more varied

during DODO2 than during DODO1. However, it should be noted that more dust flights

were operated during DODO2 than DODO1, and differences between the two campaigns

may be partly due to the limited meteorology experienced during DODO1, rather than a

true seasonal difference.
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Figure 3.3: Dry season results of five day particle release experiments from the UK Met Office NAME
model, indicating the likely origin of dust encountered during runs where the aircraft sampled dust. Colours
indicate particle concentration within the lowest 200m of the atmosphere. Results from the same flight are
grouped by line, starting with dust found at the lowest altitudes from the left. Text below each figure
indicates flight and run number, and altitude of the run wheredust was measured. Altitudes correspond to
the runs where optical properties are calculated, as described in Chapter 2. Units are arbitrary, but should
be interpreted as the number of particles within the 0-200m layer. Black cross indicates the location where

the aircraft measured the dust.
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Figure 3.4: Same as Figure 3.3 but for flights b237 and b238 during the wet season.
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Figure 3.5: Same as Figure 3.3 but for flights b239, b241 and b242 during the wet season.
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3.4 Composition of DODO Dust

3.4.1 Elemental Ratios

Elemental concentrations for the combined accumulation and coarse modes were mea-

sured by particle induced X-ray emission (PIXE) at the Laboratorio di Tecniche Nucleari

per i Beni Culturali (LABEC) at Florence, Italy (Chiariet al., 2005; Calzolaiet al., 2006).

Ratios of elemental concentrations usually associated withdust have been calculated for

the same cases as those described in Chapter 2 and are shown in Table 3.1 along with sim-

ilar results from other work. Elemental ratios are useful inunderstanding the composition

of the dust, as well as giving an insight into different dust source locations (e.g. Chiapello

et al., 1997). Note that the ratios here are for runs correspondingto the runs examined in

terms of optical properties in Chapter 4, and differ from the DODO results presented in

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

Campaign/Measurement
Location

Reference Si/Al Ca/Al K/Al Fe/Al

DODO1 2.7 (0.2) 1.1 (0.4) 0.3 (0.1) 0.7 (0.1)
DODO2 2.6 (0.3) 0.5 (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 Formentiet al. (2008) 2.7 (0.3) 0.4 (0.1) 0.2 (0.05) 0.59 (0.06)
Izana, Tenerife Kandleret al. (2007) 2.14 0.28 0.2 0.58
SHADE, Eastern Tropical
Atlantic

Formentiet al. (2003) 2.18 0.35 0.21 0.53

Barbados Reidet al. (2003a) 2.13 0.38 0.17 0.3
Sahelian dust at Sal Chiapelloet al. (1997) 2.03 (0.09) 0.2 (0.1)
North Saharan dust at Sal Chiapelloet al. (1997) 2.32 (0.05) 0.6 (0.19)

Table 3.1: Mean elemental ratios measured from PIXE for DODO filter samples corresponding to the runs
examined in Chapter 4. Values in parentheses represent one standard deviation of the sample. Elemental

ratios of Saharan dust for other studies are also shown.

Average ratios for Si/Al are2.7 ± 0.2 and2.6 ± 0.3 for DODO1 and DODO2 re-

spectively. These are somewhat higher than previous results from SHADE in Formenti

et al. (2003) and from the range of results for different origins given by Chiapelloet al.

(1997), but less than the value in crustal rock Mason (1966) -rock which has not been

uplifted. It is possible that transport affects this ratio,since some of DODO1 and DODO2

samples were much closer to the source of the dust than those in the previous studies. It

is also possibly due to different source regions having different characteristics. Chiapello
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et al. (1997) suggest that dust from the northern Sahara has higherSi/Al ratios based on

the lower kaolonite content in the soil. Of all the clay minerals, kaolonite has the lowest

Si/Al ratio. However, despite some of the DODO2 sources appearing to be more towards

the Sahel, there is no significant difference between the DODO1 and DODO2 samples for

Si/Al, or indeed between the ratios for the individual flights (not shown). Formentiet al.

(2008) examined illite to kaolonite ratios for b238 dust compared to other ground-based

samples taken at Banizoumbou, Niger, and aircraft measurements from DABEX flights

over northern Niger, and found b238 to have much higher illite to kaolonite ratios (0.6)

compared to the other samples (0.1-0.3), indicative of sources in northern Africa. This

is in agreement with the NAME results for this flight in Figures 3.4(d), 3.4(e) and 3.4(f)

suggesting sources in northern Africa.

DODO1 shows substantially higher Ca/Al ratios (1.1 ± 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 Africa are richer in calcium.

Analysis of soil samples by Schütz and Sebert (1987) and Gomes (1990) also suggest that

soil from the northern Sahara is rich in calcite. This fits in with the dust sources indi-

cated in Section 3.3, with DODO1 sources being based more towards northwest Africa

(Morocco, Western Sahara, northern Mauritania and northwest Algeria) than the DODO2

sources. DODO1 was particularly high in calcium compared tothe other results shown in

Table 3.1, though the average ratio falls within the total range of results shown by Chia-

pello et al. (1997). The Ca/Al ratio for b173 R8/R9 was particularly high at 1.9, though

this has little effect on the DODO1 average due to the large number of samples.

The K/Al ratios are low at (0.3 ± 0.1) and (0.2 ± 0.1) for DODO1 and DODO2,

similar to the other results for Saharan dust shown in Table 3.1. Fe/Al ratios are similar

for DODO1 and DODO2 at (0.7 ± 0.1) for both campaigns. These values are slightly

higher than was found from other measurements as shown in Table 3.1. The different

source regions for the two campaigns as indicated by NAME do not appear to affect the

Fe/Al ratios. This agrees with results from Formentiet al. (2003) who show that the

Fe/Al ratio is not sensitive to the source region, whereas the iron oxide to iron ratio is.

The DODO results appear to have higher Fe/Al ratios than the other results shown in
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Table 3.1. This may affect the optical properties, though itis the amount of absorbing

iron oxide that is thought to be important to this, rather than the total amount of iron (e.g.

Lafonet al., 2006). The iron content is explored further in Section 3.4.3.

It is interesting to note that Chiapelloet al. (1997) find a good relationship between

the K/Ca and Ca/Al ratios, with Sahelian dust having low Ca/Al but high K/Ca ratios,

and North Saharan dust the reverse. The DODO elemental ratios fit into this relationship

nicely, as shown in Figure 3.6 - the DODO1 samples orignatingfrom the Northern Sahara

have high Ca/Al values (an average of 1.1) and low K/Ca values (0.3 average) whereas

the DODO2 dust, orginating from sources further south, has average values of 0.5 and 0.5

respectively, consistent with the ’central Saharan’ dust classification of Chiapelloet al.

(1997). Figure 3.6 shows the results from all the runs used for these averages, and shows

that there is some distinction between the two campaigns. Inparticular, the results for

b241 would be interpreted as having sources most southerly of all the flights under the

conclusions from Chiapelloet al. (1997), which is in agreement with the NAME results

in Figure 3.5(f) which show the most southerly air mass origins of all the NAME results.

Contrastingly, Chiapelloet al. (1997) also found that Fe/Ca and Si/Al ratios were

also a good indicator of dust source, with Si/Al values decreasing towards the Sahel,

while Fe/Ca values increased. Though the Fe/Ca value for DODO dust increased from

0.7 to 1.5 from the dry to wet season, consistent with northerly sources being higher in

Ca, the lack of Si/Al change seen during DODO is not consistentwith this, though this

may be related to the greater number of data points used in Chiapelloet al. (1997).

Therefore the main differences in elemental ratios betweenDODO1 and DODO2

are in the Ca/Al ratio, which reflect the DODO1 dust origins being located in northwest

Africa. This suggests that the composition of dust during the two DODO campaigns

differed, and may have an impact on the optical properties. Conclusions about differences

between different flights and runs are difficult to draw sincegenerally the elemental ratios

show low variability between different filter samples within each 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 DODO campaign, using the same
axes as shown in Figure 6 in Chiapelloet al. (1997). Squares indicate DODO1 flights, circles indicate
DODO2 flights. Low K/Ca and high Ca/Al ratios are expected to indicate 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 samples for mineralogy using

a scanning electron microscope (SEM) and transmisson electron microscope (TEM) at

LISA, Paris (as described in Chapter 2. This allows the composition of single particles to

be determined. In contrast to the results presented in Section 3.4.1, the SEM and TEM

results can be analysed in terms of particle number (rather than by mass), and can be

separated into fine and coarse modes. The composition of particles has been categorized

based on those described in Kandleret al. (2007) and Ottoet al. (2009) using SEM and

TEM analysis, and is also similar to that used by Chouet al. (2008). An example SEM

image is shown in Figure 3.7.

Dust was collected on 90mm diameter Nucleopore filters with pore sizes of0.4µm

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

with pore sizes of5µm, which means that many particles with diameters smaller than
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Figure 3.7: An example of a SEM image from b238 R4.1. Bar on image indicates scale. Small black holes
are pores on the filter, larger lighter shapes are dust particles.

this may not have been sampled. However, it was clear from theb175 sample (the only

DODO1 sample analysed) that many particles smaller than this size were still present,

though they may not be representative of all particles.

Five samples from runs during DODO have been analysed and areshown in Figure

3.8, as well as two from DABEX which are also shown for comparison purposes. Time

limitations prevented further samples being analysed, andalso limited the number of par-

ticles per sample which could be analysed, which are shown inthe legend in Figure 3.8.

This number also varied between flights due to the density of dust particles on the filter

samples. It is clear that these numbers are not large enough to be statistically rigorous,

especially for the DABEX flights where the density of dust particles on the filter samples

was lower. The data do, however, give some indication of the main mineralogy of the dust

and of the contribution from different minerals.

The SEM data represent composition of particles with diameter greater than1µm,

which covers the upper portion of the measured PCASP size distributions as well as the

coarse mode. The TEM data represent particles smaller than1.5µm diameter, so there

is some overlap in the particle size measured by each instrument. Particles have been



Chapter 3. Dust Vertical Profiles, Sources and Composition 93

classified according to the the main signal from both SEM and TEM. This means that the

presence of trace minerals is not represented in these results - for example, Fe was often

evident in the signal even though Silicon and Aluminium werethe principal components.

Therefore these results are not exclusive, and more sophisticated techniques such as those

described in Formentiet al. (2008) are required to fully analyse the chemistry of the

dust samples. However, Formentiet al. (2008) only examine b238 data, so the results

presented here are useful for contrasting the various DODO flights.

3.4.2.2 Mineralogy Results

Both Figures 3.8(a) and 3.8(b) show that most particles are alumino-silicate clays. This is

consistent with other measurements of African dust (e.g. Formentiet al., 2003; Kandler

et al., 2007; Formentiet al., 2008; Ottoet al., 2009). Figure 3.8(a) suggests much more

variation in the minerals present in DODO dust in comparisonto the DABEX samples,

with contributions in the DODO dust from gypsum, quartz, NaCl(which may be sea salt

or mineral halite), calcium rich particles, and calcium carbonates. This suggests different

sources and composition between DODO and DABEX. Some differences between flights

are also evident. For b175 (R7.1/7.2, the only DODO1 sample analysed), contributions

from non-silicate minerals are much greater than for the DODO2 flights. Differences in

composition between the DODO2 flights are also evident, including differences between

the two samples analysed from flight b237, which were collected at different altitudes. R2,

performed at 5km, found more contribution from gypsum, quartz and Ca-rich particles,

whereas R5 performed at 50m was much more dominated by silicates.

The TEM results in Figure 3.8(b) show some differences to theSEM results. Particles

composed of carbon, iron and mixtures are now present, whereas they were not in the

larger particles. Notably no sulphate particles are present in the fine mode, indicating

a lack of anthropogenic pollution in the dust sampled. This is consistent with Formenti

et al. (2008) finding a lack of coatings on dust particles, but contrasts with Kandleret al.

(2007) who did find sulphate coatings. No contribution from quartz, NaCl or Ca-rich

particles was found in the TEM results, which indicates thatthese minerals are likely to

be larger particles.



Chapter 3. Dust Vertical Profiles, Sources and Composition 94

Figure 3.8: Particle minearlogy for selected flights from scanning electron microscope (SEM) and transmis-
son electron microscope (TEM) analysis as a function of the fraction of particles analysed. CC indicates
calcium carbonates, numbers in parentheses indicate number of particles 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 against those measured at 5km (R2)

and 50m (R5) altitudes, and between the fine and coarse composition results, especially

if the R5 results are indeed for dust being deposited to the ocean from the layer above. If

this is the case, these results suggest that the particles being deposited have different com-

position to those still at higher altitudes. Though both layers are rich in silicate particles,

a difference is that the lower layer was lacking in gypsum, quartz Ca-rich and Fe-rich

particles, which could have an impact on ocean nutrient supply, particularly through iron.

Though the results shown here are not representative of enough particles to form strong

conclusions, the results certainly suggest different dustcomposition in layers of different

altitudes.

3.4.3 Iron Content

It has been possible to gain an insight into how the amount of absorbing iron oxide is

related to the optical properties of the dust measured through a combination of the SEM

and TEM results, and the iron oxide content measured from thefilter samples.

Figure 3.9 shows the fraction of particles (of those analysed) from various runs and

flights, which were found to contain Fe, even if it was not the main element in each dust

particle. For the SEM results (representing particles sized r > 0.5µm, d > 1µm) most

iron particles were found for b242, b238 and for b237 R2 (in theelevated dust layer).

Significantly fewer Fe particles were found in the DABEX flights (b169 and b162), b175

(DODO1 - though the usage of different filters for this flight prevents proper compar-

isons), and b237 R5 (in the lower dust layer). This is interesting, since it firstly supports

that the wet season dust had different sources and composition to that from DODO1 and

DABEX, and suggests that the wet season dust may have been moreabsorbing than dust

from the dry season, if the number of particles containing Feis representative of the

amount of absorbing iron oxide present. Secondly, a large contrast in the number of Fe

particles is seen between the two layers of dust in b237, withthe upper layer containing

more Fe particles. Therefore it appears that the two dust layers observed during b237

had different dust sources, different size distributions,and different composition. Thirdly,

b242 R5.1 shows the largest number of Fe particles of all the flights for the SEM results,
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which may be linked to the more southerly dust sources suggested by the NAME results.

Figure 3.9: Fraction of particles which were found to contain iron from SEM and TEM analysis. Note that
b175 filters had a larger pore size and therefore may under-represent the smaller particles.

It is also interesting that the TEM results, for particles sizedr < 0.75µm, d < 1.5µm,

show many more particles containing Fe than occur for the larger particles from the SEM

results. There is not much difference in the fraction of particles containing Fe between

the two b237 runs examined. This does suggest that there is a composition difference

between the accumulation mode and the coarse mode, however,particularly for the lower

dust layer in b237.

It should be noted that only a small number of particles have been counted in deter-

mining these statistics (as shown in Figure 3.8), and that therefore they are not stastically

representative. Nevertheless, it is useful to observe the composition differences between

the accumulation mode and coarse mode, and also the differences between flights. In

order to draw firm conclusions, a larger number of particles would need to be analysed.

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

lated from the filter samples for a few selected flights and runs (courtesy of P. Formenti),
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and is shown in Table 3.2. This data is valuable since it is thought to be the amount of

absorbing iron oxide present in dust, rather than the total amount of iron, that is important

to the optical properties (e.g. Lafonet al., 2006).

Flight & Run Iron oxide/total Iron Iron oxide/total Aluminium

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 the total mass of iron and aluminium,
courtesty of P. Formenti.

In terms of both iron oxide content in relation to total iron and total Aluminium, the

ratios for b242 R5.1 are higher than those from b238. This supports that the dust measured

during b242 had different sources to that from the rest of DODO2, and as expected, the

greater iron oxide ratios are higher for more Sahelian sources. This also implies that

the dust may be more absorbing, and will be examined in Chapter4. Surprisingly b242

R1.1 shows much lower iron oxide ratios, lower even than the b238 ratios. Considering

that the NAME results showed similar sources for these two b242 runs, the differences

in iron oxide ratios are surprising, but may be a result of theNAME results showing

sources covering a large area, when in reality only small parts of those areas may have the

appropriate soil moisture and surface wind conditions to enable dust uplift.

3.5 Chapter Conclusion

This chapter has examined the vertical profiles of some example cases from DODO, the

source locations of the dust encountered, and a limited amount of chemical composition

data.

The vertical profiles of scattering and size distribution clearly show differences be-

tween the two seasons. Dust in the dry season was found close to the surface over land and

ocean, mostly below 1 km, though dust extended up to 3 km in thedeeper boundary layer

above the desert in flight b175. Contrastingly, in the wet season, dust was found up to 6

km over both land and ocean, though the profiles were distinctly different with dust over
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the land having peak concentrations towards the surface anddust over the ocean having

peak concentrations above 4 km, within the Saharan Air Layer. This seasonal contrast is

due to the different seasonal meteorological dynamics, with more intense solar insolation

driving deeper convection in the wet season. The different vertical profiles will have an

impact on the longwave radiative effect, which depends on the altitude of a dust layer,

and possibly on the shortwave radiative effect depending onwhether clouds are present

above or below the dust layer. The altitude of the dust layer may also affect the rate of

deposition of dust to the ocean, which affects marine biology. The transport of dust at

different altitudes may also affect the particle size distribution, and therefore the optical

properties of the dust.

The air mass origins shown by the NAME results suggest that the dust was trans-

ported differently, and from different sources, between the dry and wet seasons. DODO1

dust was transported from the northeast (in varying degrees) within an well defined plume,

consistent with the meteorology from the campaign, and typical winter climatology, de-

scribed in Chapter 2. Considering the meteorology of the dry season, with northeast-

erly surface winds associated with the subtropical high, itis perhaps not surprising that

DODO1 dust sources were mostly from northwest Africa, including Mauritania, West-

ern Sahara, Morocco and Algeria. It is likely that dust originating from sources further

east (such as the Bodele Depression) is also transported by northeasterly winds in the dry

season and would therefore cross the African coast further south and east than the area

around Dakar (for example as described in Kaufmanet al. (2005)), which was of focus

during DODO. Therefore the location of possible dust sources for the DODO1 dust may

well be due to the location of sampling, rather than being representative of all dust uplift

during the dry season. Nevertheless, there is a clear and well defined source area for dust

sampled during DODO1.

During DODO2 in the wet season the dust sources were a lot morevaried than

DODO1, with dust being transported from both western and central North Africa, and

with dust sampled during some flights originating from much further south (such as

b241 and b242). Therefore it is likely that the microphysical and chemical properties

of DODO2 dust will be much more varied due to the greater variation in dust source
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(likely to affect chemial composition) and transport distances and altitudes (likely to af-

fect size distribution). It is also evident from the NAME results that dust encoutered at

different altitudes during b237 and b238 had different dustsources.

Both the NAME and the chemical composition (elemental ratiosand mineralogy)

point towards dust sources being different between DODO1 and DODO2. DODO1 dust,

originating from northwest Africa had much higher calcium content than DODO2 dust.

Other studies (e.g. Chiapelloet al., 1997; Formentiet al., 2008; Rajotet al., 2008) have

also found northwestern Saharan dust to be richer in Calcium than those further south and

east. There was no difference in the Fe/Al ratios between theDODO campaigns, though

this is not necessarily an indicator of absorption. Iron oxide content was found to vary

between the two flights analysed. The mineralogy results from limited DODO cases also

show that there is some variation in the dust composition between flights and between the

fine and coarse modes. This suggests that it may not be appropriate to model the dust

using one refractive index for all dust cases and particle sizes.
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4.1 Introduction

This Chapter examines the microphysical and optical properties of the dust encountered

during DODO, both from measurements and through modelling.The microphysical and

optical properties will be examined in terms of the means from each campaign, as well

as the variability observed during and between the two campaigns. Section 4.2 examines

direct measurements of single scattering albedos and size distributions of the accumula-

tion mode and the variability of both, Section 4.3 describesthe average optical properties

for the two campaigns, Section 4.4 examines the contribution from size distribution and

chemical composition to the optical properties, and Section 4.5 investigates the effect of

the coarse mode size distribution on the optical properties. The larger part of the findings

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

4.2 Measured Optical and Microphysical Properties

In this Section, optical properties which have been measured directly (i.e. single scattering

albedo at 550nm for the accumulation mode) and the measured dust size distributions are

presented.

4.2.1 Measurements of Accumulation Mode Single Scattering Albedo

The single scattering albedo at 550nm (ω550
0 ) can be calculated directly from measure-

ments on the aircraft. In order to do this, data measured overthe duration of a straight and

level run (selected and identified as dust, as described in Chapter 2) have been averaged.

Averaging the data over a run lasting at least 5 minutes provides data that is more spatially

representative of the dust encountered than the data from the profiles, and can also give

a measure of the horizontal variability through the standard deviation around the mean.

For each run, data from the nephelometer and PSAP have been averaged and corrected as

described in Chapter 2.

The single scattering albedo has then been calculated according to Equation 4.1 using

the corrected absorption coefficientσ550
acorr

from the PSAP and the corrected scattering co-

efficientσ550
scorr

from the nephelometer. Note that due to the aircraft inlet cut-off diameters
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(see Chapter 2), these single scattering albedos most likelyonly describe the accumulation

mode. The uncertainty inω550
0 due to instrumental error (see Chapter 2) and atmospheric

variability (defined as one standard deviation over a run) have also been calculated. The

results forω550
0 and the associated errors are shown in Figure 4.1. The dashedlines show

the average single scattering albedo values for each campaign, excluding the transit flights

(b168 and b236) since this data was not necessarily collected in the Dakar area.

ω550
0 =

σ550
scorr

σ550
scorr

+ σ550
acorr

(4.1)

Figure 4.1: Single scattering albedo values of dust measured during DODO at 550nm. Shaded panels in-
dicate different flights. Solid error bars indicate instrumental error, dashed error bars indicate atmospheric
variability. The two horizontal dashed lines indicate DODO1 and DODO2 campaign average single scat-
tering albedo values (and campaign standard deviations) of0.99 ± 0.001 and0.98 ± 0.013 respectively.
These averages do not include results from the transit flights of b168 and b236 where dust was not always

measured in the Dakar area.

The horizontal dashed lines in Figure 4.1 show the campaign average single scatter-

ing albedo values of0.99±0.001 and0.98±0.013 for DODO1 and DODO2 respectively,

with errors representing one standard deviation over the runs contributing to this aver-

age (as opposed to the range of values shown in Figure 4.1). Thus DODO2 dust was

more absorbing than DODO1 dust on average, though the errorsdo overlap. This may be

caused by the chemical composition or size distributions (or both) varying between the

campaigns. Chapter 3 showed that the source regions and composition for DODO1 and

DODO2 were indeed different. Section 4.2.2 will examine thedifference in size distribu-



Chapter 4. Dust Microphysical and Optical Properties 103

tions.

Figure 4.1 shows that there was much more variability in the single scattering albedo

during DODO2 than DODO1, with DODO1 single scattering albedo values never drop-

ping below 0.985 for b173, b174 and b175 and DODO2 values ranging form 0.94 to 0.99.

The greater variability observed in the DODO2 single scattering albedo values is con-

sistent with the greater variability in transport distances and dust sources shown in the

NAME results in Chapter 3, which are likely to affect composition and size distribution,

and therefore the single scattering albedo. The lack of variability seen during DODO1

(in flights b173, b174 and b175) is also consistent with the well defined, less variable,

dust transport from the northeast from less varied dust sources. Therefore it appears that

the variability of the optical properties of the dust measured by the BAe-146 in the Dakar

region during DODO1 are affected by the seasonal meteorology through upwind dust

sources and transport processes.

It should be noted, however, that the DODO2 dust flights were performed over a

period of 8 days, whereas the DODO1 dust flights were performed over 4 days, with one

flight on the 3rd February 2006 and the three other flights between 14th-16th February

2006. Therefore the DODO1 measurements may be limited in theamount of variability

of both the meteorology and the dust that was uplifted, whichmay result in the data

presented here for DODO1 being less varied. During the days when DODO1 dust was

collected, the flow was as would be expected from the climatology.

Figure 4.1 shows that the single scattering albedo values for b168 (0.93, 0.94) were

significantly lower than those measured during flights b173,b174 and b175, and the error

bars (both atmospheric variability and instrumental error) do not overlap. These values

(for Runs 15 and 16) were performed at the end of the transit flight, just to the north

of Dakar, with the flow at this point in the campaign being muchmore easterly than

in the subsequent weeks. This is reflected by the air mass origins for these runs from

NAME as shown in Chapter 3, which were southern Mauritania andnorthern Mali. This

suggests that the source region is affecting the chemical composition, and therefore the

single scattering albedo of the dust in flight b168. This is interesting, considering current

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

It is interesting to note that in the same way that dust sourcevaried with altitude

for some flights (as shown in Section 3.3), the single scattering albedo shows the same

pattern. For example, Figure 4.1 shows much higher single scattering albedo values (over

0.99) for b237 Run 4 and Run 5 (performed at 50m) compared to the other runs for that

flight (performed between 2.5 - 5km,ω550
0 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 representative of Run 4 due to the

similar timing, location and altitude) had significantly different air mass origins to the

dust measured in Runs 2, 3, 6 and 7. The SEM and TEM results also showed somewhat

different mineralogy for the runs at lower altitude, compared to the runs at 5km. Thus it

appears that during b237 the upper layer of dust (shown in Figure 3.1(d)) had composition

and transport processes which led to significantly different optical 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 DODO2. Here a series of

stacked runs was performed, measuring the properties of dust at various altitudes. Runs

3.1-3.4 were performed at 300m (as close as the aircraft was permitted to the surface over

land), Run 4.1 at 1km, Run 5.1 at 2.5km, Run 6.1 at 3.5km and Run 7.1 at 5km. For

b238 it is noticeable that as the altitude of the dust increases the single scattering albedo

increases. The NAME results in Chapter 3 also showed different sources at the different

altitudes, with dust at higher altitudes having sources further east. Thus the dust observed

at the different altitudes may have different composition.It may also be expected that

the size distribution would change with altitude, with larger particles not being uplifted

to such large heights as smaller particles. The variation inoptical properties with altitude

seen during b238 may therefore be related to the dust at different altitudes having different

composition, size distribution, or both.

During DODO1 the dust was confined to a smaller range of altitudes - always below

1km, except in the case of b175 over Mauritania. During flightb175 runs were performed

at altitudes of 150m (R2, R7.1, R7.2) and 1450m (R6) and during flight b174 runs were

performed at 150m (R3.1, R3.2) and 50m (R4.1-4.5). Despite thisthe measured single

scattering albedos shown in Figure 4.1 do not change much. Figure 4.2 showsω550
0 as
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a function of altitude. This reinforces the picture that allthe DODO1 dust was found

at low altitudes, whereas DODO2 dust was found at a much widerrange of altitudes,

and also had varyingω550
0 . There appears to be no evidence of DODO1ω550

0 changing

with altitude, whereas during DODO2 there is a suggestion ofdecreasedω550
0 at higher

altitudes, contrary to the pattern seen in b238.

Figure 4.2: Single scattering albedo values at 550nm versus altitude. Black indicates DODO1, red indi-
cates DODO2.

It is interesting that both b237 R5 and b241 R5 have high single scattering albedos

(greater than 0.99), and both these runs were distinct in their air mass origins, with most

air originating from over the ocean to the northeast of the aircraft, and limited particles

being traced back to desert areas by NAME in Chapter 3. It has been hypothesised that the

b237 R5 dust was being deposited from higher altitudes, and may have different chemical

composition to the dust above as a result of size dependent composition. It is equally

possible that this dust (both b237 R5 and b241 R5) originated from sources in northwest

Africa, similar to those which were active during DODO1, resulting in different size

distributions and/or composition which result in higher single scattering albedos. Despite

being limited in terms of composition data (particularly for b241), it is clear that the

optical properties as well as potential source locations for these two runs are different to

the other samples from DODO2.

Single scattering albedo values for b242 (0.957 and 0.946) are lower than those for
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the rest of DODO2. The NAME air mass origins for this flight were further south than

others, with sources in southern Algeria, but also extending as far south as southern Mali

and southern Niger. This is interesting since Sahelian dusthas a higher content of absorb-

ing iron oxides, which may lower the single scattering albedo. Indeed, of the iron oxide

ratios (with respect to the mass of Aluminium) available from the filter samples shown in

Chapter 3, the highest value was measured for b242 R5.1, suggesting a dependence of the

lowerω550
0 values on the amount of absorbing iron oxide present.

b241 R2 also showed some air having originated from much further south - in fact

with a greater proportion of the air originating from further south than that for b242

- though some air had also come from Mauritania and Western Sahara. Interestingly

ω550
0 for b241 R2 is not particularly lower than other DODO2 values -as would be ex-

pected if there was a greater amount of absorbing iron oxide in the dust. It does appear

though, that of the NAME runs with southerly sources (b168, b241 and b242), two out of

these three flights show significantly lowerω550
0 values.

It should be pointed out that optical properties would be expected to vary if factors

such as sulphate coatings on dust particles, mixing of dust with other aerosol types (such

as anthropogenic pollution or biomass burning aerosol) were occurring. As described in

Chapter 2, these cases have been selected for analysis based on the principal component

being dust, with runs being affected by biomass burning aerosol removed, with no sul-

phate coatings observed on the filter samples that were analysed (Formentiet al., 2008),

and very few anthropogenic particles observed.

In conclusion, a variety of single scattering albedo valuesat 550nm have been mea-

sured during DODO for the accumulation mode, ranging from 0.93 to 0.99. Differences

in the single scattering albedo are observed between the DODO campaigns, between dif-

ferent flights (i.e. day to day) and between dust at differentaltitudes (during DODO2).

These differences appear to be related to variations in the dust source, as supported by the

NAME results from Chapter 3, which are well defined during DODO1 and more variable

during DODO2. The variation in dust source is likely to impact both the chemical com-

position and dust size distribution, which could then affect the single scattering albedo

(and other optical properties). Though it is clear that the dust source has a strong impact
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on ω550
0 , it is unclear whether this is due to different chemical composition or different

size distributions at this stage. Limited chemical composition results (Chapter 3) support

a difference in composition between DODO1 and DODO2, and between different flights

during DODO2. The following Section investigates the measured size distributions from

DODO.

4.2.2 Observed Size Distributions (Accumulation Mode)

Size distributions measured by the PCASP instrument covering radii from 0.06µm to

1.5µm were used to calculate the average size distribution for each DODO campaign.

Data from the same runs as used in the averages from Section 4.2.1 and McConnellet al.

(2008) were averaged over each run to calculate the average size distribution for each run.

The size distributions were then normalised by the total average number of particles mea-

sured by the PCASP over the run in order to allow comparisons between runs where the

total dust loading differed. These normalised size distributions are shown in Figure 4.3,

along with the campaign averages (bold lines in Figures 4.3(a) and 4.3(b), and compared

together in Figure 4.3(c)).

Figure 4.3 shows that DODO1 size distributions show less variability than those for

DODO2. The fine mode size distributions (r < 0.2µm) for DODO1 show very little vari-

ability indeed. Most variation in the DODO1 size distributions are seen atr > 0.2µm.

Contrastingly, the DODO2 size distributions show variationover the whole range mea-

sured by the PCASP, and also show much more variability compared to DODO1. This

is likely to be related to the NAME results and vertical profiles from Chapter 3 which

showed dust at a greater range of altitudes during the wet season, and showed dust being

transported over distances which varied from quite local (Mauritania, Western Sahara) to

much further north and east. It is logical that the greater range of transport distances (both

horizontal and vertical) cause a greater variation in the size distribution in the wet season,

which may also result in more variation in the optical properties.

The average size distributions shown in Figure 4.3(c) show small differences between

the two DODO campaign average size distributions. The differences are observed at

r > 0.2µm; the fine mode size distributions at radii smaller than this are very similar.
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(a) DODO1 (b) DODO2

(c) Both campaigns

Figure 4.3: (a) & (b) Normalised size distributions measured by the PCASP (fine and accumulation modes)
on all runs determined to be dust using nephelometer and SEM analysis, for each DODO campaign. Cam-
paign average size distributions and errors (one standard deviation) are shown by the heavy lines. (c)

Campaign average normalised size distributions for DODO1 (solid line) and DODO2 (dashed line).

DODO1 shows more particles at the large end of the accumulation mode, in the largest

two size bins of the PCASP (radius1.0−1.5µm), while DODO2 has a greater proportion

of particles at the lower end of the accumulation mode, between0.2−0.35µm radius. This

difference in the average size distribution may be important in determining 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 measured accumulation mode size

distributions change with transport and season. In order todo this the average size distri-

butions for various runs have been combined to build up a better picture from the DODO
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data. Details of the runs used to calculate each average can be found in Table 4.1.

(a) Land vs Ocean (b) Advected Dust: b173 vs b174

(c) Land vs Ocean (d) Advected Dust: b173 vs b174

Figure 4.4: DODO accumulation mode size distributions averaged by various categories of interest (see
Table 4.1 for details of runs used). Error bars represent onestandard deviation of the distributions used to
calculate the averages. Note the different y-axis on Figures 4.4(c) and 4.4(d). Figures 4.4(a)-4.4(b) show
normalised size distributions, Figures 4.4(c)-4.4(d) show absolute size distributions and fractional change

in particle number.

Figure 4.4(a) shows the differences in the size distributions measured over land and

ocean in both campaigns. Though the error bars overlap, it isclear that on average there

are more particles found over land at radii greater than0.2µm. This is consistent with the

deposition of particles to the ocean (and land) as dust is transported westwards. Figure

4.4(b) expands on this idea by focusing on the size distributions from b173 and b174. Here

it is likely that the same dust outbreak was sampled, having origins in northern Western

Sahara and southern Morocco (see Chapters 2 and 3). Thereforeit follows that the aircraft

sampled part of the same dust outbreak on consecutive days, the first to the north of Dakar,

the second to the south of Dakar. Figure 4.4(b) shows that there had been a significant
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(a) Dust over Land: b173, b175, b238 (b) Dust over Ocean: DODO1 vs DODO2

(c) b238 dust: Different altitudes (d) DODO2 Dust over Ocean: Different altitudes

Figure 4.5: DODO accumulation mode normalised size distributions averaged by various categories of
interest (see Table 4.1 for details of runs used). Error barsrepresent one standard deviation of the distribu-

tions used to calculate the averages.

change in the size distribution between the two flights, withrelatively more particles (at

r > 0.2µm) being found on the first day and fewer during b174 a day later -likely due

to dry deposition of dust to the ocean. Interestingly there is no significant change in the

observed single scattering albedo between these two flights, despite the change in the size

distribution. This finding is consistent with other studiessuch as Liuet al. (2008b) who

showed that dust optical properties remained relatively unchanged during the first 3 days

of transport over the Atlantic during an August 2006 case study.

Figures 4.4(c) and 4.4(d) show number size distributions for the same runs (not nor-

malised here), in order to show the change in the absolute size distributions for the same

cases. In the case of both b173/b174 and all of DODO land vs ocean flights, the trends

are the same. Using these size distributions, the difference between the two lines has been
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Category Figure Runs Used

Dust over land 4.4(a) b173 (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,R4.1-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) b173 (R8,R9)
b174 4.4(b) b174 (R3.1,R3.2,R4.1-R4.5)

b173 source 4.5(a) b173 (R8,R9)
b175 source 4.5(a) b175 (R2,R6,R7.1,R7.2)
b238 source 4.5(a) b238 (R3.1-R3.4,R4.1,R5.1,R6.1,R7.1)

DODO1 dust over ocean 4.5(b) b168 (R15,R16), b173 (R1),
b174 (R3.1,R3.2,R4.1-R4.5)

DODO2 dust over ocean 4.5(b) b237 (R2,R3,R4,R5,R6,R7), b239 (R1,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)
DODO2 dust over ocean0 − 2km 4.5(d) b239 (R6), b237 (R4,R5), b241 (R5)
DODO2 dust over ocean2 − 4km 4.5(d) b237 (R3), b239 (R1,R2-4,R5), b241 (R2),

b242 (R1.1,R5.1)
DODO2 dust over ocean4 − 6km 4.5(d) b237 (R2,R6,R7)

Table 4.1: Runs used in creating the average size distributions for each category as shown in Figures 4.4
and 4.5.

calculated, and is also shown (black dotted line). This represents the size distribution of

dust which would be lost through deposition. Additionally,the fraction of particles lost

for each size bin is shown (black dashed line) in order to givean indication of the size

dependence of deposition. For Figure 4.4(d) these measuresassume that the same dust

outbreak was sampled during both flights, and that the difference in size distributions was

due to deposition. For Figure 4.4(c) where a number of flightswere used, and from both

seasons, no direct continuity is applicable and the resultsshow a general picture of what

could be expected in terms of the number and sizes of particles being deposited near the

west coast of Africa.

It is clear that in both cases the largest fraction of particles deposited come from

the larger particles, with the fraction deposited greater than 0.5 forr > 0.2µm. This is

consistent with expectations that larger particles have greater settling velocities and are

therefore deposited more rapidly. Whereas the case study of b173-b174 shows that as

radius increases the proportion of each size bin being deposited increases (to a maximum
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of almost 0.8 of the particles present), the results averaged over the whole of the DODO

campaign show a double peak in deposition fraction. The PCASPsize bins centred at

radii of 0.225µm and1.375µm both suggest a difference of around70% in the number

of particles present between land and ocean flights. In termsof the size distribution de-

posited, the number concentrations are highest for smallerparticles, consistent with the

measured size distributions (though the mass size distribution would be dominated by the

larger particles). It should be noted that for Figure 4.4(c)the error bars overlap between

land and ocean, and therefore that the deposition results may be variable. Additionally

these results only show data for the accumulation mode (up tor = 1.5µm), and therefore

give no information on the coarse mode size distribution, where most of the mass would

be expected to reside. However, Baker and Jickells (2006) show that the primary control

on aerosol iron solubility is the surface area to volume ratio of particles, which is higher

for smaller particles, and therefore the importance of deposition of smaller particles is not

to be ignored.

Figure 4.5(a) shows the size distributions measured over land from flights b173, b175

and b238. A reasonable amount of variability is see in these size distributions, with b173

(followed by b175 and b238) having the largest amount of particles greater than0.6µm

present, and the same sharp drop off in size observed during the DODO1 flights as shown

in Figure 4.3(c) for DODO1, whereas DODO2 shows a more gradual slope. The variabil-

ity in size distribution seen over land is likely to be dependent on parent soil and uplift

characteristics, which would be expected to vary with source.

Figure 4.5(b) contrasts the size distributions between DODO1 and DODO2 from

flights over the ocean only. Interestingly now, the main difference between DODO1 and

DODO2 is between radii of0.2 − 0.5µm, with no difference at radii greater than0.6µm

(as seen in Figure 4.3(c)). Thus DODO2 transported oceanic dust appears to be composed

of many more smaller particles than DODO1 dust. This may be because the wet season

dust is transported from sources located further east than the dry season dust, and so by

the time the dust reaches the Atlantic a greater proportion of larger particles have been

deposited.

Figures 4.5(c) and 4.5(d) show size distributions from DODO2 measured over the
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desert (b238) and ocean (various flights), separated by the altitude where the dust was

found. These results reflect the size distribution profiles shown in Figure 3.2 in Chapter 3,

where the largest particles peak in terms of number concentrations at higher altitudes over

ocean, but at lower altitudes over the desert. In terms of thelargest particles measured

by the PCASP during b238, the largest proportion of particleswith radii greater than

0.6µm were found at altitudes of 2-3km, with lower proportions at higher and lower

altitudes than this. At radii between0.1 − 0.4µm there is also a separation in the size

distributions with altitude, with the runs performed above3km having fewer particles

in this size range. This is surprising, since it would be expected that smaller particles

are uplifted to greater altitudes more easily. Over ocean, lower altitudes appear to have

significantly lower proportions of particles overr = 0.2µm, with most of the larger

particles residing aloft within the Saharan Air Layer, contrary to some speculation in the

literature (e.g. Stuutet al., 2005). This raises interesting questions about the transport of

dust across land/ocean interfaces, and whether the dust present in the lower layer is being

deposited from higher altitudes, or just being transportedat low levels.

Also of note is the very different size distribution in Figure 4.5(d) for dust at altitudes

between0 − 2km. Three of the three runs used for this average (b237 R4 and R5, b241

R5) also had much higher single scattering albedo values (over 0.99), in contrast to the

rest of DODO2. Thus it is possible that the different size distributions of dust at low

altitudes in the wet season are contributing to the optical properties here.

In conclusion, the various plots in Figures 4.4 and 4.5 show that the principal cause

of the variation seen in DODO2 size distributions are due to variations with altitude. It

is also evident that the size distributions are different between land and ocean (in both

seasons), with fewer particles being measured over the ocean due to loss from deposition.
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4.3 Campaign Average Optical Properties

This section examines the average optical properties (for the accumulation mode) for each

campaign in an attempt to identify seasonal variations in the optical properties.

4.3.1 Mie Code Procedure

The average size distributions shown in Figure 4.3(c) have been used in a Mie scattering

code to calculate the optical properties for each campaign.In order to do this the PCASP

size distributions from Figure 4.3(c) were each fitted with alogfit curve, which is the

sum of four individual lognormal modes described by Equation 4.2, summed according

to Equation 4.3, whereNtoti, σgi
andrgi

represent the total number of particles, the geo-

metric standard deviation and the geometric mean radius of each mode (i) respectively.

(
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)
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)
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∑
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(
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)

i

(4.3)

A logfit curve, rather than the raw size distributions, was used firstly to smooth out

any noise which can occur in the PCASP size distributions, secondly so that the size dis-

tributions can be easily reconstructed (for example by modellers) by using the lognormal

mode parameters, and thirdly, so that the size distributionfor input to the Mie scattering

code has a higher resolution for more accurate scattering calculations.

The parameters for the lognormal modes were chosen so that the logfit curve fitted the

measured size distribution as closely as possible, as shownin Figure 4.6. The lognormal

modes and logfit curve for each campaign can be seen in Figure 4.6, and the details of each

lognormal mode, including the weight, w (calculated fromNtoti), given to each mode are

shown in Table 4.2.

The inputs required for the Mie scattering code as shown in the flow chart in Figure

4.7 are firstly the size distribution, which is input in termsof the lognormal fitted curve

described above, and secondly, a complex refractive index.Optical properties have been
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(a) DODO1

(b) DODO2

Figure 4.6: PCASP average normalised size distributions for each campaign (circles) with logfit curves
(heavy lines) created by summing four lognormal modes (dotted lines).

Mode rg, µm σg w

DODO1 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

Table 4.2: Lognormal mode parameters used to construct the logfit size distributions shown in Figure 4.6
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calculated at wavelengths of450nm, 550nm and700nm to coincide with the wavelengths

at which the nephelometer measures scattering. The refractive index has been assumed

to be spectrally constant over these wavelengths, as in WCP (1983). Sensitivity tests

showed that using a full spectral refractive index did not change the results significantly.

Additionally the logfit curve has been truncated at radii greater than1.5µm and less than

0.03µm to coincide with the size range over which the PCASP measures and the cut-off

size of the nephelometer and PSAP inlets. Therefore the optical properties calculated will

cover the fine and accumulation modes only. The resulting optical properties also assume

spherical particles, due the difficulties in modelling non-spherical particles and on the

assumption that when integrated over all scattering angles, non-sphericity has less effect

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

Figure 4.7: Schematic showing methodology to calculate optical properties for the accumulation mode
and derived imaginary part of refractive index. Inputs to Mie code are shown by red arrows. Iterations are
shown in dashed arrows. Initial inputs of measured size distribution, the real part of the refractive index
(1.53) and an estimated imaginary part of the refractive index are used.n550

i is then adjusted iteratively
until the measured and modelledω550

0
are in agreement.

Since the value of the refractive index is not known, some iteration is required, and

is depicted in Figure 4.7. The real part of the refractive index is assumed to be 1.53, since

this is relatively well known. Initially the complex refractive index is estimated, and input

into the Mie code. The resulting single scattering albedo at550nm from Mie code is then

compared to the observations of single scattering albedo at550nm from the nephelometer
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and PSAP measurements described in Section 4.3. The imaginary part of the refractive

index is then adjusted, and the process is iterated until thesingle scattering albedo from

the Mie code and the observations are in agreement. This results in a derived refractive

index at 550nm, given a real part of 1.53. Finally the other optical properties, including

the asymmetry parameter (g550) and mass specific extinction (k550
ext , m2g−1) are output,

assuming a reasonable dust density of2.65gcm−3 (Tegen and Fung, 1995).

4.3.2 Results of Campaign Average Optical Properties

Table 4.3 shows the campaign average results of the modelledand observed optical prop-

erties for the fine and accumulation mode dust particles. Theresults from DODO show

that there is a small difference between the single scattering albedos measured and mod-

elled between both campaigns of 0.1. However, although the difference in the single

scattering albedo value is small, it should be noted that thedifference in the co-albedo

(1 − ω0 ) is a factor of two between the two campaigns. This points to significant dif-

ferences in the amount of absorption occurring in each campaign, and is reflected in the

differences in the inferred refractive index from the Mie code results. The imaginary part

of the refractive index for DODO2 dust is0.0014i ± 0.0001i, while the DODO1 value is

much lower at0.0005i± 0.0001i, indicating far less absorption by dust in the dry season.

Observed Modelled
ω550

0 ω550
0 g550 k550

ext , g−1m2 n550
r − n550

i Uncertainty inn550
i

DODO1 0.99 ± 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 and 2.n550

i andn550

r are the real and
imaginary part of the refractive indices respectively. Errors onω550

0
represent one standard deviation of

measured values over the campaign. Error in the imaginary part of the refractive index is calculated using
the range of refractive indices that would be required to allow the modelled single scattering albedo values

to fall within the range of observed single scattering albedo uncertainty.

The mass specific extinction also varies considerably between DODO1 and DODO2

(0.85g−1m2 and1.14g−1m2 respectively). This may be attributable to the extra amountof

absorption occurring during DODO2 (indicated in both the lowerω550
0 and the highern550

i

values), and possibly to the size distribution as well. Figure 4.3(c) shows that DODO2
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has more particles in the0.2 − 0.4µm radius range, the region where there is likely to be

most interaction with visible radiation, while DODO1 has a greater proportion of particles

in the accumulation mode in the radius ranger > 0.675µm. It is hypothesised that the

difference in size distribution in the0.2−0.4µm range may be more important as particles

in this range will be more efficient at extinction per unit mass. This has been examined

for a specific case (b238 R4.1) by changing the size distribution one mode at a time,

and examining how the size distribution for each mode affects the optical properties.

The results showed that changes in the second and third mode (in the size range roughly

r = 0.1− 0.5µm) had a large effect onk550
ext , and that relatively more particles in this size

range led to a higher value ofk550
ext . Particles sizedr > 0.675µm contribute to a higher

extinction coefficient (m−1) in DODO1, but this effect is outweighed by the greater mass

of the larger particles which lowersk550
ext . The effect of both size distribution and refractive

index on the optical properties are examined in more detail in Section 4.4.

The asymmetry parameter (0.68) does not change between campaigns. This indicates

that neither the size distribution nor the refractive indexdiffer enough between DODO1

and DODO2 to warrant a change in g, and that g is also less sensitive to changes in the

size distribution and refractive index thank550
ext andω550

0 .

Uncertainties in the results exist due to assumption of spherical particles. Ottoet al.

(2009) found that non-spherical particles resulted in1% changes inω550
0 and4% changes

in g550 . Therefore the Mie code values ofω550
0 may change by a few percent, which would

result in different values ofn550
i , and potentially alsog550 andkext . However, changes

of this size are smaller than the measured variations inω550
0 from the campaigns, and

therefore the uncertainty shown in Table 4.3 forn550
i 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 average optical properties between

the two DODO campaigns, with the dry season having higher single scattering albedo

values, lowerk550
ext and lowern550

i , with little difference ing550 between the two seasons.

These differences can be traced back to differences in both the composition (and dust

sources) and the size distributions for each DODO campaign.However, it should be noted
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that the variation in optical properties between the different runs within each campaign,

particularly DODO2, is much greater than the average differences between the campaigns.

The two factors contributing to the optical properties are the size distribution and the

chemical composition (represented in the Mie code through the refractive index). It is

clear that there is a difference in both these properties between DODO1 and DODO2, and

also a difference in the average optical properties (k550
ext andω550

0 ). The relative roles of the

size distribution and the refractive index in causing the differences in the optical properties

is examined in Section 4.4. The differences in the single scattering albedo are also much

greater within in each campaign compared to the differencesbetween the campaign, and

this is also examined in terms of size distribution and composition in Section 4.4.

A natural comparison of the campaign average properties is against dust measure-

ments from aircraft campaigns using the same instrumentation, and therefore also rep-

resenting the accumulation mode only. SHADE (SaHAran Dust Experiment, Haywood

et al. (2003)) took place in the Dakar/Sal region during September2000 using the same

instrumentation but on a different aircraft (the C-130). DABEX (Dust And Biomass EX-

periment, Osborneet al. (2008)) took place in Niamey, Niger during January 2006, using

identical instrumentation and the same aircraft as DODO.

DABEX measured consistently highω550
0 with an average of0.99, and SHADE an

average of0.97 with a range of0.95− 0.99. These are in line with the DODO results, and

it therefore appears that dust measured in the dry season hashigherω550
0 than the wet sea-

son values, which seem to be more variable. The values ofn550
i inferred from SHADE and

DABEX (0.0004 and0.0015 respectively) reflect theω550
0 values, with SHADE in the wet

season showing more absorption, similar to DODO2. It therefore appears that the compo-

sition differed significantly between SHADE and DODO2 to DABEX and DODO1, lead-

ing to differences inn550
i andω550

0 . The asymmetry parameters for SHADE and DABEX

are0.72 and0.71, slightly higher than DODO values of 0.68, indicating that more radi-

ation is scattered in a forward direction for DABEX and SHADE dust. The reason for

this could be size distribution differences. The values ofk550
ext , 0.76 and 0.70 for SHADE

and DABEX respectively, are lower than DODO values, possiblydue to the presence of a

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

However, it is important to remember that these campaigns are of short duration (7-

20 days), and are not necessarily climatologically representative. The particular results

obtained for each campaign may be strongly affected by the particular sources which are

activated at the time. This is illustrated by the contrasting optical properties between b168

and the rest of DODO1, which took place under different wind directions, and also the

greater variability during DODO2 when dust was measured over a longer time period.

In comparison to measurements of optical properties from the literature, the values

of ω550
0 andn550

i are at the high and low end respectively, indicating that theDODO ac-

cumulation mode dust was more scattering and less absorbingthan most measurements

and estimates. The DODO values ofω550
0 are in agreement with some recent satellite

and AERONET estimates ofω0 , roughly in the range of0.93 − 0.98 over wavelengths

440−670nm (Tanŕeet al., 2001; Kaufmanet al., 2001; Duboviket al., 2002; Forsteret al.,

2007). In contrast, theω550
0 measurements andn550

i estimates from DODO are rather dif-

ferent from the more absorbing dust measured in other studies (e.g. Pattersonet al., 1977;

Shettle and Fenn, 1979; WCP, 1983; Hesset al., 1998; Ottoet al., 2007, 2009). However,

note that the DODO estimates are solely for the accumulationmode, due to the inlet lim-

itations of the nephelometer and PSAP. The addition of the coarse mode is expected to

decrease the value ofω550
0 (e.g. Haywoodet 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 and Seinfeld, 1998; Balkanskiet al.,

2007; Ottoet al., 2007) have illustrated the complexity of modelling the optical properties

of dust due to variations in size distributions and refractive indices. The previous sections

have shown that the optical properties, size distributionsand derived refractive indices all
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varied during DODO. Therefore it is important to use the observational data from DODO

to examine the contribution of both size distribution and refractive index to the optical

properties. This section tackles this issue, with the aim ofdetermining which has most

effect on the variation in optical properties observed during DODO.

4.4.2 Calculation of Optical Properties for Individual Runs

In order to examine the contribution of refractive index andaccumulation mode size dis-

tribution to the optical properties, Mie code calculationshave been performed for all the

runs shown in Figure 4.1. The same method as described in Section 4.3.1 has been indi-

vidually applied to each case shown in Figure 4.1. Thus the size distribution for each run

was fitted with a lognormal curve (comprised of four modes, extending tor = 1.5µm),

and input into a Mie scattering code with an assumed imaginary refractive index. The

imaginary part of the refractive index was then iterated until the single scattering albedo

from the Mie code and that from the observations for the particular run were in agreement.

Again, the real part of the refractive index was assumed to be1.53, and the refractive in-

dex was spectrally constant between350 − 700nm. The limitations of this technique are

the same as those for the campaign average optical properties - firstly that the Rosemount

inlet cut-off is such that the nephelometer and PSAP measurethe same size distribution

as the PCASP, and secondly that the particles are assumed spherical.

Thus it has been possible to model the optical properties forall the individual runs

shown in Figure 4.1. These are shown in Figures 4.8 and 4.9 as afunction of flight and

run, along with the single scattering albedo observations measurements from Figure 4.1

which are repeated here for comparison purposes. The derived imaginary part of the

refractive index at 550nm is also shown in Figure 4.9.

The error inω550
0 , k550

ext andn550
i has also been calculated. All these parameters are

constrained by theω550
0 observations, which themselves have an uncertainty, as shown in

Figure 4.8(a). The maximum and minimum range inω550
0 shown in Figure 4.8(a) have

been used to determine the maximum and minimum value ofn550
i . This range inn550

i has

then been used to calculate the uncertainty ink550
ext andg550 , as shown in Figures 4.8(a) and

4.9((d). In cases where the atmospheric variability inω550
0 is very large, this also results
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(a)

(b)

Figure 4.8: Optical properties and refractive index for DODO accumulation mode dust for individual
runs. (a) Observed single scattering albedo values at 550nm(as in Figure 4.1), (b) mass specific extinction
values at 550nm from Mie code. Error bars indicate uncertainty in k550

ext due to the range of instrumental
and atmospheric variability ofω550

0
as shown by the error bars in Figure 4.8(a).
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(a)

(b)

Figure 4.9: Optical properties and refractive index for DODO accumulation mode dust for individual
runs. (a) asymmetry parameter values at 550nm from Mie cod , (b) derived imaginary part of the refractive
index at 550nm (n550

i ) from Mie code. Error bars indicate uncertainty inn550

i andg550 due to the range of
instrumental and atmospheric variability ofω550

0
as shown by the error bars in Figure 4.8(a).
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in large errors inn550
i , for example as shown for b236 R2.1 and b242 R5.1. The errors in

g550 andk550
ext are very small, probably due to a small dependence on the value ofn550

i used.

It is possible that uncertainties in the measured size distribution could contribute to larger

errors than shown here fork550
ext andg550 , but this has not been quantified.

Generally the results shown in Figures 4.8 and 4.9 are consistent with the average

DODO1 and DODO2 optical properties shown in Table 4.3. For example, the mass spe-

cific extinction values are generally higher for DODO2 than DODO1, there is little vari-

ation in the asymmetry parameter and the values ofn550
i are generally much lower for

DODO1 than DODO2 (with the exception of b168).

However, the purpose of Figures 4.8 and 4.9 is to show the variability of the optical

properties for various runs during DODO. Two runs that standout in particular are R4 and

R5 from b237, which were performed at 50m above the ocean in a lower layer of dust.

These two runs have been singled out previously for havingω550
0 values higher than 0.99

(in contrast to much of DODO2). Figure 4.8 also shows that these runs had high values

of k550
ext (1.60, 1.50), lower values ofg550 (0.57,0.56), and a lower values ofn550

i (0.0003,

0.0002). Similar trends can also be seen for b241 R5 which was also performed at an

altitude of 500m, also below the main dust layer.

Variations ink550
ext can also be seen between the two DODO campaigns, between

different flights, and within the same flight, showing the same sort of variability as was

seen for the single scattering albedo measurements in Section 4.2. Similarly the refractive

indices show variation on the same scales, with b168 (R15 and R16) and b242 (both runs)

showing much larger values, indicating more absorption, which fits with the lower single

scattering albedos for these flights. This indicates that significantly different composition

for dust was measured during these flights which contributedto the lower single scattering

albedos.

It has been possible to calculate refractive indices from filter samples for five different

cases, which are shown in Table 4.4. These have been calculated assuming an external

mixture of calcium carbonates, quartz and clays, and that iron oxides are internally mixed

with the clays. These have been calculated using elemental concentrations from PIXE

analysis, and laboratory measurements of iron oxide amounts. Using a simplified version
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of the technique described by Lafonet al. (2006), the refractive index has then been

calculated. Due to lack of information on the partitioning of clays and iron oxides, initially

all iron oxides were assumed to be hematite, and all clays assumed to be illite. Other

combinations involving kaolonite and goethite are also possible, and the range inn550
i due

to these assumptions has been calculated for b238 R4.1, and isalso shown in Table 4.4.

Note that the combination of hematite and illite leads to themost absorbing combination

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

Flight Run Mie Coden550

i Mie Code
Min/Max n550

i

Filters
n550

i (HI)
Filters range in
n550

i

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

0.0032

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 from Mie code for the accumulation mode
against values calculated from filter samples (courtesy of P. Formenti, LISA) incorporating the full size
distribution. HI indicates that the composition was assumed to be hematite only in iron oxides, and illite
only in clays (the most absorbing combination). The range infilters n550

i shows the range in that would
result if other combinations of hematite, goethite, illiteand kaolonite were assumed, where data is available.

The results in Table 4.4 provide an important validation of the refractive indices

shown in Figure 4.9, despite the uncertainties in the filtersvalues ofn550
i due to the as-

sumptions made. For all cases other than b242 R5.1, the Mie coden550
i values underesti-

mate those from the filters. However, the case of b238 R4.1 demonstrates that assumptions

of combinations other than that of hematite and illite can significantly lowern550
i , bring-

ing n550
i for the Mie code results within those for the filters. It should also be noted that

the filter samples represent the whole size distribution (most likely) whereas the Mie code

values represent only the accumulation mode. Changes in composition with size may

therefore explain some of the differences. Interestingly the variability shown in the Mie

coden550
i values in Table 4.4 is not reflected in the filters values, though this may change

when other iron oxides and clays are considered for the remaining four cases. Overall the

n550
i values from the filter samples support the values derived from Mie code in this study,

when both different combinations of clays and iron oxides are considered, and when the

different size distributions contributing to each are considered.
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4.4.3 Factors Influencingω550
0

This section investigates the relative contributions fromthe imaginary part of the refrac-

tive index and the size distribution to the optical properties. In order to represent the size

distribution through one variable, the effective radius has been used (as in McFarquhar

and Heymsfield (1998); Pierangeloet al. (2005); Petzoldet al. (2009), for example), and

is defined as:

reff =

∫ rmax

rmin

r3 dN
dr

dr
∫ rmax

rmin

r2 dN
dr

dr
, (4.4)

wherermin andrmax are defined as the upper and lower cut-off radii of the PCASP size

bins which have been used for the size distribution,0.06µm and1.5µm respectively.

Figure 4.10 shows a scatter plot of the measured single scattering albedo values at

550nm against the effective radius of the size distribution(two completely independent

variables). It is clear that there is no relationship between ω550
0 andreff for these results,

and therefore that the size distribution variations seen during DODO are not strongly

influencing the variations observed inω550
0 .

Figure 4.10: Relationship betweenω550

0
(directly from measurements) and effective radius (reff ). Re-

sults represent accumulation mode only. DODO1 data shown inblack, DODO2 in red. The two axes are
independent measurements.
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Different variables representing the size distribution have also been tested. For exam-

ple, the number of particles present greater than a particular radius may have more of an

effect on the optical properties thanreff , which is a measure of the whole size distribu-

tion. Therefore similar scatter plots were created showingω550
0 against the fraction of the

size distribution greater than a particular radius, with this radius varying fromr = 0.3µm

andr = 0.675µm. These results are not shown, since they all showed no relationship be-

tween the various measures of the size distribution andω550
0 . Therefore it appears robust

that the variability in size distributions seen during DODOdoes not explain the variations

seen inω550
0 and were therefore not the dominant factor in governing the single scattering

albedo. Note that this conclusion applies only to the accumulation mode.

Figure 4.11 shows the relationship between the imaginary part of the refractive index

at 550nm andω550
0 . In contrast to Figure 4.10, there is a strong relationship between

n550
i andω550

0 , with larger absorption (greatern550
i ) corresponding to lower single scat-

tering albedo values. The linear Pearsons correlation coefficient betweenn550
i andω550

0 is

−0.987, indicating a very linear relationship.

Figure 4.11: Relationship betweenω550

0
(directly from measurements) and derived imaginary part ofthe

refractive index (n550

i ) from Mie calculations. Results represent accumulation mode only. DODO1 data
shown in black, DODO2 in red. Linear Pearson correlation coefficient is -0.987.
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It is to be expected that greater absorption is related to lower single scattering albedo

values. However, considering the number of modelling studies where optical property

determination is complicated by the uncertainties in both size distribution and refractive

index, both of which affect single scattering albedo (e.g. Tegen and Lacis, 1996; Liao

and Seinfeld, 1998; Balkanskiet al., 2007), it is important to use observations to close

in on these uncertainties. Despite the expected relationship betweenω550
0 andn550

i , the

lack of a relationship between size distribution andω550
0 is important, and implies that the

single scattering albedo variations seen during DODO are determined principally by the

refractive index, through the chemical composition of the dust. Note that this only applies

to the accumulation mode (up tor = 1.5µm here), since these measurements only cover

this range of sizes.

The importance of the results shown in Figures 4.10 and 4.11 is firstly, that the varia-

tion of the single scattering albedo values for the accumulation mode from DODO can be

explained mostly by the variation in the chemical composition. The chemical composition

results, though not numerous, do show chemical variation occurring between DODO1 and

DODO2, and between different flights, which supports this conclusion. The refractive in-

dices from Table 4.4 also show that the chemical and microphysical data are in broad

agreement of the values ofn550
i . This means that in future greater emphasis should be put

on both defining the composition, and therefore the refractive index of dust accurately, in

order to represent the single scattering albedo of the accumulation mode as accurately as

possible, and to obtain closure on the optical properties through scattering and absorption

measurements of the same size ranges. Exact representationof the accumulation mode

size distributions is less important for modellingω550
0 (again, accumulation mode only),

though not necessarily fork550
ext andg550 (see next Section).

Secondly, the lack of influence of the variability of size distribution onω550
0 brings

up the question of whether the variations in size distribution seen during the DODO cam-

paign timescale are a good representation of the true variations in dust accumulation mode

size distributions. It may be that the DODO size distribution measurements only repre-

sent a limited portion of the true variability, in which casethe strong relationship between

n550
i andω550

0 for the accumulation mode shown here may not always hold. However,
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in comparing the size distributions to those from SHADE (Haywood et al., 2003) and

DABEX (Osborneet al., 2008), the variations seen during DODO are not dissimilar.If

the DODO accumulation mode size distributions are representative of the true variability

in the atmosphere, then these results show a straightforward way to represent the refrac-

tive index using single scattering albedo measurements of the accumulation mode. Further

size resolved chemical data would be needed to determine size-dependent changes inni ,

however.

4.4.4 Factors Influencingk550
ext

In order to determine the dominant factors influencing the values ofk550
ext , similar scatter

plots comparing the value ofk550
ext to measures of the size distribution andn550

i have been

created. Additional measures of the size distribution havebeen used here to represent

the fraction of particles between particular radii. Here these radii are defined asrmin =

0.06µm, r1 = 0.3µm, r2 = 0.675µm andrmax = 1.5µm, wherermin andrmax are the

lower and upper ends of the PCASP size range.r1 corresponds to the threshold radius

used in Johnsonet al. (2008) to differentiate between the fine and accumulation modes,

andr2 has been chosen to correspond to the mid point of one of the PCASP size bins, at

which there appears to be a natural change in the size distributions, as shown in Figure

4.12. Figure 4.12 also shows the threshold radii in relationto the average DODO size

distributions. The number of particles within each of thesesections is defined asN1, N2

andN3.

Figure 4.13(a) shows the mass specific extinction as a function of n550
i , reff and the

ratio ofN3 to N2. It is clear from Figure 4.13(a) that there is no obvious relationship be-

tween the derived imaginary refractive index and the mass specific extinction, indicating

that the composition is having little effect in determiningk550
ext .

In contrast, Figures 4.13(b) and 4.13(c) show a stronger relationship between mea-

sures of the size distribution andk550
ext . As the effective radius increases, the mass specific

extinction decreases, with DODO2 data having greater values ofk550
ext and lower values of

reff than DODO1 in general. This implies that it is the size distribution which has a ma-

jor effect on the value ofk550
ext , as opposed to the refractive index (and therefore chemical
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N1

N3

N2

rmin rmaxr2r1

Figure 4.12: Average DODO1 and DODO2 accumulation mode size distributions (same as Figure 4.3(c),
with solid line representing DODO1 and dashed line DODO2) but with threshold radii marked on.Ni

indicates the number of particles within each section of thesize distribution.

(a) (b) (c)

Figure 4.13: Relationship between mass specific extinction at 550nm fromMie calculations (k550

ext ) and (a)
Derived refractive index from Mie calculations, (b) effective radius (reff ) from measurements and (c) the

ratio of N3 to N2 (see text). Results represent accumulation mode only.

composition).

A theoretical framework consistent with this observed relationship can be derived

from simple definitions of extinction for a monodisperse sample, as follows:

σext = πr2NQext(r) (4.5)

kext =
σext

vf ρdust

=
πr2NQext(r)

(4/3)πr3Nρdust

=
3Qext(r)

4r ρdust

, (4.6)

where N is the number of particles percm3, σext is the extinction coefficient inm−1, Qext
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is the extinction efficiency,ρdust is the density of dust, andvf is the volume fraction, or

the volume of dust perm3 air. If r = reff , as with a monodisperse sample, then,

kext =
3Qext(reff )

4reff ρdust

, (4.7)

and

reff =
3Qext(reff )

4kext ρdust

, (4.8)

so that

reff ∝
1

kext

, (4.9)

since for a particularreff and wavelength the other variables are constant.

The same can be shown for a polydisperse sample using Equation 4.6 and 4.4, but

where,

σext = π

∫ rmax

rmin

r2dN

dr
Qext(r)dr, (4.10)

vf =
4π

3

∫ rmax

rmin

r3dN

dr
dr (4.11)

are used to include the full size distribution, resulting in,

reff =
3
∫ rmax

rmin

Qext(r)dr

4πkext ρdust

. (4.12)

Therefore, ifQext is not strongly influenced by differing chemical composition in

each case, it could be expected thatreff ∝
1

kext

. Due to the slight spread of data away

from a perfect curve in Figure 4.13(b), it is likely that the chemical composition still

retains some control overk550
ext in the DODO results.

In addition tok550
ext andreff showing an inverse relationship, the relation can be strength-

ened if the size distribution is represented by the ratio of the fraction of particles within

two size ranges, in particular between the ratios ofN3 to N2 (as shown in Figure 4.12).

Again there is a distinction between the DODO1 and DODO2 data, with DODO1 data

having lower values ofk550
ext and a smallerN3 to N2 ratio (DODO1 dust had more larger

particles). TheN3 particles have a larger mass, so that their greater extinction is out-

weighed by their greater mass, making them less optically effective per unit mass. Con-
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trastingly particles in theN2 range are large enough to cause significant extinction, but

small enough that their mass is not big enough to cause a low mass specific extinction.

Thus a high ratio ofN3/N2 yields a low value ofk550
ext , and vice versa. It seems that there

is a threshold size, over which particles contribute more tothe mass and lowerk550
ext , and

below which particles contribute more to the extinction andless to the mass, increaseing

k550
ext .

4.4.5 Conclusion

The results presented for this section show that the observed variations in the single scat-

tering albedo during DODO were largely determined by the imaginary part of the re-

fractive index, whereas the variations in the modelled values of k550
ext were much more

influenced by the variations in size distribution for the accumulation mode.

In view of the single scattering albedo, this highlights theimportance of the chemical

composition and accurate assessments of the refractive index for dust (particularly con-

cerning the wide range of estimates from the literature). Measurements of composition

and refractive index of dust from different, but well-defined, source locations are also

important, but are challenging considering the remotenessof many Saharan dust sources.

It should be noted that this work only considers the accumulation mode, since this is

the size range over which closure of the refractive index is possible, due to measurements

of both size distribution, scattering and absorption. The following section examines the

effect of the coarse mode on optical properties, but this cannot be explored in the same

level of detail as the accumulation mode due to lack of scattering and 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 size distributions in the fine and

accumulation modes due to the size ranges measured by the nephelometer and the PCASP

(r = 0.06 − 1.5µm) instruments. During DODO2 the coarse mode was measured by a

number of instruments and techniques on the BAe-146, considered as experimental (see
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Chapter 2). The impact of the coarse mode size distribution inaddition to the fine and

accumulation mode size distribution on the optical properties is 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 altitude of 1km was chosen, firstly

since coarse mode data is available for both the CDP (Cloud Droplet Probe) and SEM

(Scanning Electron Microscope) analyses. Secondly, b238 took place over desert in Mau-

ritania where dust loadings were high, and coarse mode size distributions were likely to

be greatest, and may therefore have the greatest impact on optical properties.

In order to generate a size distribution spanning the range from fine to coarse mode

distribution it has been necessary to combine the coarse mode size distributions with the

PCASP size distribution measurements. This has been done in the following ways for

each instrument:

• CDP

Figure 4.14(a) shows the size distributions as measured by the CDP and the PCASP.

As described in Chapter 2, the first size bin and size bins greater thanr = 20µm

for the CDP are not used. The CDP has been found to give reliable measurements

over this size range (Abel, 2007). There appears to be a smooth transition between

the PCASP and the CDP data. In order to create the full size distribution the CDP

size distribution has simply been joined onto the PCASP size distribution.

• SEM

Figure 4.14(b) shows that there is not a good agreement between the PCASP size

distributions and the raw SEM size distribution, with the SEM dN/dR values be-

ing around two orders of magnitude greater than those measured by the PCASP.

This could be due to a number of factors, including that the SEM shows geometric

diameter whereas the PCASP gives an optical diameter. Accounting for changes

in PCASP flow rate with pressure makes negligible difference to the discrepancy

between the PCASP and SEM size distributions. Non-sphericity may also affect
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both size distributions, though the effect for the PCASP has been shown to be small

(Osborneet al., 2008).

Since quantifying these problems is difficult the SEM size distribution has been

scaled to agree with the PCASP size distribution which is thought to be more re-

liable. Since the smallest four size bins of the SEM size distribution have been

defined to be the same as the largest four bins of the PCASP, a scaling factor nec-

essary to match the four overlapping bins was calculated. The whole SEM size

distribution was then scaled down using this scaling factorallowing a fit to the

PCASP size distribution, as shown by the red line.

Figure 4.14: Size distributions for coarse mode instrumentation from run 4.1, flight b238 at 1km altitude.
(a) Number size distributions from the PCASP and CDP (corrected by a factor of 0.35 - see Chapter 2 for
details). (b) Number size distributions from the PCASP and SEM, showing raw SEM data (black dashed
line) and scaled SEM data (red dashed line) in order to obtainagreement with the PCASP. Error bars
represent one standard deviation of the variability over the run. No time-resolved data is available for SEM

data, therefore no error bars are shown.

Figure 4.15(a) compares the resulting size distributions from the CDP and SEM,

showing that although there is some agreement between the two instruments, the differ-

ence amounts to an order of magnitude in places. As describedin Chapter 2, there are

limitations in the CDP data due to the positioning of the instrument on the aircraft, and in

the SEM due to the 2-D sampling technique which may overestimate diameter. Addition-

ally there are further differences since the SEM size distribution 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 data from the PCASP, CDP and SEM. (a)
Number size distribution for each instrument, showing corrected CDP and SEM data. Error bars represent
one standard deviation of the variability across the run. Notime-resolved data is available for SEM data,
therefore no error bars are shown. (b) Normalised volume size distributions for the same size distribu-
tions. Size distribution retrievals from the ground-basedAERONET station at Dakar are shown, with grey
shading representing the range in size distributions over the retrieval times used. Aircraft-measured size
distributions have been normalised by the value at1µm to allow meaningful comparisons with AERONET

data.

The full size distributions have also been compared to size distribution retrievals from

the Dakar AERONET station, as shown in Figure 4.15(b). In doing this it should be noted

that firstly that AERONET size distributions represent a column average, whereas the

aircraft measurements were made at1km altitude during a heavy dust storm, where the

size distribution varied strongly with height (see Chapter 3). Therefore the aircraft size

distributions have been converted to volume size distributions to match the AERONET

size distributions, and normalised by the value at1µm. This avoids normalising by either

the smallest PCASP size bin, which is known to be the least reliable of the PCASP bins

(due to noise), or the larger size bins, which places too muchfaith in the coarse mode

measurements, given the large range shown.

Secondly the Dakar AERONET station is located around580km from where the

aircraft was during flight b238. Satellite images also show that the main dust event did

not pass directly over Dakar. Therefore the size distributions can only be expected to be

broadly similar.
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Although there are limitations associated with each measurement technique, Figure

4.15 shows the large range of coarse mode size distributions(in terms of both number

and volume). The CDP measures significantly more supermicronparticles than the SEM.

The volume size distributions are different in both magnitude and radius, centred around

3.5µm and4.5µm respectively for the SEM and CDP. These peaks are not so evident in

the number size distributions in Figure 4.15(a) which show much smoother size distribu-

tions.

In comparison to the AERONET size distribution, the aircraft data are in agreement

(within error bars) between radii of0.2−2µm. Below0.2µm AERONET measures more

particles than the aircraft - possibly due to the proximity to Dakar and associated pollu-

tion. For the coarse mode AERONET measures significantly fewer particles, which is not

surprising considering that the main dust outbreak did not pass over Dakar. Because of

limitations associated with each coarse mode measurement technique, the various coarse

mode size distributions are regarded as a range of estimates. The following section exam-

ines the optical properties of the full size distribution, with respect 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 sizedistributions including the coarse

mode, Mie code calculations have been performed using the different coarse mode size

distributions and an appropriate refractive index.

In order to represent the measured size distributions, lognormal modes were fitted to

the full size distributions (in the same way as described in Section 4.3.1). Firstly four

lognormal modes were used to make a fitted curve which matchedthe size distribution

from the PCASP for Run 4.1. A fifth mode was then added so that the new fitted curve

from all five modes matched the full size distribution (including coarse mode) for the CDP

as closely as possible. The full logfit curve was fitted to the measured size distribution by

eye. The parameters for the first four lognormal modes were kept constant in each case

so as to solely vary the coarse mode contribution. The same technique was then applied

to the PCASP+SEM size distribution. The lognormal mode parameters used are shown
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Mode rpg/µm σg N/cm−3

1 0.062 1.49 190.0
2 0.153 1.24 89.0
3 0.225 1.52 47.0
4 0.960 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 curves to represent full size distri-
butions including the coarse mode, for B238 Run 4.1, as shownin Figure 4.15. Mode 1-4 values were
established using the PCASP size distribution. Different parameters 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 samesize distribution

ranges, in the two coarse mode cases the size distributions were cut off at values of30µm

radius. For the case of the PCASP-only size distribution, themaximum radius value used

was1.5µm, consistent with the optical properties previously calculated in Sections 4.3

and 4.4.

In order to calculate the optical properties of the size distributions shown in Figure

4.15 a refractive index is also needed. The derived imaginary refractive index of0.0019i

shown in Figure 4.9 for b238 Run 4.1 has been used with a real part of 1.53. This refractive

index is representative of the accumulation mode, and therefore extending it to the coarse

mode assumes that the composition does not vary with particle size. This may not be the

case, and the chemical data for b237 suggests otherwise. However, due to the lack of

data for b238 on the size resolved composition and refractive index, the value of0.0019i

is used as a best estimate. The refractive index used is constant over all wavelengths

between450−700nm, and is not defined at wavelengths outside this range since only the

optical properties at 550nm are examined. Sensitivity tests have showed that including

the WCP (1983) variations of imaginary refractive index at greater wavelengths than the

visible has negligible effect on the resulting optical properties. For simplicity spherical

particles have been assumed for this test case, though the filter samples from b238 clearly

show that many non-spherical particles were present.
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Instrument measuring coarse modeω550
0 g550 k550

ext , m2g−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

Table 4.6: Optical properties at 550nm for coarse mode size distributions from 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 the different measurements of coarse

mode size distribution, as well as the optical properties that result 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 a lower single scattering albedo

(due to greater absorption from large particles), a lower mass specific extinction (due

to the extra mass from large particles) and higher asymmetryparameter (due to larger

particles scattering radiation in a more forward direction), as has been found previously

(e.g. Tegen and Lacis, 1996; Haywoodet al., 2003; Ottoet al., 2007; Osborneet al.,

2008). The larger the coarse mode present, the more marked the change in the optical

properties. For example,ω550
0 drops from 0.98 to 0.96 when the SEM coarse mode size

distribution is included, whereas it drops further to 0.90 when the CDP coarse mode is

included, since the SEM measurements showed less material in the coarse mode than the

CDP.

Though the trend of the change due to adding the coarse mode fits in with that found

in other literature, the magnitude of the change in optical properties, particularlyω550
0 , is

much greater than has been found for previous aircraft campaigns (e.g. SHADE (Hay-

woodet al., 2003) and DABEX (Osborneet al., 2008)). For the two dust cases examined

in SHADE ω550
0 was found to drop from 0.96 to 0.92 in the first case, but did notdrop at

all from 0.95 in the second case. For DABEX,ω550
0 dropped from 0.99 to 0.98 when the

coarse mode size distribution was included. Therefore the DODO results for b238 sug-

gest that the differing effects of the coarse mode on the optical properties seen from these

different campaigns are related to the amount of coarse modepresent (or measured), and

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

There may be additional differences between ground (in-situ) measurements and air-

craft measurements, should the coarse mode size distribution vary with height, as was

found during DODO in Chapter 3. It is to be expected that large variations in the amount

of coarse mode present occur, which may explain some of the differences in the reported

values ofω550
0 , such as by Slingoet al. (2006) who took radiative measurements during

an extremely heavy dust storm where a large coarse mode is to be expected, and derived

ω550
0 values in the range 0.89-0.95. Aircraft studies measuring transported dust (such as

Haywoodet al. (2003)) may encounter less coarse mode and therefore measure higher

single scattering albedos.

Despite the large sensitivity inω550
0 to the coarse mode size distribution that has been

illustrated by these results, the range inω550
0 for b238 R4.1 (0.90-0.98) does not cover the

range of single scattering albedo values from the literature (0.63-0.99). However, it likely

that other factors may causeω550
0 values lower than those shown in Table 4.6, such as a

lower refractive index (such as the cases of b168 and b242) which would result inω550
0 for

the full size distribution being even lower. Therefore theω550
0 values shown in Figure 4.1

can be viewed as an upper limit since they do not include any contribution from the coarse

mode.

Additionally, it is entirely possible that the refractive index varies with particle size

due to particle composition changes. For example, the SEM and TEM filter samples from

DODO showed that iron oxide particles were present in the accumulation mode but not

in the coarse mode, and are important due to their ability to absorb UV and visible light

(e.g. Sokolik and Toon, 1999; Lafonet al., 2006). If this was the case for the DODO

results, it would result in the value ofω550
0 for the full size distribution being higher than

the values shown in Table 4.6. Kandleret al. (2007) and Ottoet al. (2009) also found

(from chemical measurements) that the imaginary part of therefractive index decreased

with particle size, due to the decreasing presence of soot and iron oxide in the case of

Kandleret al. (2007).

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

However, Ottoet al.(2009) found that non-sphericity alteredω0 by up to1%, which would
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result in a maximum change inω550
0 of 0.01 for the b238 R4.1 CDP case.

In conclusion, the results in Table 4.6 show that the coarse mode is extremely impor-

tant in determining the optical properties of dust, and therefore future aircraft campaigns

should place strong emphasis on operating fully calibratedaerosol probes which are able

to measure particles at least up to20µm radius.

4.6 Chapter Summary

This Chapter has explored the microphysical and optical properties, both measured and

modelled, of dust measured during the DODO campaigns. The key findings are as fol-

lows:

1. The accumulation mode size distributions measured during the wet season show

more variability than those from the dry season, which is related to the greater

range in transport altitudes during DODO2. This results in agreater fraction of the

larger accumulation mode particles residing at higher altitudes, with fewer at lower

altitudes.

2. There is a difference in accumulation mode size distributions between measure-

ments made over land and ocean. Fewer particles atr > 0.2µm are found over the

ocean, due to loss from deposition, which is most marked at greater radii.

3. Differences in accumulation modeω550
0 , k550

ext andn550
i are seen between the two

campaigns, with the dry season flights generally showing higherω550
0 , lowerk550

ext and

lowern550
i . No differences ing550 were found between campaigns.

4. Variability in optical properties was much greater during DODO2 than DODO1,

which is fitting with the dust sources, chemical compositionand size distributions

being more variable.

5. ω550
0 values for the accumulation mode ranged from0.93 − 0.99, which is at the

upper range of estimates from the literature.
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6. The variability ofω550
0 observed during DODO can be attributed to variations in

n550
i and therefore variations in the composition and source of the dust. The contri-

bution from the accumulation mode size distribution to the variations inω550
0 have

been shown to be negligible. This highlights the importanceof accurate and repre-

sentative measurements of the refractive index in order to correctly model Saharan

dust. It also suggests that if the composition does not change with further transport,

ω550
0 will not change substantially across the Atlantic (at leastfor the accumulation

mode).

7. The variability ofk550
ext during DODO can be attributed mostly to variations in the

accumulation mode size distribution. Due to changes in the size distribution with

dust transport, this would mean thatk550
ext may change substantially across the At-

lantic.

8. The coarse mode size distribution has been shown to have a large effect on the op-

tical properties of dust, particularly forω550
0 where the decrease due to the addition

of the coarse mode is larger than has previously been seen in aircraft campaigns.

Therefore the accumulation mode measurements ofω550
0 in the range0.93 − 0.99

should be viewed as an upper limit.

9. The varying values ofω550
0 from the direct measurements of the accumulation mode,

and the coarse mode tests go some way to explaining the variation in ω550
0 in the

literature. Depending on the amount of coarse mode present and the technique

for measuring (or not measuring) the coarse mode, the resulting single scattering

albedo may vary.

10. Good quality measurements of the coarse mode size distribution from calibrated

aircraft probes are of great importance when measuring dust. Scattering measure-

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

11. The varied values ofω550
0 , k550

ext andn550
i may have significant effects on the radiative

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 lower pyranometers in order to

measure downwelling and upwelling shortwave irradiances.Pyranometer measurements

can be used in conjunction with computed irradiances from radiative transfer models in

order to validate model results and so obtain radiative closure (as described in Chapter

6). Therefore the availability of accurately measured, reliable irradiance data from the

pyranometers is critical. If the pyranometer data is to be used in this way however, it is

essential to ensure that the pyranometer data is accurate and to know the uncertainty in

the measurements.

Recently it has become evident that some problems exist with the BAe-146 pyra-

nometer data. During flights in the UK following the DODO campaigns it was noticed

that the pyranometer domes had suffered from sand-blasting(degradation of the dome

surface due to heavy aerosol impaction) on their forward-facing side (personal commu-

nication, Jim Haywood). This chapter shows that the pyranometer-measured irradiances

did not always agree with other measured and modelled irradiances, and that standard

procedures presently used to correct the BAe-146 pyranometer measurements may not be

appropriate. Alternative methods are investigated, as areuncertainties in the measured

irradiances.

5.1.2 Summary of Data, Instruments and Flights

Measurements of down-welling and up-welling irradiance onthe BAe-146 were made

using Eppley Precision Spectral Pyranometers (PSPs) mounted both above and below the

fuselage (see Table 5.1). Each pyranometer was covered withSchott glass which protects

the surface of the thermopile and defines the operating wavlength range, shown in Table

5.1.

The overall accuracy of the BAe-146 pyranometers is not welldefined. The accuracy

of standard Eppley PSPs are frequently defined at±1% (Burnset al., 2000), and the Base-

line Surface Radiation Network (BSRN) requirements on pyranometer accuracy are2%
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Instrument Location Irradiance
measured

Spectral Range

Clear dome Eppley Precision
Spectral Pyranometer (PSP)

BAe-146 fuselage,
upper and lower

Total 0.3 − 3µm

Red dome Eppley Precision
Spectral Pyranometer (PSP)

BAe-146 fuselage,
upper and lower

Total 0.7 − 3µm

ARM Skyrad Pyranometer Niamey airport, Niger Direct < 4µm
ARM Skyrad Pyranometer Niamey airport, Niger Diffuse 0.4 − 4µm

Table 5.1: Summary of BAe-146 and ARM pyranometers

for total shortwave irradiance (Saunderset al., 1991). However, additional uncertainties

are encountered through flying the pyranometers on the aircraft. Recent publications cite

the accuracy as ranging from±5 to ±8% (Haywoodet al., 2003, 2001), but are based on

previous work by Saunderset al. (1992) from an aircraft intercomparison during 1989,

when the C-130 aircraft was in use. Saunderset al. (1992) estimated the uncertainty in

the pyranometer measurements using differences between irradiance measurements from

three aircraft under clear skies at an altitude of 5.9km. They found that the accuracy of the

upwelling clear dome shortwave irradiance, assumed to be entirely diffuse and therefore

isotropic, was±2% (< 5Wm−2) on average. The downwelling irradiance had additional

uncertainty because a correction to the direct component for aircraft attitude was required,

which increased the uncertainty to±3%. Using standard propagation of error formulae,

this results in2.2% uncertainty due to attitude corrections alone. Uncertainty in the down-

welling red dome measurements was estimated to be around±5%. However, differences

between downwelling pyranometer measurements and modelling results varied between

2 − 4% for the clear dome pyranometers (with the pyranometers always measuring less

irradiance than was modelled) and between0 − 4% for the red dome pyranometers (with

no particular bias in either direction).

Saunders and Barnes (1991) compared the upper and lower pyranometers by moving

them from their usual positions to the upper positions and conducting in-flight compar-

isons at high altitude under clear skies. The results showedthat the clear and red dome

pyranometers agreed within6Wm−2 (0.6%) and3Wm−2 (0.8%) respectively. Compar-

isons against model results showed worse agreement compared with the instrument com-

parisons, with the clear and red domed pyranometers measuring 2.5% and8% less than
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predicted by model results. If the clear sky above the aircraft is well charactarised and

modelled, the agreement between model and pyranometer measurements should be good.

Therefore, assuming this to be the case, these percentage differences may outline the

accuracy of the pyranomters, when used to compare to model calculations.

Since the work of Saunderset al. (1992) the C-130 has been replaced by the BAe-

146 and the pyranometer mounting platform has been replaced. No intercomparison of

pyranometers has been performed at this time, and estimating the accuracy of the BAe-146

pyranometers is therefore difficult and previous estimatesbased on measurements made

with the C-130 are not necessarily applicable. Based on the previous intercomparisons of

Saunderset al. (1992) and Saunders and Barnes (1991) of the pyranometers with other

aircraft pyranometers and models, the total uncertainty inthe clear 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 being2.2%.

In this chapter aircraft manoeuvres are used to assess the quality of the pyranometer

data, and come from box pattern manoeuvres and pirouette manoeuvres. A description of

the manoeuvres and their purposes is as follows:

1. Box Patterns

Box patterns manoeuvres are carried out at high altitudes (above 550mb or Flight

Level (FL) 180 in these examples) under clear sky conditions. Four straight and

level runs are carried out; one directed into the sun, one directed across the sun, one

directed out of the sun, and the fourth cross-sun, thus forming a box pattern. The

high altitude allows irradiances to be measured at an altitude where there is little

aerosol (and cloud, since skies are clear) above the aircraft, and the atmospheric

profiles of water vapour, ozone, temperature and other components are relatively

well known above the aircraft and can be well represented using standard profiles,

such as described by McClatcheyet al. (1971). This means that the irradiance at

the altitude of the box pattern can be relatively accuratelymodelled in order to

compare to the pyranometer measurements. Secondly, the boxpattern formation

itself allows measured irradiances to be compared when the aircraft is at different

headings relative to the sun. This is important for estimating pitch and roll offsets,
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described later.

2. Pirouettes

Pirouettes are carried out on the runway before or after take-off. They consist of the

aircraft slowly rotating through360◦. Pirouettes have two purposes: firstly if there

is a ground-based pyranometer in the vicinity, then direct comparisons can be made.

Secondly they allow measurements of irradiance at different headings relative to the

solar azimuth. This can show whether there has been any dirtying or damaging on

a particular side of the pyranometer dome, and can be used to estimate pitch and

roll offset of the pyranometers relative to the aircraft (see later). The disadvantage

of pirouettes compared to box patterns is that there is more atmosphere above the

aircraft during pirouettes which can make it difficult to usemodelling results for

comparison due to lack of knowledge of atmospheric composition and aerosol. Ad-

ditionally there is high potential for interference by clouds. However, the time taken

for pirouette manoeuvres is much less than a box pattern which lowers the flying

cost, and allows many pirouettes to be carried out routinelyduring 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 campaigns.Pyranometers 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 correction procedures

The campaigns during which box patterns and pirouette manoeuvres were performed

are shown in Table 5.2, and the details of each manoeuvre are shown in Table 5.3. During

DABEX two box patterns were carried out, and these can be used to infer the quality

of the pyranometer data during DODO1. During DODO2 one box pattern was carried

out. Note that between DODO1 and AMMA the pyranometers were removed from the

aircraft for a calibration, and then re-mounted. Additionally during AMMA there was
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Flight Date Campaign Manoeuvre Flight
Level

Pressure
/mb

Comment

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

level
n/a Dust present above air-

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 procedures. Note that the pyranometers
were removed from the aircraft between DODO1 and AMMA for a calibration. FL stands for flight level.

one pirouette manoeuvre which was usable. This pirouette was carried out at Niamey

airport, where the AMF (ARM (Atmospheric Radiation Measurements) Mobile Facility)

was stationed during 2006, and so measured irradiances can be compared to the ARM

irradiances. A summary of the BAe-146 pyranometers and the ARM pyranometer data

used here are shown in Table 5.1.

For all comparisons between ARM and BAe-146 pyranometers shown here the total

irradiance for the ARM pyranometers is calculated using the component sum method: the

sum of the direct and diffuse irradiance. This method is usedin preference to the ARM

pyranometer which measures the total irradiance because the total of the direct and diffuse

radiation is more accurate (e.g. Michalskyet al., 1999).

The following sections review the standard corrections that FAAM make to the pyra-

nometer data, assess the amount of dome dirtying that occurred during DODO, estimate

the pitch and roll offsets of the pyranometers relative to the aircraft, and assess the un-

certainty in the pyranometer data due to these and other factors, and 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 plane is defined according to Equa-

tion 5.1, where the total irradiance is composed of a diffuse(Idiff ) and direct (Idir(θ))
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component (both inWm−2), where only the direct component depends on the solar zenith

angle,θ.

Itot = Idiff + Idir(θ) (5.1)

Since the BAe-146 pyranometers do not lie in the horizontal during flight the measured

direct component of the irradiance must be corrected to allow for the pitch and roll angle

of the pyranometer if there is any direct radiation present.This is not the case for the

lower pyranometers, where the upwelling shortwave radiation is totally diffuse, but can

be important for the upper pyranometers. If the plane of the pyranometer is not horizontal

then the measured irradiance becomes

Itot(β) = Idiff + Idir(θ)

(

cos(β)

cos(θ)

)

, (5.2)

(Saunderset al., 1992), whereβ is the angle between the solar zenith angleθ and the

normal to the pyranometer, defined according to Equation 5.3, andItot(β) is the irradiance

measured by the pyranometer.

cos(β) = [sin(dptot) sin(θ) sin(rel hdg)]

+ [cos(drtot) cos(dptot) cos(θ)]

− [cos(dptot) sin(dptot) sin(θ) cos(rel hdg)] (5.3)

dptot anddrtot are the total pitch and roll of the pyranometers from the horizontal, defined

according todptot = dp + dpac anddrtot = dr + drac, wheredpac anddrac are the pitch

and roll of the aircraft, which change constantly during flight, anddp anddr are the pitch

and roll of the pyranometers relative to the aircraft inertial navigation system.rel hdg

is the relative heading of the aircraft relative to the solarazimuth angle, defined as solar

azimuth minus aircraft heading.

The raw pyranometer irradiance measurements,Itot(β), are processed by FAAM us-

ing a program called CRFLUX. If the irradiance is less than a critical threshold, dependent

on solar zenith angle, the irradiance is assumed to be totally diffuse, and no corrections

for attitude are performed. Otherwise, at least some directradiation is assumed, and the
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measured irradiance is corrected for the pyranometer attitude shown in Equation 5.2 at the

same time as a correction for the non-cosine response of the pyranometers. The correc-

tion used is shown in Equation 5.4, whereby it is assumed thatthe ratio of direct to total

irradiance (FDIR) is known.Ceff is a correction for the non-cosine response of the pyra-

nometers and varies with solar zenith angle, andIcorr, the corrected irradiance, equivalent

to what would have been measured through a horizontal plane,is obtained.

Icorr =
Itot(β)

1 −

{

FDIR
[

1 − Ceff

(

cos(β)
cos(θ)

)]} . (5.4)

In correcting the measured irradiance, it is necessary to know the values ofdp and

dr, the pitch and roll offset of the pyranometers relative to the aircraft inertial navigation

system for Equation 5.3, and FDIR, the ratio of direct to totalradiation, for Equation 5.4.

In the FAAM CRFLUX code FDIR is always assumed to be 0.95, thoughin practice it

would be dependent on altitude and solar zenith angle. The pitch and roll of the aircraft

itself is constantly changing, and is recorded at 1Hz by the inertial navigation system.

Generally the BAe-146 pitch is around6◦. The pyranometers sit on a mount which is

at a pitch offset angle of around−3◦ relative to the aircraft, but it may be possible that

additional variations in the way the pyranometers are bolted onto the mount can result in

larger or smaller total pitch offset angles each time they are remounted. Standard FAAM

correction procedures for DODO have assumed that pitch and roll offset angles of both

clear and red dome pyranometers are as follows:

• clear dome:dp = −0.87◦, dr = −0.51◦

• red dome:dp = 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 and roll offset angles of the pyra-

nometers relative to the aircraft is implicit in the standard correction procedure for the
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pyranometer data, as described by Equations 5.3 and 5.4. Standard values 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). However, it became obvious when

analysing at the pyranometer data that these standard values of dp anddr are not always

appropriate. Additionally small changes in the way the pyranometers are assembled on

the aircraft may result in the pitch and roll offset angles changing, which may affect the

value of the measured irradiances. Thus every time the pyranometers are removed and

re-mounted on the aircraft, the values of dp and dr may change, and therefore an analysis

of the following sort should be completed.

5.3.2 Method

The raw irradiance data can be analysed as a function of relative heading, ideally during

a pirouette, but also during the box patterns, in order to geta best-estimate of the true

values of dp and dr, which may differ from the values used in CRFLUX.

In order to use raw irradiance data, the publicly available BADC irradiance data

corrected by FAAM using the CRFLUX code is back-corrected using equations 5.3 and

5.4 and exactly the same values ofdp, dr and FDIR as used by CRFLUX. The data is then

re-corrected using the same equations, but with appropriate values ofdp, dr and FDIR.

Data for the box patterns in b157, b167 and b241 and the pirouette in b234 have

all been back-corrected and re-corrected here, in order to estimate the true values ofdp

anddr. In order to remove another unknown from this method, FDIR has been mod-

elled using the Edwards and Slingo radiation transfer code (Edwards and Slingo, 1996)

for the box pattern cases. Standard atmospheric profiles fortropical cases (McClatchey

et al., 1971) have been used to determine profiles of water vapour, ozone and temperature.

Since the box patterns were performed at high altitudes there should be no aerosol above

the aircraft. The box patterns were also performed under cloud-free skies. Therefore the

modelled irradiances should be accurate and good for comparisons against the pyranome-

ters, except for uncertainties in water vapour due to departures from the standard tropical

profiles. A sensitivity test using Dakar radiosonde data above the aircraft revealed a very

low sensitivity to the inclusion of this water vapour data. Although the clear dome pyra-
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nometers measure radiation between wavelengths of0.3−3µm they are calibrated against

radiometers measuring the whole of the shortwave spectrum (personal communication,

Ben Johnson). Therefore the modelled irradiances are also over the whole spectrum,

between wavelengths of0.2 − 10µm. Comparisons between the model and red dome

pyranometer irradiances use wavelengths of0.7 − 3µm. Modelling the irradiance at the

level of the box patterns in this way allows FDIR for each box pattern to be calculated,

and included in the pyranometer corrections.

For the b234 pirouette at Niamey airport, data from the ARM Skyrad pyranometer is

used to calculate FDIR. Note that the spectral range of this pyranometer is0.4 − 4µm,

slightly different to the FAAM pyranometers on the BAe-146.Values of FDIR used for

each case are shown in Table 5.4.

Once FDIR for each case has been calculated, it is possible tore-correct the pyra-

nometer data using a given value ofdp anddr. Using the assumption that the pyranometer

should be measuring the same value of irradiance at all headings if the data is de-trended

or normalized for a changing solar zenith angle, and that theonly variables affecting the

re-corrected data aredp anddr, it is possible to varydp anddr until the standard devia-

tion of the normalized irradiance across a range of relativeheadings is minimised. Other

studies with similar methods of minimizing the variance of de-trended or normalized irra-

diance over a range of relative headings to estimatedp anddr has been used successfully

in other studies, such as Saunders and Barnes (1991), Bannehr and Schwiesow (1993)

and Ramanaet al. (2007), using straight and level runs carried out on different headings,

and Boerset al. (1996) and Boerset al. (1998) who used irradiance measurements from

an aircraft ‘circle’ (orbit).

Figure 5.1 shows an example of a step in the process of estimating dp for the b241

box pattern. Heredr is set to0.2◦ and the value ofdp is varied from−4.4◦ to −3.6◦. For

each case, the standard deviation of the normalised irradiances across the range of relative

headings is calculated. For b241 only irradiance measured outside relative headings of

±50◦ is used for the standard deviation calculation as it will notbe affected by dome

dirtying on its forward side (see Section 5.4). Here the minimum standard deviation

occurs whendp = −4.1◦. For other values ofdp the re-corrected irradiance show more
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Figure 5.1: Example of one step in the estimation ofdp for the clear dome pyranometer for b241. Irradi-
ance (normalised by cosine of solar zenith angle) is shown asa function of aircraft relative heading (solar
azimuth - aircraft heading). For each case the data is re-corrected usingdr = 0.2 anddp varying between
−4.4 to −3.6, as indicated on each plot. Black points represent data re-corrected using only aircraft pitch
and roll, red points represent data re-corrected using bothaircraft and pyranometer pitch and roll. The red
line represents the mean of the red points, excluding data atrelative headings between±50◦ which may
be affected by dome dirtying (see Section 5.4). The text in each plot shows the standard deviation of the
red points, for all relative headings (sdev all) and relative headings outside±50◦ (sdev sel). Sdev sel is

minimised atdp = −4.1◦ (middle row, left hand plot) in this case.

variation across different relative headings. The next step here would be to setdp =

−4.1◦, and varydr, and iterate this process until there was no more change indp anddr

to within 0.1◦.

This process has been carried out for the box patterns in b157, b167 and b241 and the
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pirouette in b234, and has alloweddp anddr to be estimated for each case. For any flights

affected by dome dirtying/damage (see Section 5.4), measurements for relative headings

between±50◦ have not been included in the calculations.

5.3.3 Results and Implications

Table 5.4 shows the best-estimates ofdp anddr for the clear and red dome pyranome-

ters for the different flights. During a campaign when the pyranometers have not been

removed from the aircraft, the values ofdp anddr should remain the same. Between

different campaigns, when the pyranometers have been removed and re-mounted, it is

possible thatdp anddr could change if they are not being attached to their mounts in

an identical manner every time. Note that between DODO1 and AMMA (flights b167

and b234) the pyranometers were removed from the aircraft for a calibration. The results

in Table 5.4 show that the best-estimates of the pyranometerpitch and roll offset an-

gle as derived from pirouette and box pattern manoeuvres differ significantly from those

used in the standard processing of the pyranometer irradiance data (standard values are

dp = −0.87◦, dr = −0.51◦ for the clear dome anddp = 0.02◦, dr = −0.96◦ for the red

dome).

The irradiances corrected using the standard FAAM values ofdp anddr have been

compared to the irradiances re-corrected using the best estimates ofdp anddr shown in

Table 5.4, and are shown in Figures 5.2 and 5.3. It is clear that the data re-corrected

using values ofdp anddr from Table 5.4 (red lines) result in the smoothest transitions

of irradiance values across all the different runs and relative headings adopted during

the pirouettes and box patterns. This is an indicator that re-corrected data is behaving

physically, in contrast to the FAAM-corrected data (yellowlines), which show large jumps

in irradiance between different runs of the box patterns, and on different headings during

the pirouette. Note that even the corrected data shows largejumps on some into-sun runs

- this is where the pyranometer domes are being affected by dirtying (see Section 5.4).

In many of the flights the difference between the data corrected using values ofdp and

dr as defined by FAAM and as derived here is very large. Table 5.5 shows the maximum

difference between these two correction procedures for each manoeuvre, excluding data
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Flight Dome
Type

Flight
Pattern

FDIR dp dr FDIR
Calculation

Comments

b157 Clear Box
Pattern

0.95 −5.0◦ +0.7◦ Model Flight from DABEX

b157 Red Box
Pattern

0.95 −3.2◦ −1.4◦ Model Flight from DABEX

b167 Clear Box
Pattern

0.95 −2.6◦ +0.4◦ Model Flight from DABEX

b167 Red Box
Pattern

0.95 −2.3◦ −1.1◦ Model Flight from DABEX

b234 Clear Pirouette 0.68−5.0◦ +0.2◦ ARM data Flight from AMMA
b234 Red Pirouette 0.68 n/a n/a ARM data No data available
b241 Clear Box

Pattern
0.97 −4.1◦ +0.5◦ Model Flight from DODO2

b241 Red Box
Pattern

0.97 −3.6◦ +6.6◦ Model Flight from DODO2

Table 5.4: Best estimates of pitch (dp) and roll (dr) offset of the clear and red dome pyranometers and
details of FDIR value (direct/total irradiance ratio) used. Between DODO1 and AMMA (flights b167 and

b234) the pyranometers were removed from the aircraft for a calibration.

which may be affected by dome dirtying. For the clear dome percentage errors range

from 3.5-6.3%, and from 4.5-9.0% for the red dome. Errors of this magnitude, which

are solely due to errors indp anddr, are far greater than the uncertainty in measured

irradiance of2.2% due to attitude corrections as found by Saunderset al. (1992), and

exceed the suggested total error of4% and8% (Section 5.1.2) for the clear and red dome

pyranometers respectively. Using appropriate values ofdp anddr for the pyranometer

corrections is therefore extremely important in minimising the error in the measurements

and increasing their reliability. Pirouettes and box pattern manoeuvres 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 the pyranometers have

not been removed from the aircraft, the best estimates of dp are uncertain to within2.4◦

between b157 and b167, and to within0.9◦ between b234 and b241 for the clear dome.

Similarly the best estimates ofdr differ by 0.3◦ for b157 and b167, and by0.3◦ for b234

and b241 for the clear dome. These results suggest that the pitch and roll offsets change

significantly between the two campaigns. However, the uncertainties indp anddr during

each campaign are not small enough to unambiguously say thatit is the removal and re-
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Figure 5.2: Clear dome irradiance for box patterns and pirouettes, including raw data (completely uncor-
rected for pitch and roll) in black, data as corrected by FAAMusing standard values ofdp anddr, in yellow,

and re-corrected data using values ofdp anddr as given in Table 5.4, in red.
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Figure 5.3: As for 5.2, but for red dome pyranometer. Note that no data is available for b234.

mounting that causes this change - it may just be that this method of estimatingdp and

dr entails large uncertainties. Previous work by Saunderset al. (1991) also found that

dp estimates changed by up to0.6◦ 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 corrected using the standard FAAM values
of dp and dr and irradiance corrected using the best-estimate values ofdp and dr shown in Table 5.4.
Results are based on data shown in Figures 5.2 and 5.3. Data from into-sun runs which may be affected by

dome dirtying have not been used.

pyranometers were not moved. Investigating changes indp anddr due to removal and re-

mounting of the pyranometers should be straightforward to test by performing pirouettes

or box patterns following remounting the pyranometers. Additionally Saunderset al.

(1991) recommend thatdp anddr are recalculated every time the aircraft inertial navi-

gation system is replaced/installed. It is possible that changes to the inertial navigation

system between DODO1 and DODO2 could have affected the apparent changes indp and

dr between the two campaigns.

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

relevant to the DODO campaigns, are as follows:

1. It is possible to use both pirouette manoeuvres and box patterns, performed under

clear sky conditions, to estimatedp anddr.

2. dp anddr can differ significantly from those used as standard by FAAM.

3. Using the incorrect values ofdp and dr can cause large errors in the corrected

irradiances, of up to6.3% for the clear dome and up to9.0% for the red dome,

in the cases examined here. These errors are significantly larger than uncertainty

previously associated with uncertainty due to attitude corrections (2.2%), and larger

than the total uncertainty estimated in Section 5.1.2 of4% and8% for the clear and

red dome pyranometers.

4. dp anddr appear to change significantly between the two DODO campaigns, though
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the large uncertainties cannot say this is unambiguously. Nevertheless, the current

procedure of assuming constant pitch and roll offsets should be viewed with cau-

tion.

It is therefore recommended that:

1. Pirouette and/or high level box pattern manoeuvres underclear skies are performed

regularly during campaigns where pyranometer measurements are of importance,

in order to have the best possible chance of estimating the pitch and roll offsets

accurately.

2. The responsibility for correcting the upper pyranometerdata using the correct pitch

and roll offset angles should be investigated by FAAM, in order to ensure that pyra-

nometer data available on the British Atmospheric Data Centre(BADC) database

is the most accurate possible.

3. For scientists analysing the pyranometer data it would beuseful to have access to

the following information, which FAAM could make availableeither on the BADC

or by other means:

• Dates when the pyranometers were removed from the aircraft,as this can af-

fect the pitch and roll offsets.

• How the data was corrected/processed before becoming available on the BADC

(e.g. values of assumed pitch and roll offset and the FDIR ratio)

• To have access to the raw, uncorrected data, as well as that corrected by CR-

FLUX.

4. Other possibilities could include attempting to measurethe offset of pitch and roll

angle physically on the aircraft, or installing pyranometers with mounts that auto-

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

5.3.4 Procedure Adopted for DODO Data

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

the data for every flight using fixed values ofdp anddr for each DODO campaign, for
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cases where the direct radiation is greater than a solar zenith angle dependent threshold

(Section 5.2). For cases where this is not the case, the irradiance is assumed to be totally

diffuse and is therefore not corrected for attitude. This isalways the case for the lower

pyranometers which measure upwelling irradiance.

Table 5.6 shows the values ofdp anddr used for each part of DODO. Since the

estimates ofdp anddr differ for each flight analysed, mean values ofdp anddr for each

DODO campaign have been calculated, and errors indp anddr have been assigned based

on the range indp and dr for the estimates for each flight. This will also allow the

uncertainty in the re-corrected irradiances to be calculated, based on the uncertainties in

dp anddr (Section 5.5.1). For the red dome pyranometer for DODO2 there was only

one estimate ofdp anddr since there was no red dome pyranometer data available for

b234. Thus the estimates fordp anddr from b241 have been adopted and assigned a large

uncertainty of±2.0◦.

Campaign Flight Dome Typedp dr Campaigndp Campaigndr

DODO1 b157 Clear −5.0◦ 0.7◦ −3.8◦ ± 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 b234 Clear −5.0◦ 0.2◦ −4.6◦ ± 0.5◦ 0.4◦ ± 0.2◦

b241 −4.1◦ 0.5◦

b234 Red n/a n/a−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-correct all the
DODO upper pyranometer data. Campaign values ofdp anddr 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 forward facing side of the pyranometer

domes becoming dirty, or even sand-blasted in the case of heavy dust storms. This results

in decreased sensitivity of the pyranometer when the sun is on the dirty side of the pyra-

nometer (when the aircraft is heading into the sun, or relative heading is around zero).

Decreases in measured irradiance during into-sun runs havebeen observed in the past

(Saunders and Barnes, 1991) following a single profile through a hazy boundary layer in

UK-based flights, resulting in a decrease of40 − 50Wm−2 (5%).

Dirtying of dome can easily be detected by analysing data from high level box pat-

terns and ground-based pirouettes, where the measured irradiance decreases significantly

when the aircraft is facing towards the sun. The domes of the pyranometers are cleaned

before every flight, though this may not prevent the build-upof dirt on the domes during

the flight itself. However, if the domes are physically damaged due to aerosol impaction

then cleaning the domes will not resolve the problem.

Figure 5.4 shows corrected irradiances measured by the upper pyranometers for vari-

ous box pattern and pirouette manoeuvres during and before DODO. The irradiances have

been corrected using appropriate pitch and roll offsets foreach flight as described in Sec-

tion 5.3. The data are plotted as a function of relative heading (solar azimuth angle minus

aircraft heading) in order to show how the measured irradiance can be affected when the

aircraft heads towards the sun (when relative heading is around zero). Irradiances are nor-

malised bycos(θ) in order to remove any effects of irradiance decreasing due to changes

in the solar zenith angle.

For DODO1 the box patterns were carried out during DABEX in flight b157 near

the start of DABEX, and in flight B167, immediately before DODO1(See Tables 5.2

and 5.3). Figure 5.4(a) for b157 shows a significant decreasein the measured irradiance

around relative headings of zero, when the aircraft was heading towards the sun. This

is evidence that the front of the clear dome pyranometer was dirty (or damaged) at this

point in the flight. The box pattern was carried out at the start of b157 following 3 profiles

through aerosol, so it is possible that the dirtying occurred during the flight. The resulting

irradiance from the into-sun run from this box pattern decreased by100Wm−2 or 11%.
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(a) b157 Box Pattern (b) b167 Box Pattern (c) b234 Pirouette

(d) b241 Box Pattern

Figure 5.4: Clear dome pyranometer measurements from box pattern manoeuvres during b157, b167 and
b241 and pirouette manoeuvre during b234. Irradiances are normalised by the cosine of solar zenith angle,
and shown as a function of relative heading of the aircraft (0means aircraft faces into the sun). Black
points indicate data corrected for aircraft pitch and roll only, red points indicate data corrected also taking

into account pitch and roll offset of the pyranometers relative to the aircraft.

(a) b157 Box Pattern (b) B167 Box Pattern (c) b241 Box Pattern

Figure 5.5: As in Figure 5.4 but for red dome pyranometer measurements. Note that no red dome pyra-
nometer data are available for flight b234.
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The measurements from the red dome pyranometer (Figure 5.5(a)) also show evidence of

dirtying on the front of the dome. As with the clear dome, the measured irradiance drops

at relative headings of around zero, in this case by50Wm−2 or 11%. Both domes show a

much larger decrease in irradiance than that found by Saunders and Barnes (1991).

During b167 the box patterns were also carried out at the start of the flight, following

two profiles. In contrast to b157, no dirty dip was evident during the b167 box pattern

(see Figure 5.4(b)), as there is no obvious decrease in measured irradiance at relative

headings around 0 degrees). The same is true for the red dome pyranometer shown in

Figure 5.5(b). This suggests that the decrease in irradiance seen in b157 on both domes

was due to dirtying, rather than sand-blasting which would also have effected the b167

data. No pirouettes or box patterns were carried out during the rest of DODO1, so it is not

possible to say whether subsequent flying during DODO1 resulted in the pyranometers

becoming sand-blasted or dirty. However, it is clear that even small amounts of time

spent flying through aerosol can cause the domes to get dirty,and therefore pyranometer

data from runs during DODO1 where the aircraft relative heading was close to zero should

be discarded.

For DODO2 the pirouette was carried out at the start of flight b234 during AMMA,

directly before DODO2 began (see Tables 5.2 and 5.3). Irradiances measured during the

b234 pirouette are shown in Figure 5.4(c) and show that thereis no significant drop in

irradiance at relative headings around zero, which means that there was no dirtying or

damaging of the clear dome before DODO2 began. Unfortunately there is no red dome

pyranometer data for this flight to allow the same conclusionfor the red dome.

The DODO2 box pattern was carried out during flight b241, the penultimate flight

of DODO2, when the absence of high cloud meant that the weather conditions were ac-

ceptable. The irradiances from the clear dome pyranometer during b241 shown in Figure

5.4(d) show that by the end of DODO2 significant dirtying of the front of the clear dome

was evident. During the into-sun run the measured irradiances drop by55Wm−2 or 6%.

Interestingly there is no significant decrease in measured irradiances for b241 for the red

dome pyranometer.

Following DODO2 some analysis of the pyranometer data and domes in the UK



Chapter 5. Assessment of Pyranometer Data Quality 162

also revealed evidence of dirtying and sand-blasting (personal communication, Jim Hay-

wood). The work described here shows that it is likely that the sand-blasting occurred

during DODO2 due to flying in heavy dust conditions, particularly during b238 where

concentrations were extremely high and the whole aircraft was dirty on landing. Data

from flights and pirouettes in the UK also suggested that although dirtying/damage to the

domes is a problem, the irradiances are unaffected at relative headings greater than±50◦.

The results from the DABEX and DODO2 box patterns shown here also show that irradi-

ances for the cross-sun and down-sun runs, when relative headings are greater than±50◦,

are unaffected by dirtying of the domes. Thus it is clear thatdirtying and sand-blasting of

the domes can cause the measured irradiance to decrease significantly, but data for relative

headings outside±50◦ is unaffected. Therefore for the comparison of modelled andmea-

sured irradiances (Chapter 6), pyranometer data for relative headings within±50◦ will be

treated with caution.

Both box patterns and pirouettes are useful in detecting the presence of dirtiness and

damage on the pyranometer domes. Since pirouettes can be carried out frequently without

significant flying cost (given clear skies at take-off and/orlanding) it is recommended

that for future campaigns pirouettes are carried out regularly during the campaign, if

possible before and after each flight, in order to monitor thebuild-up of dirt/damage on

the pyranometer domes. The current procedure of carrying out at least one box pattern

during a campaign is also very important. Straight and levelruns should be carried out on

relative headings outside±50◦ in order to prevent deterioration of data due to dirty and/or

damaged domes. Regular cleaning of the pyranometers should be undertaken 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 when anydirect radiation is incident

on the pyranometer. In order to perform this equation,dp and dr must be known to

calculateβ, and FDIR must be known to attribute the proportion of the total measured

irradiance which must be corrected. Uncertainties indp, dr and FDIR all contribute to

uncertainties in the corrected irradiance. This Section will investigate the uncertainty in

irradiance due to all these components. The notationδIdpdr will be used to describe the

uncertainty in corrected irradiance due to uncertainties in dp anddr, andδIFDIR will be

used to describe the uncertainty in the corrected irradiance due to uncertainties in FDIR.

The total uncertainty in the corrected beam due to the attitude corrections will be defined

asδIatt, whereδI2
att = δI2

dpdr + δI2
FDIR, according to standard propagation of error. All

errors are fractional percentages, where the percentage error is the percentage change in

irradiance due to the known uncertainty in the relevant variable.

5.5.1 Sensitivity of Irradiances to Pitch and Roll Offset

Section 5.3 estimated the values ofdp anddr for each DODO campaign, and the asso-

ciated uncertainties indp anddr. It is therefore important to test the sensitivity of the

corrected irradiances to the values of dp and dr which are used in the correction process.

To do this, the irradiances over the box patterns and pirouettes were re-corrected

using firstly the true values ofdp anddr for each flight as shown in Table 5.4, and secondly

using the average campaign values ofdp anddr as shown in Table 5.6. This allows the

uncertainty in irradiance solely due to the uncertainty indp anddr during DODO to be

estimated.

Table 5.7 shows the maximum percentage error that occurs forinto/down-sun runs

and cross-sun runs due to using the campaign average values of dp anddr, rather than

the specific values ofdp anddr for each flight. The results show that the uncertainty in

irradiances are quite small (under0.5% for the clear dome and under2.1% for the red

dome) if the run is performed cross-sun. For the down-sun/into-sun runs, the errors are
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larger, and reach up to4.0% for the clear dome. This is because the magnitudes ofdp are

much larger thandr, as are the uncertainties associated with each, and therefore the cross-

sun runs show less uncertainty in the re-corrected irradiances as they are less dependent on

the values ofdp. For the clear dome the uncertainties indp anddr are smaller for DODO2

than for DODO1, which means that the uncertainties in the re-corrected irradiances are

smaller for DODO2 than DODO1. Contrastingly, for the red domedp anddr are better

constrained for DODO1, and so the re-corrected irradianceshave 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 irradiance (δIdpdr) that occurs due to using the campaign
average values ofdp anddr, rather than the specific values ofdp anddr for each flight. Data excludes
runs affected by dome dirtying, and comes from the box patterns and pirouette described in Section 5.1.2.
Uncertainties are separated by into/down-sun runs and cross-sun runs since the former are more affected

by uncertainty indp and the latter by uncertainty indr.

It should be noted that these values ofδIdpdr can only be assumed if the values ofdp

anddr are estimated as described in Section 5.3. If standard values ofdp anddr had been

used, the value ofδIdpdr 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 standard FAAM procedure, FDIR is

assumed to be 0.95 at all altitudes and in all cases. The ARM data in Table 5.4 illustrates

that FDIR can drop as low as 0.68 at the surface, and in practice FDIR will vary with solar

zenith angle and altitude.

Since the true values of FDIR are not known when the pyranometer data is re-

corrected, it is important to assess the error in irradiancethat may occur due to using

an inappropriate value of FDIR, defined here asδIFDIR. To do this, the pyranometer data

for the box patterns and pirouettes has been re-corrected using FDIR values ranging from

0.6 − 1.0 and the resulting error in the irradiance,δIFDIR, has been recorded. Figure 5.6
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shows the resulting irradiances for the clear dome pyranometer for this sensitivity test,

along with resulting errors and percentage errors in irradiance.

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 irradiance (δIFDIR) that occurs due to using the tested
range of FDIR values (0.6 − 1.0) as opposed to the correctly modelled value of FDIR for each campaign.
Data excludes runs affected by dome dirtying, and comes fromthe box patterns and pirouette described in

Section 5.1.2. Uncertainties are separated by into/down-sun runs and cross-sun runs.

Table 5.8 summarises the maximum percentage error, (δIFDIR), in the irradiance that

occurs due to using the range of values of FDIR as illustratedby Figure 5.6 for the clear

dome. Note that the amount to which the irradiances are sensitive will depend on the

values assumed fordp 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 solely due to using an inappropriate

value of FDIR can reach as much as3.9% for the clear dome and6.8% for the red dome

irradiance. In all cases, when the test value of FDIR is closest to the true value, the

percentage error is smaller. Thus for the clear dome during box patterns, the maximum

errors are seen whenFDIR = 0.68 is assumed, and for the pirouette, the maximum

error is seen whenFDIR = 0.99 is assumed. For the clear dome the error for b167 is

noticeably larger than the other flights. This is because thesolar zenith angle during the

box pattern was much larger (52◦ − 62◦ compared to between33◦ − 45◦ for the other

flights). If the sun is lower in the sky, then the pyranometer correction is more sensitive

to the value of FDIR used. This implies that the re-correctedpyranometer data for times

when the solar zenith angle is large, and FDIR could be much lower than the value used

in the corrections, may be much less accurate than data wherethe solar zenith angle was

lower.

For the red dome the errors are much larger than the clear dome. This is due to a

combination of factors, including that for b241dr is very large (6.6◦) which makes the

data more sensitive to the direct beam, and that for b167 since the solar 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 values ofdr are small (between

0.2◦ − 0.7◦), the uncertainty in irradiance due to FDIR is very small forthe cross-sun

runs, less than2.0%. This cannot be said for the red dome data, where the uncertainty is

much larger due to the larger estimates ofdr (from−1.4◦ to 6.6◦ for the different flights).

Thus the uncertainty in the pyranometer measurements due touncertainty in FDIR could

be minimized by flying cross-sun runs only, provided that thevalue ofdr is small.

In summary, the error in the corrected irradiance solely dueto using an incorrect

value of FDIR (δIFDIR) can be very large, up to3.9% for the clear dome and6.8% for

the red dome. However, using data from cross-sun runs will minimise this error to below

2.0% for the cases shown here. Care should be used when analysing data from runs where

the solar zenith angle was large as this results in much greater sensitivity 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 the corrected irradiance due to

the attitude corrections can be defined asδI2
att = δI2

dpdr + δI2
FDIR. If the additional

uncertainty in the corrected irradiance due to other factors is defined asδIcal, then the

total uncertainty in the corrected irradiance can be calculated using Equation 5.5. Table

5.9 summarises the uncertainty in irradiance due to these different components for the

two DODO campaigns, for cross-sun and into/down-sun runs, and also shows the overall

uncertainty in the irradiance if any correction for attitude is performed, based on Equation

5.5.

δI2
tot = δI2

cal + δI2
dpdr + δI2

FDIR (5.5)

For the clear dome irradiance, the uncertainties solely dueto attitude corrections vary

between1.7 − 5.6%. This varies from being within the2.2% estimate of Saunderset al.

(1992) to being much greater. The value ofδIatt from cross-sun runs (maximum2.0%)

is less than that from into/down-sun runs (maximum5.6%) because the roll offsets are

smaller than the pitch offsets. DODO1 shows greater uncertainty than DODO2 becuase
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Campaign Dome Type Run TypeδIdpdr δIFDIR δIatt δIcal δItot

DODO1 Clear I/D 4.0 3.9 5.6 3.3 6.5
DODO1 Clear Cross 0.5 1.9 2.0 3.3 3.8
DODO2 Clear I/D 1.0 2.1 2.3 3.3 4.0
DODO2 Clear Cross 0.2 1.7 1.7 3.3 3.7
DODO1 Red I/D 1.7 4.9 5.2 4.5 6.9
DODO1 Red Cross 0.6 2.2 2.3 4.5 5.0
DODO2 Red I/D 1.8 2.2 2.8 4.5 5.3
DODO2 Red Cross 2.1 6.8 7.1 4.5 8.4

Table 5.9: Uncertainties in corrected irradiance due to uncertainty in dp and dr,δIdpdr; uncertainty in
FDIR, δIFDIR; and other uncertainty not related to attitude correcitons, δIcal (the uncertainty that would
apply to purely diffuse irradiance).δIatt is the total uncertainty in corrected irradiance due to attitude
corrections (δIatt = (δI2

dpdr + δI2

FDIR)1/2). δItot is the total uncertainty to the corrected irradiance
due to all errors, as defined in Equation 5.5. Uncertainty is separated by campaign, clear/red dome and

into/down-sun runs (I/D) and cross-sun runs.

the uncertainty indp is greater during DODO1.

When the total uncertainty,δItot, is considered for the clear dome, the uncertainty

is within the assumed error (Section 5.1.2) of4% for all cases other than DODO1 for

into/down-sun runs, where the large uncertainty in the value ofdp becomes important.

For the red dome irradiance the uncertainties are much larger, mostly because of

the greater uncertainties in the values ofdp anddr, and because the larger roll offsets

make the data more sensitive to changes in FDIR. The uncertainties solely due to attitude

corrections,δIatt, vary between2.3 − 7.1%, but this time show no clear difference be-

tween into/down-sun and cross-sun runs, because for the reddomedr can be as large as

dp, which means that the sensitivity to attitude corrections will be high on any relative

heading.

The value ofδItot is also much higher for the red dome pyranometers as the error

from δIatt propagates through.δItot varies between5 − 8.4%, mostly falling within the

8% uncertainty assumed in Section 5.1.2.

It should be noted that the uncertainties calculated here are partly dependent on the

solar zenith angle. Section 5.5.2 showed that the uncertainty due to FDIR increases at

larger zenith angles, and data measured under these conditions should therefore be viewed

with caution. The data assessed here was measured at zenith angles between33 − 62◦,

and therefore if the solar zenith angle is larger than this, the uncertainties could be con-
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siderably greater.
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(a) b157 Box Pattern

(b) b167 Box Pattern

(c) b234 Pirouette

(d) b241 Box Pattern

Figure 5.6: Irradiances that would result from using different values of FDIR in the re-correction of the
clear dome pyranometer data, for the box patterns and pirouette. Left hand side: irradiances; middle:
difference in irradiance as compared to the values calculated from the best estimate of FDIR; right hand
side: percentage difference in irradiance as compared to the values calculated with the best estimate of
FDIR. Black lines show irradiance using the true value of FDIR. The estimates ofdp anddr 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 measurements for past campaigns is not straight

forward if no comparisons have been purposefully organisedat the time, as with DODO.

However, it has proved possible to compare the irradiance measured during the b234

pirouette manoeuvre to the ARM Mobile Facility (AMF) shortwave broadband radiome-

ter data, since the AMF was also stationed at Niamey airport during 2006. Radiative

modelling of the measured irradiances has also been carriedout for the box patterns,

using appropriate solar zenith angles and standard tropical atmosphere profiles from Mc-

Clatcheyet al. (1971), as described in Section 5.3.2. Due to the high altitude of the box

pattern the results should be accurate, given that there wasno cloud or aerosol above the

aircraft.

Flight Dome Type Maximum percentage error Direction of difference 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 upperpyranometer irradiance and
either ARM (for b234 pirouette) or the modelled irradiance (b157, b167 and b234 box patterns). The
values ofdp, dr and FDIR used are as shown in Table 5.4. Data excludes runs affected by dome dirtying.

Figure 5.7 and Table 5.10 show that the model data do not always agree with the clear

dome pyranometer measurements within the uncertainties defined in Table 5.9. For b241

the agreement is good (< 2.5%), whereas for b157 and b167 the uncertainties overlap with

the model data for into/down-sun runs, but do not overlap forthe cross-sun runs where

the uncertainty in the pyranometer measurements is smaller. The maximum difference

between the model and pyranometers is7.5% for b167, where part of the difference may

be due to the greater solar zenith angle during this box pattern, as described in Section
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(a) b157 Box Pattern
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cross-sun

into-sun down-sun
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Figure 5.7: Upper clear dome pyranometer data compared to modelled irradiances for the box patterns,
and compared to ARM data for the b234 pirouette. Red lines represent pyranometer data, green lines
represent either model or ARM data as indicated on each figure. Grey shading represents the uncertainty
shown in table 5.9, which varies between DODO1 and DODO2, andfor into/down-sun and cross-sun
headings. Into-sun, down-sun and cross-sun runs are labelled. The values ofdp, dr and FDIR used are
as shown in Table 5.4. Error in ARM data (estimated at2% or 16Wm−2 based on Slingoet al.(2006)) is

shown by pale green shading.

5.5.2. There may also be some uncertainty in the model estimates, which are harder to

quantify.

At this stage it is important to note that the quality flags forthe clear dome upper

pyranometer for all the DODO1 and DABEX flights have been flagged as low quality.

Investigation of this (personal communication, Phil Rosenberg, FAAM) has revealed that

the zero signal for the upper clear dome pyranometer was not recorded at all during the dry

season campaigns. This therefore means that noise could be affecting recorded signal, and

this noise may easily change as a function of pressure or temperature. Therefore the clear

dome upper pyranometer data from DODO1 and DABEX is not reliable. This explains

the lack of agreement between the model and pyranometer datashown in Figure 5.7 for

b157 and b167. The other pyranometers were unaffected by this problem.
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For the DODO2 cases, where the data are not affected by a lack of zero offset record-

ing, and the uncertainties in the pyranometer and ARM measurements during b234 over-

lap, showing that the data are in agreement within the uncertainties defined in Table 5.9

and by Slingoet al. (2006).

Note that in Figure 5.7 the disagreement is particularly badfor the into-sun runs in

b157 and b241, where the domes are being affected by dirtyingor sand-blasting. For

the clear dome the magnitude of the differences as compared to the ARM data and to

the model data are of a similar order, though the the BAe-146 clear dome pyranometer

measures from0.3−3µm whereas the ARM pyranometer measures from0.4−4µm, and

this may account for an unknown amount of the difference in measured irradiance, though

it depends on the exact details of the pyranometer calibrations. For all cases other than in

b241 for the clear dome, the pyranometers underestimate theamount of irradiance.

For the red dome pyranometer the (dis)agreement is worse, extending to15% for

b241, with worse agreement during b241 compared to DODO1. This is surprising, con-

sidering that for the clear dome data, b241 showed the best agreement between the model

and the pyranometer data. For b157 the modelled irradiance falls within the uncertainty

range of the pyranometer data, and for b167 the data are within the uncertainty limits for

the into/down-sun runs, but not the cross-sun runs where theuncertainty is smaller. Con-

sidering that the uncertainty already assigned to the red dome data in Table 5.9 is already

large (5.3 − 8.4%), the large percentage differences shown here of up to15% adds even

more uncertainty to the reliability of the red dome pyranometer measurements.

The discrepancies shown here range from being similar to those found in the past

through a combination of aircraft intercomparison flights (using the C-130 aircraft, how-

ever) and modelling studies, to much larger. For example, agreement between clear dome

measured and modelled irradiances of less than4% were found by Tayloret al. (1996),

Saunderset al. (1992) and Saunders and Barnes (1991). For the red dome pyranometer

data model and measurement agreements were found to be within 10% (Taylor et al.,

1996),4% (Saunderset al., 1992) and8% (Saunders and Barnes, 1991). A recent study

by Ramanaet al.(2007) using pyranometers mounted on unmanned aerial vehicles found

agreement of within1% for incoming clear sky radiation.



Chapter 5. Assessment of Pyranometer Data Quality 173

In summary, the uncertainties shown in Table 5.9 do not always overlap with mod-

elling estimates of clear sky irradiance. Since the same model is used in Chapter 6 to try

and obtain radiative closure with the pyranometer data, this is problematic. Therefore the

uncertainty associated with the pyranometer measurementswill be increased to cover the

maximum percentage difference between the measurements and model data shown here.

Thus the uncertainty in clear and red dome pyranometer measurements will be assumed

to be5.5% and15% respectively, based on the results in Table 5.10. The higheruncer-

tainties shown in Table 5.10 for the dry season flights are notconsidered, 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 the pyranometer domes is evident

during both DODO1 and DODO2, causing the measured irradiance to drop by11%

during b157 for both domes, and by6% for b241. DABEX flights b157 and b167

suggest that this problem resulted from dirt rather than sand-blasting, which re-

sulted from as few as three profiles through aerosol in the case of b157. Runs

which are either cross-sun or down-sun do not appear to be affected by the dirtying

of the domes.

2. Pitch and roll offset of the pyranometers on the aircraft can be derived from pirou-

ettes and box patterns, anddp anddr can differ significantly from those used in the

standard FAAM correction procedure.

3. The corrected pyranometer data is sensitive to the valuesof dp anddr. Using the

standard FAAM values ofdp anddr can cause large errors in the corrected irradi-

ances, of up to6.3% for the clear dome and up to9.0% for the red dome, in the

cases examined here. These errors are significant, and comparable to the official

stated accuracy of the pyranometers.

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

shown here.

5. The BAe pyranometers underestimate the irradiance compared to ARM measure-

ments and modelling results in all cases except for b241 for the clear dome. The

underestimation is not always within the estimated pyranometer uncertainty, 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 dirtying/damage, and will be

treated with caution and not used where possible. Runs on relative headings outside

±50◦ should be acceptable.

2. The DODO pyranometer data has been re-corrected using thevalues ofdp anddr

shown in Table 5.6, and assumingFDIR = 0.95 at all altitudes. At solar zenith

angles greater than62◦ the correction may start to become less accurate, so data

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

3. Uncertainty in irradiance solely due to uncertainty indp anddr has been calcu-

lated for runs on different relative headings and for DODO1 and DODO2. The

contribution of this error to the total uncertainty can be calculated using standard

propagation of error formulae.

4. Uncertainty in irradiance due to the value of FDIR used canreach up to3.9% and

6.8% for the clear and red dome respectively. Using data from cross-sun runs can

minimise this error to below1.0% however. The contribution of this error to the

total uncertainty can also be calculated. Care will be taken when analysing data

with solar zenith angle greater than the maximum of62◦ from the box patterns, as

this can result in much greater sensitivity to the value of FDIR used and greater

uncertainty.

5. The total uncertainty in irradiance described in Section5.5.3 is not always greater

than the difference between the pyranometer measurements and the modelling cal-
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culations under clear skies. Therefore the uncertainty associated with the pyra-

nometer measurements in Chapter 6 will be extended to cover the discrepancy be-

tween the model and pyranometer irradiances for the box pattern manoeuvres. Thus

the uncertainty for the clear and red dome pyranometer measurements will be taken

as5.5% and15% repectively.

5.7.3 Recommendations

1. Performing pirouette manoeuvres regularly during a campaign, before and after a

flight, is critical in determining:

(a) The presence of dirtying or sand-blasting on the front ofthe pyranometer

domes,

(b) The best-estimate of pitch and roll offset of the pyranometers relative to the

aircraft,

and pirouettes should therefore be carried out regularly during campaigns where

pyranometer measurements are of importance, in order to have the best chance of

estimating the pitch and roll offsets accurately, and for assessing the degree to which

dome dirtying was a problem.

2. High level box patterns are also useful for estimating pitch and roll offsets of the

pyranometers. If no ground-based radiometer data is available for using FDIR in

the estimation of dp and dr during the pirouettes, then the box patterns have an

advantage over the pirouettes as FDIR is more easily modelled at high altitudes.

Sand-blasting/dirtying of the pyranometer domes can also be detected using box

pattern data.

3. Straight and level runs should be carried out on a cross-sun heading 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. Having ground-based radiation measurements at the airport where the campaign is

based (such as the AMF) is extremely useful in validating pyranometer measure-

ments.

6. For scientists using pyranometer irradiance data from the BADC it would be useful

to provide information on the following:

• Dates when the pyranometers were removed/re-mounted on theaircraft, as

this can change the values of dp and dr

• Some information on what processing has been carried out on the pyranometer

data on the BADC (including information such as values of dp,dr and FDIR

used)

• Access to uncorrected data on the BADC would also be useful

7. The correction FAAM make to allow for pitch and roll is useful, but can introduce

significant errors to the corrected irradiances if the true pitch and roll offsets differ

from those used in the corrections. It is important to define who should take the

responsibility of calculating the true pitch and roll offsets of each pyranometer each

time they are re-mounted, and that the irradiance data is corrected appropriately on

the BADC.

8. The possibility of physically measuring the pitch and roll offsets of the pyranome-

ters on the aircraft should be investigated, as comparisonsto values ofdp anddr

derived from the measurements could be carried out.

9. Results from DODO suggest differences between the pyranometer measurements

and both modelling results and the ARM measurements. Furthertesting and com-

parisons of the pyranometers while mounted on the aircraft could be carried out to

explore these discrepancies.

10. It would be possible to conduct experiments to investigate the accuracy of the pyra-

nometers. For example, repeated box patterns could be carried out in order to derive

several estimates ofdp anddr. A test flight with both clear (or red dome) pyranome-

ters mounted side by side in their upper positions in a similar manner to that used
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by Saunders and Barnes (1991) in order to compare the uncertainty between the

different pyranometers now they are mounted on the BAe-146.Intercomparison

flights between other aircraft with similar pyranometers would also be of value.
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6.1 Introduction

It has been shown in Chapter 4 that the optical properties of the dust accumulation

mode varied, withω550
0 varying from0.93 to 0.99 andk550

ext varying from0.75m2g−1 to

1.6m2g−1. The changes inω550
0 were most likely due to changes in dust source and com-

position over the two DODO campaigns, while the changes ink550
ext appeared to depend on

size distribution changes. Additionally there are uncertainties regarding the impact of the

coarse mode on these optical properties, and Chapter 4 showedthat the coarse mode can

cause large decreases inω550
0 andk550

ext .

Various studies have highlighted the importance of dust to the climate system and

meteorology through the radiative effect and atmospheric heating (e.g. Carlson and Ben-

jamin, 1980). Other studies have also shown that the radiative effect and heating rates

are highly uncertain due to uncertainties in dust refractive indices, size distributions and

therefore optical properties (e.g. Liao and Seinfeld, 1998; Claquinet al., 1998; Balkanski

et al., 2007; Ottoet al., 2007). Given the variation in the observed and modelled optical

properties during DODO, it is therefore important to determine the contribution of these

variations to the radiative effect of the dust. This will give an important insight into the

uncertainty in the radiative effect that may result from typical variability in optical proper-

ties of Saharan mineral dust. Additionally, the radiative effect of the dust can be validated

by the aircraft pyranometer measurements.

This Chapter therefore takes two approaches to investigating the radiative effect of

dust observed during DODO. Firstly the change in the radiative effect due to changes in

the observed optical properties is investigated using idealised dust profiles over land and

ocean surfaces. Secondly, four flights have been selected ascase studies for comparing

modelled and measured irradiances at various altitudes, inorder to ascertain that the ra-

diative modelling is being carried out appropriately. Sensitivity of these results to the

surface albedo, to the presence of the coarse mode and to large changes in the refractive

index are also tested.
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6.1.1 Model Description

The radiative transfer code developed by Edwards and Slingo(1996) is used to calculate

irradiances throughout an atmospheric column.

The model (ES96 hereafter) uses the Eddington two-stream approximation, mod-

elling upwards and downwards irradiances. For the purposesof irradiance calculations,

the delta-Eddington approximation is used (as recommended) when aerosols are present

which exhibit a strong forwards scattering peak. The delta-Eddington scheme in ES96

essentially means that a fraction of the diffuse radiation is added to the direct beam, thus

conserving the peak in the forwards part of the phase function when aerosols are present,

resulting in more accurate irradiance calculations. However, for the purposes of aerosol

optical depth (AOD) calculations attenuation of the directbeam is extremely important

and therefore the Eddington scheme is used for AOD calculations.

The spectral resolution of ES96 can be defined by the user. Here a high spectral

resolution of 220 bands is used in order to capture the spectral change in aerosol optical

properties, and to be consistent with previous aircraft studies (e.g. Haywoodet al., 2003).

Wavelengths over these bands cover0.2 − 10µm and are consistent with the approach

used in Chapter 5. For the purpose of AOD calculations, the direct irradiance at 550nm

is required. Therefore additional runs of ES96 are carried out over a single wave band

spanning from549 − 556nm.

The vertical resolution of ES96 can be defined by the user, andis defined here as

51 equal pressure levels, which results in a resolution of around 200-300m at lower alti-

tudes where dust is encountered. This gives good resolutionof the aerosol vertical profile

without model runs becoming too time consuming. Information on the vertical profiles of

mass mixing ratios of temperature, aerosol, water vapour and ozone are required as input,

and can be calculated from aircraft vertical profiles. Sincemost aircraft measurements

are made roughly at a resolution of 10m (1Hz) in the vertical,the data are interpolated

onto the coarser resolution used for ES96. At altitudes above the range of the aircraft

profiles the tropical climatology of McClatcheyet al. (1971) are used. In cases where the

aircraft was unable to get close enough to the land surface due to flying restrictions (e.g.

b175 and b238 over the desert) the aerosol, ozone and water vapour are extended to the
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surface by assuming a constant profile from the minimum aircraft altitude. For tempera-

ture the profile is extended using the lapse rate in the lowestportion of the aircraft profile.

The McClatcheyet al. (1971) profiles were not used at these low altitudes because it was

clear that they differed significantly from the observed measurements, whereas at higher

altitudes they were close to the aircraft measurements. McClatcheyet al. (1971) tropi-

cal climatology data are also used for carbon dioxide, oxygen, methane, CFCs andN2O,

which the aircraft did not measure.

For simplicity a lambertian surface albedo has been assumedin these experiments.

This is calculated based on pyranometer measurements of up and downwelling irradiances

from runs performed close to the surface. More details are given in Sections 6.2 and 6.3.

Solar zenith angle is specified as appropriate for each test case. The solar irradiance at the

top of the atmosphere is also required, and is specified basedon standard solar geometry

(e.g. Petty, 2006), so that the irradiance changes by day of the year.

Detailed aerosol properties can be included by creating spectrally resolved data off-

line using a Mie scattering code, at the same wavelength resolution at which ES96 is to

be run at. Therefore the various optical properties observed and modelled during DODO

can be represented in the model.

Since the model requires input of the vertical aerosol profile in terms of a mass mix-

ing ratio, the vertical profiles of scattering as measured bythe aircraft must be converted.

Firstly the scattering coefficient is converted to an extinction coefficient (σ550
ext ,m

−1) pro-

file, as described in Chapter 2 by dividing byω550
0 measured at an appropriate altitude.

The extinction coefficient can then be converted to a mass mixing ratio through,

MMR =
σ550

ext

k550
ext ρair

, (6.1)

where MMR is the dust mass mixing ratio (inkg/kg), ρair is the density of air and can

be calculated using the ideal gas law based on aircraft measurements of temperature and

pressure. For cases where only the accumulation mode is examined, k550
ext can be taken

from the Mie code optical property calculations described in Chapter 4. Since the neph-

elometer is assumed to measure only the accumulation mode, and the value ofk550
ext also

represents that of the accumulation mode, the resulting MMRrepresents the vertical pro-
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file of the accumulation mode only.

It would be plausible to represent the MMR vertical profile ofthe full size distribution

by adjusting the extinction coefficient by an appropriate factor to correct for the larger

particles which the nephelometer does not measure, and by dividing by a value ofk550
ext

appropriate for the coarse mode. This would result in a greater mass load for the entire

column, and this method is employed and explained further inSections 6.5 and 6.6.

6.1.2 Pyranometer Data

The pyranometer data from the aircraft has been compared to the modelled irradiances.

Due to the problems described in Chapter 5 of the front of the pyranometer domes be-

coming coated with aerosol particles, the upper pyranometer data has been discarded if

measured while heading towards the sun (relative headings of ±50◦). The upwelling ra-

diation is not affected so much since the upwelling radiation is assumed to be completely

diffuse, though coating on the pyranometer domes may still result in some reduction in

the irradiance measurements.

Data which has been affected by the presence of cloud has alsobeen discarded since

the model simulations do not include cloud. This data is detected through examining

satellite images, logs from the flights and from the nature ofthe pyranometer data (rapid

fluctutions are likely to result from cloud presence).

Pyranometer data is averaged over runs in order to compare tomodel data. The

uncertainty in the irradiance measurements is5.5% (from Chapter 5) for the clear dome

data, and a total minimum of5Wm−2. DODO1 downwelling clear dome pyranometer

data are viewed with caution due to the problems described inChapter 5, though the

upwelling data should be reliable since they did not suffer from the same problem.
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6.1.3 Definition of terms

The calculations of various parameters described in this Chapter are carried out as follows:

• Aerosol Optical Depth (AOD,τ 550)

τ 550 = cos θ ln

(

Iclr
sfc

Iaer
sfc

)

, (6.2)

whereI is direct solar irradiance (Wm−2), sfc indicates it is measured or modelled

at the Earth’s surface,clr indicates the case with no aerosol andaer indicates the

case when aerosol is present andθ is the solar zenith angle. Equation 6.2 is derived

from Beer’s Law, based on the fact that at the top of the atmopshere (TOA),F clr

andF aer will be the same.F is modelled over549 − 556nm in order to represent

550nm.

• Top of atmosphere direct aerosol radiative effect (ARETOA)

ARETOA = NET aer
TOA − NET clr

TOA, (6.3)

(Forsteret al., 2007), so that theARETOA (Wm−2) is the net increase in irradiance

for the earth-atmosphere system due to the presence of aerosol. NET irradiance

(Wm−2) is defined as being the downwelling minus upwelling irradiance (Forster

et al., 2007). ARETOA can be calculated at specific solar zenith angles (instanta-

neous ARE), or diurnally averaged over various solar zenith angles, and over the

full shortwave spectrum defined in Section 6.1.1. Since dustaerosol is (at least in

part) a natural aerosol, these are ‘radiative effects’ rather than ‘radiative forcings’

(which would strictly have anthropogenic origins).

• Surface direct aerosol radiative effect (ARESFC)

ARESFC = NET aer
sfc − NET clr

sfc, (6.4)

so that theARESFC (Wm−2) is the net increase in irradiance at the Earth’s surface

due to the presence of aerosol. As withARETOA, ARESFC can be calculated
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as instantaneous or diurnally averaged, and is calculated over the full shortwave

spectrum.

• Atmospheric direct aerosol radiative effect (AREATM )

AREATM = ARETOA − ARESFC , (6.5)

so thatAREATM (Wm−2) is the net heating of the atmosphere due to the presence

of aerosol.

• Aerosol radiative efficiency (REx)

REx =
AREx

τ 550
, (6.6)

wherex representsTOA, SFC or ATM , and so thatREx is efficiency of the

aerosol at causing a radiative effect per unit of aerosol optical depth (Wm−2τ−1).

Again, theRE 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 accumulation mode described in Chapter 4,

it is important to test the sensitivity of the aerosol radiative effect (ARE) due to these

variations. This section examines the sensitivity of the AREto these changes for a typical

dust profile.

6.2.1 Method

In order to test the sensitivity of the ARE to the various optical properties observed during

DODO, three typical types of optical properties have been tested which represent the

range of single scattering albedo values shown in Figure 4.1. These types are described

in Table 6.1, and have been chosen to represent the range ofω550
0 from DODO, ranging

from high to low values.

All cases from flights b173, b174 and b175 in DODO1 were selected, since these rep-

resent very highω550
0 values. The runs selected from b237 represent the optical properties

of the elevated dust layer, thus representingω550
0 values around mid-values in the range

shown in Figure 4.1. The runs from b242 were selected to represent the lower range of

ω550
0 values.

In order to create optical properties representative of these three types, the accumu-

lation mode size distributions from each run were averaged,and are shown in Figure 6.1.

The refractive index at 550nm was also averaged for each typeusing 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 above,it is necessary to pro-

vide optical properties over this wavelength range as well.Therefore the refractive index

must also be provided over the wavelength range0.2 − 10µm. The derived refractive in-

dices shown in Chapter 4 represent the values only at 550nm. Therefore the full spectral

refractive indices from WCP (1983) (also used by Shettle and Fenn (1979)) have been

taken, but scaled so that they are in agreement with the derived values at 550nm. Fig-

ure 6.2 shows the real and imaginary refractive indices fromWCP (1983) and the full
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Dust Type Runs Used ni at 550nmω550
0 k550

ext g550

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 idealised test case. Also shown isni used
for each case, and the resulting optical properties at 550nm. n550

r is always assumed to be 1.53. Also shown
is the WCP (1983) (WMO)n550

i value.

spectral refractive indices for each test case. For the realpart of the refractive index, the

previously assumed value of 1.53 at 550nm is consistent withWCP (1983), so the real

refractive indices of WCP (1983) are used directly.

Figure 6.1: Accumulation mode logfit curve size distributions for each idealised test case, created by
averaging the size distribution for each run shown in Table 6.1.

Using the spectral refractive indices shown in Figure 6.2, and size distributions shown

in Figure 6.1, spectral optical properties for each test case were calculated using a Mie

scattering code. Spherical particles were assumed. The resulting optical properties are

shown in Figure 6.3. It is clear that the differences in the imaginary refractive indices of
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(a) (b)

Figure 6.2: 6.2(a) Real and 6.2(b) imaginary spectral variations of therefractive index used as input to
ES96. Black dashed line shows the refractive index of WCP (1983). Coloured lines represent the spectral
imaginary refractive index for the idealised test cases of DODO1 dust (blue), the upper layer in b237 (black)

and b242 dust (red).

each case result in different single scattering albedos, with b242 being the most absorbing,

and DODO1 the least absorbing. The slightly different size distributions also result in

variations inkext . Changes ing for each case are small.

Figure 6.3: Spectral optical properties for each idealised test case which have been used as input to ES96.
Solid lines represent single scattering albedo, dashed lines representkext , dot-dashed lines represent the

asymmetry parameter. Colours as indicated in the Figure.



Chapter 6. Shortwave Radiative Effect of DODO Dust 188

In order to run ES96 the vertical distribution of the dust mass mixing ratio is required.

In order to solely test the effect of the changing optical properties for each case, two types

of vertical distributions have been tested, and are shown inFigure 6.4. These include a

low altitude dust layer, typical of the dry season cases, which has been taken from flight

b175. Secondly an elevated dust layer has been used, typicalof the dust from DODO2

over the ocean, which has been taken from flight b242. The vertical profiles of dust, water

vapour, ozone and temperature have been taken from aircraftmeasurements for each case

and interpolated onto a 50 level vertical grid as described in Section 6.1.1.

Figure 6.4: The two vertical profiles of dust mass mixing ratio used in theidealised test cases. The bold
line represents the wet season dust in an elevated layer overthe ocean (taken from b242 P9) and the thin

line represents lower altitude dust typical of the dry season (taken from b175 P8).

Finally the surface albedo must be defined in order to drive ES96. In order to repre-

sent the two typical land surfaces encountered during DODO,two cases are tested. The

first is an ocean surface, with an albedo of 0.05, the second a desert surface with an albedo

of 0.44. These values are calculated from pyranometer measurements of up and down-

welling irradiances when the aircraft was flying close to thesurface. The ratio of the

upwelling to the downwelling irradiance is taken to represent the surface albedo. Over

the ocean this is likely to be accurate, since the aircraft flew as low as 50ft (around 15m)
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above the surface, so that the distance over which additional absorption and scattering of

radiation could take place was minimal. Over land the closest the aircraft could get to

the surface was 500ft (around 150m), so that there is a possibility that the pyranometer

measurements of surface albedo may be affected by additional aerosol below the aircraft.

Sensitivity to these changes are explored in Section 6.4. Surface albedo is assumed con-

stant throughout the day. This may not be representative of reality (e.g. Jinet al., 2004).

However, since the purpose of these tests is to test the sensitivity of the irradiances to the

differences in optical properties, it is sufficient for these purposes.

6.2.2 Results

Figure 6.5 shows the results of the effects of the different optical properties tested on the

direct aerosol radiative effect (ARE), at the top of atmosphere (TOA) and the surface.

The general trends in ARE at both surface and TOA are consistent with those previously

examined in sensitivity studies (e.g. Liao and Seinfeld, 1998; Tegen and Lacis, 1996),

including a negative ARE (cooling) at the surface due to the absorption and scattering

of radiation by the dust in the atmosphere, and a positive or negative ARE at the TOA

depending on the amount of absorption occurring and the landsurface type.

At the TOA the ARE is always negative (indicating a cooling of the earth atmosphere

system) over ocean, but over desert can be negative or positive, implying that the dust can

cause an overall warming or cooling. This is because the higher surface albedo over desert

results in more radiation being reflected upwards from the surface, allowing the dust to

scatter and absorb more radiation. This results in more radiation being reflected back to

the surface, causing a less negative surface ARE over desert (compared to ocean). It also

results in the dust layer being able to absorb more radiation, causing greater atmospheric

heating rates. The greater atmospheric absorption resultsin a more positiveARETOA.

The effect of a high versus low altitude dust layer are small,and also affected by the

greater mass loading in the low altitude dust layer. However, the vertical profile of the

heating rates are strongly dependent on the dust altitude, with most absorption occurring

at the altitude where dust is.

The solar zenith angle affects the dust ARE, with both surfaceand TOA AREs being
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(a) Elevated dust, TOA ARE (b) Low dust, TOA ARE

(c) Elevated dust, surface ARE (d) Low dust, surface ARE

(e) Elevated dust, heating rate (f) Low dust, heating rate

Figure 6.5: Radiative effect of different idealised dust types for a range of solar zenith angles. Results show
radiative effect of elevated dust (6.5(a), 6.5(c), 6.5(e))and low level dust (6.5(b), 6.5(d), 6.5(f)), at the TOA
(top row), surface (middle row), and heating rate profiles ata solar zenith angle of0◦ (bottom row). Solid
lines represent cases over ocean, dashed lines represent cases over desert. Blue lines represent DODO1,

black lines represent b237 upper and red lines the b242 case.
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strongest at solar zenith angles of50◦. This is because of the shape of the phase function

- at50◦ a large proportion of the scattering falls within the upwards hemisphere, allowing

the reflected irradiance to reach a maximum. When the sun is overhead more of the scat-

tered radiation falls within the downwards hemisphere, reducing the radiation scattered

back out to space, and making the ARE more positive.

Figure 6.5 shows the effects of the different optical properties clearly. At the surface

(Figures 6.5(c) and 6.5(d)) the most negative ARE is caused bythe most absorbing dust

(b242, red lines). The least negative ARE is caused by the least absorbing DODO1 dust

(blue lines) which absorbs less radiation. The difference in surface ARE between the

different dust types reaches a maximum of around35Wm−2 over ocean, and23Wm−2

over desert, for low altitude dust (changes of35% and60% respectively from the b242

case). The spread in the ARE values for high altitude dust is slightly less due to the

smaller absolute values of ARE. Figure 6.5 assumes that the dust particles are spherical.

Based on the calculations of Ottoet al.(2009), the effect of non-spherical particles would

be to increase the upwelling irradiance at the TOA by a few percent, therefore making the

TOA radiative effect more negative. If this were the case forthe data shown in Figure 6.5,

then this would not be a large enough effect to outweigh the differences 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 6.5(f) show a strong dependence

on the different optical properties. For example, over desert with a low altitude dust layer,

the peak heating rate can vary between0.55Kday−1 to 2.8Kday−1 for the range of optical

properties tested - a decrease of80% from the b242 case.

As a result of the differences in surface ARE and heating ratesdue to the different

optical properties, the TOA ARE can also change significantly. Over ocean, the range in

optical properties tested causes a change in ARE of up to10Wm−2. Over ocean, the TOA

ARE for DODO1 dust (blue line) is the most positive case at the surface. At the TOA,
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the ARE does not change much due to the small amount of atmospheric absorption. For

the case of b237 dust, the surface ARE was more negative. However, the atmospheric

absorption for b237 was larger than that for for DODO1, so that the TOA ARE is still

less than that of DODO1, but closer in magnitude. For b242 dust, the very large amount

of atmospheric absorption means that the net TOA ARE is more positive than DODO1.

Hence the TOA ARE is a balance of how much the surface ARE reducesagainst how

much atmospheric absorption occurs.

Over the desert, more absorbing dust always results in an increase in TOA ARE due

to the greater magnitude of atmospheric absorption, despite theARESFC being more neg-

ative. The changes here are larger and can be up to35Wm−2. Additionally the different

optical properties are important in determining whether there is a net warming or cooling

(positive or negative TOA ARE). The DODO1 dust type never results in a net warming,

whereas the b242 dust results in a warming up to solar zenith angles of around50◦.

6.2.3 Conclusions

The aim of this Section has been to examine the importance of the variability in optical

properties observed during the DODO campaigns to the shortwave radiative effect of the

dust. Section 6.2.2 has clearly shown that these variationsare important to not only the

magnitude of the radiative effect, but also to its sign over desert surfaces. This high

sensitivity of the radiative effect over surfaces with a high albedo is also important over

the ocean, where elevated dust layers can occur above stratocumulus or cumulus cloud

at the top of the marine boundary layer. Therefore the importance of differing optical

properties is important over both the ocean and the desert.

The differences in atmospheric heating rates are also extremely important in driving

the local meteorology (e.g. Alpertet al., 1998; Miller and Tegen, 1998). This therefore

highlights the importance of the presence, and accurate representation of optical proper-

ties, in numerical weather forecast models in regions wheredust is dominant.

The differences in irradiances shown in Section 6.2.2 ariselargely from the differ-

ences in the refractive indices. Given the large range in refractive indices derived during

DODO alone, a range which is smaller than the range of estimates and measurements in
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the literature, a strong emphasis on obtaining a bank of accurate measurements of refrac-

tive indices of dust is needed, including geographical variations, in order to best represent

dust in radiative transfer models, general circulation models, and 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 aerosol radiative effect to the different op-

tical properties shown in Section 6.2 are realistic and reliable, particularly since the model

calculations assume that the dust particles are spherical.Therefore this section compares

modelled irradiances to the aircraft pyranometer measurements for four different flights.

6.3.1 Model Input

For the comparison of model irradiances and pyranometer measured irradiances, the

flights b175, b237, b238 and b242 have been selected. These were selected on the basis

of predominantly cloud-free skies (which could otherwise affect the pyranometer mea-

surements), and a well defined dust profile with measurementsof optical properties from

within the main dust layer. For the DODO1 case (b175) there was no biomass burning

aerosol present.

Chapter 4 showed the optical properties for various different runs within a single

flight. In order to use one set of optical properties to model the dust for each flight, runs

within each flight have been combined to create a typical dust-type for each single flight

(see Table 6.3). For the case of b237, where very different optical properties were found

in the layer closest to the surface, only optical propertiesrepresenting 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 flight an average size distribution

for the accumulation mode was calculated and is shown in Figure 6.6(a). The average

refractive index at 550nm was also calculated using the datashown in Figure 4.9, and is

shown in Table 6.3. This was then converted to a full spectralimaginary refractive index

by using the WCP (1983) spectral refractive index, and scalingit down so that it agreed

with ni for each flight. The resulting spectral imaginary refractive indices are shown in

Figure 6.6(b). For the real part of the refractive index, theWCP (1983) data were used,

and are shown in Figure 6.2(a).

The size distributions and refractive indices shown in Figure 6.6 were then input



Chapter 6. Shortwave Radiative Effect of DODO Dust 195

Flight Runs Used ni at 550nmω550
0 k550

ext g550

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 propertiesfor each flight. Also given is the
resulting averageni at 550nm, and the resulting optical properties at 550nm.n550

r is always assumed to be
1.53.

(a) (b)

Figure 6.6: 6.6(a) Averaged logfit size distributions for each flight used to create optical properties specific
to each flight. 6.6(b) Refractive indices used to create the optical properties for each flight. Colours

represent different flights, as indicated in the Figures.

into a Mie scattering code in order to calculate the spectraloptical properties. Since the

size distributions represent the accumulation mode only (up to r = 1.5µm) the optical

properties are only representative of the accumulation mode. Sensitivity to inclusion of

the coarse mode is described in Section 6.5. The optical properties are shown in Figure

6.7 along with the optical properties for the runs when treated individually. It is clear

that the flight average spectral optical properties fall within the range of values for the

different runs. The data for b238 show a greater spread because the optical properties

changed dramatically with altitude.

Vertical profiles of dust mass mixing ratios are also used by ES96. These are calcu-

lated from the vertical profiles of extinction, as describedin section 6.1.1, and are shown

in Figure 6.8. For each flight several profiles were performedin the dust layers, and each

profile measured slightly different amounts of dust. This isdue to spatial variability, and
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(a) b175 (b) b237

(c) b238 (d) b242

Figure 6.7: Spectral Optical Properties for the average dust from each flight for the accumulation mode.
Black lines indicateω0 , redg, and bluekext . Diamonds indicate the optical properties for individual runs

as calculated in Chapter 4.

development or movement of the dust profile throughout the flight. Therefore each differ-

ent profile is used, in order to gain an understanding of the uncertainty in the irradiances

due to the changes in the vertical profiles observed. In some cases, several shorter ver-

tical profiles which sampled part of the vertical profile havebeen combined. Note that

for flight b242 a latitudinal gradient in the amount of dust was observed, with profiles 6

and 7 being performed further south, and therefore measuring less dust (Figure 6.8(d)).

Vertical profiles of water vapour, temperature and ozone arealso taken from the aircraft

measurements (not shown).

As described in Section 6.2.1, the dust MMR profiles are defined by the amount of

aerosol which the nephelometer and PSAP can measure, which is thought to be limited to
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(a) b175 (b) b237

(c) b238 (d) b242

Figure 6.8: Vertical profiles of dust mass mixing ratio for each flight used for model input. Different mass
mixing ratios for different profiles within each flight are shown by different colours, as indicated on each
figure. Note the different scale for b238 (Figure 6.8(c)). MMR profiles represent the accumulation mode

only.

the accumulation mode only. The MMR profiles are also limitedby value ofk550
ext used in

Equation 6.1, which thus far has been derived using the accumulation mode size distribu-

tions, and therefore also represents the accumulation mode. Therefore the MMR profiles

described here represent the accumulation mode only.

In order to obtain model irradiances which are comparable tomeasurements from the

pyranometers, it is necessary to use solar zenith angles which are the same as those when

pyranometer measurements are made. Pyranometer data from straight and level runs is

averaged, and therefore ES96 is run at the average solar zenith angle for each run during

each flight. Model results can then be selected at an appropriate pressure level and solar

zenith angle so that comparisons with the pyranometer data is appropriate.
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6.3.2 Results

The modelled irradiances are compared to the measured ones in Figures 6.9, 6.10, 6.11

and 6.12 for each flight. Each Figure shows a direct comparison of the irradiances through

a scatter plot (top rows) for both the shortwave downwelling(SWD, left column) and

shortwave upwelling (SWU, right column) irradiances, and through a comparison of the

difference in SWD and SWD irradiances as a function of pressureat which the pyranome-

ter measurements were made - in terms of absolute difference(middle rows) and percent-

age differences with respect to the pyranometer measurements (bottom rows). This is

useful as if the percentage differences are within5.5%, the accepted uncertainty of the

pyranomter measurements from Chapter 5, the model and measurements can be seen to

be in agreement within the measurement uncertainties. Thisarea of agreement is shown

by the grey shading. Since the minimum error on the pyranometers is5Wm−2, this is also

shown on the absolute difference between the SWU irradiancesin Figure 6.10(d) where

the differences are less than5Wm−2 but greater than5.5%.

Errors in the model irradiances are less straightforward todefine. However, the

spread of model results due to the different dust profiles used (different colours in Figures

6.9, 6.10, 6.11 and 6.12) gives an indication of the uncertainty in the model results due to

the amount of dust present.

Note that due to the problems experienced with the DODO1 pyranometer data, the

SWD measurements should not be considered as reliable for b175. Nevertheless, they

are shown for completeness. The SWU DODO1 data are unaffectedby this problem, and

therefore the b175 case is still of use for comparisons with the model irradiances.

The results in the scatter plots for Figures 6.9, 6.10, 6.11 and 6.12 show that gener-

ally the 1:1 ratio between the pyranometer measurements andmodel results is followed,

though the agreement is by no means perfect. Discrepancies between the model and pyra-

nometer are more easily explored through the differences asa function of pressure.

Taking first the measurements of SWD at high altitude, (where good agreement is ex-

pected since no aerosol is above the aircraft), the pyranometer and model data are within

the pyranometer uncertainty for the DODO2 flights. However,the model always appears

to predict less irradiance than the pyranometers by20 − 40Wm−2. Examining the SWD
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Flight Profile Nephelometerτ 550 Model τ 550

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

b238 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 irradiances.

data at lower altitudes, the model and pyranometer data are again in agreement within

the pyranometer uncertainties, if the spread of model values for the different dust profiles

used is considered. This spread is due to the spatial and temporal variability of the dust

profile. Table 6.4 shows the range in AOD for each profile, which causes this spread.

Therefore overall the SWD modelled irradiances show good agreement with the pyra-

nometer measurements. It is worth noting that the pyranometer data has been screened,

and data from relative headings in the±50◦ range has been removed. Had this data been

included, the agreement with the model data would have been much worse.

Agreement is worse between model and pyranometer data for the SWU irradiances.

The best agreement is found at low altitudes (runs at pressures over900mb), where the

differences are within the pyranometer uncertainties and the spread of model results for

different dust profiles. This suggests that the values adopted for the surface albedo values

are appropriate. At higher altitudes (mostly above the dust), the model results for flights

b175, b237 and b238 have too much SWU irradiance compared to the pyranometer mea-

surements. The flights b175, b237 and b242 show a trend of an increasingly positive SWD

difference between the model and pyranometers as altitude increases. This suggests that
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perhaps the dust in the model is too reflective. This results in the model overestimating

the SWU by up to110Wm−2, 70Wm−2, 40Wm−2 and15Wm−2 for flights b175, b237,

b238 and b242 respectively.

The overall picture is that the SWD model irradiances fall within the pyranometer

uncertainties, whereas the SWU model irradiances at higher altitudes do not. This shows

that the model SWU irradiances are less reliable than the SWD irradiances, and that there-

fore the calculations of surface ARE values in Section 6.2 aremore reliable than those at

the TOA. The tendency of the model results to overestimate SWUat the TOA will re-

sult in the TOA ARE values being more negative (or less positive) - possibly by up to

110Wm−2 - than reality.

It is possible that the error lies with the lower pyranometermeasurements instead

of the modelled irradiances. The accuracy of the lower pyranometers was not examined

in Chapter 5 due to difficulties in comparing upwelling radiation with model or other

measurement data. However, it should be noted that the SWU irradiances between the

pyranometer and the model are in agreement at low altitudes,below the dust. This there-

fore suggests that they are reliable. It is also possible that the lower pyranometer domes

get dirty in the same way to the upper pyranometers. However,Saunders and Barnes

(1991) estmated that if the whole front hemisphere of the dome was dirty, it would only

decrease the measured diffuse irradiance by1Wm−2, and this therefore would be unable

to explain the differences in SWU at high altitude shown here.
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(a) SWD (b) SWU

(c) SWD Difference (d) SWU Difference

(e) SWD Percentage Difference (f) SWU Percentage Difference

Figure 6.9: Comparison of modelled irradiances to measured irradiances for flight b175. 6.9(a), 6.9(b)
Scatter plots of modelled and measured downwelling shortwave (SWD) irradiance and upwelling shortwave
(SWU) irradiance; 6.9(c), 6.9(d) Difference between measured and modelled irradiances as a function of
the pressure at which the measurements were made; 6.9(e), 6.9(f) Percentage difference between measured
and modelled irradiances as a function of the pressure at which the measurements were made. Grey shading
shows percentage errors of less than5.5%, representing the uncertainty on the pyranometer measurements.
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(a) SWD (b) SWU

(c) SWD Difference (d) SWU Difference

(e) SWD Percentage Difference (f) SWU Percentage Difference

Figure 6.10: As for Figure 6.9, but for flight b237
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(a) SWD (b) SWU

(c) SWD Difference (d) SWU Difference

(e) SWD Percentage Difference (f) SWU Percentage Difference

Figure 6.11: As for Figure 6.9, but for flight b238
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(a) SWD (b) SWU

(c) SWD Difference (d) SWU Difference

(e) SWD Percentage Difference (f) SWU Percentage Difference

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 theARE for each flight to values from the literature, theARE for

each flight has been diurnally averaged using ES96 model output, and is shown in Table

6.5 for the TOA, surface (SFC) and atmosphere (ATM). The diurnal average has been

calculated by calculating irradiances at three times during each day, and weighting them

based on a gaussian distribution, which varies throughout the year. As recommended

by Li et al. (2004), theARE values have also been divided byτ 550 in order to give the

shortwave radiative efficiency (RE) which is independent of solar zenith angle and aerosol

amount. Also shown is the ratio of theARESFC to theARETOA since this gives an

indication of the amount of absorption occurring in the atmosphere.

The results from the DODO flights show that the largestARE at the TOA, surface

and in the atmosphere occur for flight b238. This reflects the greater AOD values mea-

sured during the b238 profiles. Comparing the radiative efficiencies (RE) removes this

dependence on aerosol loading, and results in b175 having the largest TOA RE, probably

due to this flight having dust with the highestω0 and therefore reflecting the greatest pro-

portion of radiation. Interestingly b175 had the lowest value ofk550
ext of all the flights (Table

6.3) and it still results in the most negativeRETOA. The smallestRETOA results from

b238, which shows that even though theARETOA was highest, the dust is not necessarily

the most effective per unit optical depth.

At the surface, the b238 dust also has the smallestRESFC of the four flights. Again,

despiteτ 550 being highest for b238, theRESFC is the lowest, so that the AOD has in-

creased significantly compared to the other flights without the ARE increasing at the

same rate. b242 is an interesting case, whereω0 is lower than the other flights, and the re-

sulting values of RESFC are the most negative,REATM are the largest, and

ARESFC/ARETOA are the largest of the four flights examined. Clearly the lowerω0 for

b242 results in more atmospheric absorption (REATM is 20.8Wm−2, more than dou-

ble the other flights’ values), and thereforeRESFC is more negative, which also results

in a larger ratio ofARESFC/ARETOA. The differences inω0 can also be seen in the

differences between b175 with highω0 values, and correspondingly lowREATM and

ARESFC/ARETOA, in comparison to b237 and b238 with similarω0 values, and inter-
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Flight/Study τ550 ARETOA ARESFC AREATM RETOA RESFC REATM 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 et al. (2004) 0.36 ± 0.16 −12.6 ± 6 2 3 −35 ± 3 −65 ± 3 30 ± 4 1.9
Anderson et al. (2005)
SHADE

1.48 ± 0.05 −64.54 −24 −38 12 1.6

Balkanskiet al. (2007) wrt
Li et al. (2004)

−45 to−49(−29) −65 to−76(−88) 16 to 32(60) 1.3-1.7

Balkanskiet al. (2007) wrt
Andersonet al. (2005)

−24 to−16(4) −48 to−57(−70) 24 to 41(74) 2.0-3.6

Christopher and Jones
(2007)

−7.75 ± 0.86 −47.91 ± 3.91

Table 6.5: ARE andRE values at the surface, top of atmosphere and atmosphere. Results are given for the DODO flights examined, and other cases from the literature
(see text for details). DODO values are the average of results for several profiles with different dust amounts, value in parentheses represents the maximum difference
of the average from the range for the various profiles. Balkanski et al.(2007) values show a range due to changing amounts of hematite included in the refractive index

calculations, values in parentheses represent the value obtained using the refractive index data of Pattersonet al.(1977).
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mediate values ofREATM andARESFC/ARETOA compared to b175 and b242.

Since the results from these tests are designed to representthe actual dust events

during each flight, there are factors for each flight which differ and so the differentRE

values cannot be directly attributed to the differences inω0 , though they do seem to

explain the differences between flights. Factors such as thesurface albedo and the vertical

dust distribution may also have impacts on theARE andRE values. Nevertheless, it

appears that the different optical properties observed during the four DODO flights shown

here result in signicantly differentRESFC , and particualarlyREATM values.

Also shown in Table 6.5 are corresponding values from the literature. These values

are derived either from satellite measurements (Liet al., 2004; Christopher and Jones,

2007) or from model calculations combined with various methods based on observations

(Andersonet al., 2005; Balkanskiet al., 2007). The case from Andersonet al. (2005) is

particularly relevant since the calculations are based on the measurements from SHADE

by Haywoodet al.(2003) (and therefore derived from similar instruments andmethods as

those presented here), and combined with model calculations in order to obtain a diurnal

average. The dust measured during SHADE appears to have had smaller RETOA and

RESFC values than DODO, thoughREATM was within the range of DODO values. This

is logical since the SHADE estimatedn550
i 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 Atlanticfor

June-August 2001 to calculate TOA radiative effects. To calculate the surface values

they employed a radiative transfer model constrained by thesatellite measurements. The

results of Liet al. (2004) are much closer to the DODO results than those of Anderson

et al. (2005), withRETOA andRESFC falling within the the range of DODO values (and

variabilities) shown in Table 6.5. The absoluteARETOA andARESFC are much smaller

than the DODO values, presumably since the satellite data spanning more time captures

many more smaller dust events than those sampled by the DODO flights. However, the

notable difference is thatREATM is much larger for Liet al. (2004) than for DODO.

This is likely due to the larger value ofni adopted compared to the DODO results: Li

et al. (2004) adopted refractive indices from the OPAC model Hesset al. (1998) which
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are much more absorbing than those from DODO.

Balkanskiet al. (2007) investigated how theARE changes when the refractive in-

dex is altered from that of Pattersonet al. (1977), to one which has varying amounts

of hematite, and therefore varying absorption, but still resulting in imaginary refractive

indices higher than those estimated for DODO. Balkanskiet al. (2007) calculatedRE

values for the same areas as those examined by Liet al. (2004) and Andersonet al.

(2005) using a dust model, and these are shown in Table 6.5. Itis clear that the greater

ni values of Pattersonet al. (1977) result in largerREATM , which supports the trend of

greaterREATM for b242 whereni is larger. It is also interesting to note that the opti-

cal properties used by Balkanskiet al. (2007) were unable to reproduce the low value of

REATM (12Wm−2) measured during SHADE, a value which was not very differentfrom

the DODO values. This suggests, combined with the discrepancy in the SWU between

the pyranometers and model irradiances for DODO, that perhaps the DODO and SHADE

ni values are underestimates. Generally though, theRE values found by other studies are

in line with those calculated for DODO, though there are differences inREATM which

are likely to be related toni differences.
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6.4 Sensitivity to Surface Albedo

For the results shown in Section 6.3 a diurnally constant Lambertian surface albedo has

been used. The value for the surface albedo (αs) was calculated from the ratio of up-

welling to downwelling irradiance measured by the pyranometers at the lowest altitude

possible throughout the duration of the flight. However, it is possible that changes in the

surface albedo occur throughout the day due to the solar zenith angle changing, due to

the aerosol load changing, and due to the wind speed changing(for the ocean cases) (Jin

et al., 2004).

In order to test the sensitivity of the modelled irradiancesto the value ofαs used,

αs has been varied and the model irradiances at eachαs have been compared to the pyra-

nometer measurements. It is of interest to examine whether changes inαs can restore

the discrepancy between the modelled and measured SWU irradiances at high altitudes

shown in Section 6.3.

The flights b237 and b238 have been selected for theαs sensitivity tests, since both

showed too much SWU at high altitudes, and b237 was over ocean while b238 took place

over the desert. Therefore they are good cases to compare. For b237 input profile data

from P8 was selected since the dust profile for P8 was around the middle of the range

shown in Figure 6.8(b) and therefore the irradiances for this profile were also in the middle

of the ranges due to the different dust profiles (Figure 6.10). For b238 the combination

of profiles P4+P5+P6+P7+P8 was selected. This profile had significantly more dust than

P3 (Figure 6.8(c)), but was performed closer to where the radiation measurements were

taken and generally showed better agreement between model results and measurements

(Figure 6.11).

For b237 the range of albedo values tested was representative of the range of sur-

face albedo values expected over ocean due to the observed wind speeds (0 − 15ms−2),

aerosol optical depths and solar zenith angles calculated by Jin et al. (2004). Therefore

αs was varied from 0.02 to 0.07 in increments of 0.01. For b238 the surface albedo was

varied from 0.1 to 0.7 in increments of 0.1. This covers the range of variations observed

during the low-level runs during b238 (αs = 0.32 − 0.5), the variations inαs measured

by Bierwith et al. (2009) over the Moroccan desert during SAMUM, and some extreme
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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 Figures 6.13 and 6.14. For b237,

the changes inαs cause extremely small changes in the SWD irradiance (< 5Wm−2).

For the SWU irradiances at the lowest altitude, the best agreement between model and

pyranometers occurs withαs = 0.055, as was calculated from the measurements. This

suggests that the previously used value ofαs = 0.055 is acceptable. However, at higher

altitudes the best agreement occurs for a lowerαs of 0.02, though this is still not enough

to allow for the SWU discrepancy to be resolved and actually a lower value ofαs than

suggested by the conditions of wind speed, AOD and solar zenith angle during the flight

from Jinet al. (2004). If the results of the correctαs as suggested by Jinet al. (2004) had

been used for the comparison of each data point, the change inSWU would have been

no greater than10Wm−2 - a value too small to solve the SWU discrepancy. Therefore

for the case of b237 it appears that although the irradiancesare sensitive to the surface

albedo, the dust appears to be the principal problem in the SWUdifferences. (Possible

issues with the lower pyranometer are discussed in Section 6.7.2).

For b238 the effects of changeαs are more pronounced, sinceαs is higher to begin

with and the range ofαs tested covers a greater range than the ocean case. The changein

αs examined now causes changes of around±100Wm−2 in SWD at the lowest altitudes,

with a range ofαs = 0.2 − 0.6 falling within the pyranometer uncertainty. However, at

the same altitudes values in the range ofαs = 0.4 − 0.5 show agreement between the

upwelling model and pyranometer data, which suggests that the best estimate ofαs =

0.44 as used in Section 6.3 is acceptable. However, at the highesttwo altitudes where

measurements were made, the best agreement is found forαs = 0.3 where the model

irradiances fall within the pyranometer measurement uncertainty. However, this would

result in an underestimate of SWU by the model at the lowest altitude of measurements of

around100Wm−2, which is too low to be acceptable. Therefore the b238 results suggest,

as the b237 results did, that the discrepancy in SWU between the model and pyranometer

measurements is sensitive to the surface albedo, but that the modelled properties of the

dust are more likely to be the main problem.
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(a) SWD Difference (b) SWU Difference

(c) SWD Percentage Difference (d) SWU Percentage Difference

Figure 6.13: Sensitivity of model irradiances to changes inαs for flight b237. Different colours represent
differentαs values, as indicated in the Figures. The best estimate ofαs from pyranometer measurements
is 0.055. (a) and (b) Difference between model and pyranometer irradiances as a function of pressure, (c)
and (d) Percentage difference between model and pyranometer irradiances as a function of pressure. (a)

and (c) SWD irradiances, (b) and (d) SWU irradiances.
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(a) SWD Difference (b) SWU Difference

(c) SWD Percentage Difference (d) SWU Percentage Difference

Figure 6.14: Same as Figure 6.13 but for b238. The best estimate ofαs from pyranometer measurements is
0.44.
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6.5 Sensitivity to Inclusion of Coarse Mode

Chapter 4 showed that the optical properties, particularlyω0 andkext , are very sensitive

to the presence of a large coarse mode. Therefore this Section investigates the changes in

irradiances that might occur had the coarse mode been included in the calculations.

6.5.1 Method

In order to represent the coarse mode in the model calculations, it is necessary to include

its effect in two ways:

1. The spectral optical properties of the full size distribution (coarse mode and accu-

mulation mode) must be represented. Therefore the size distribution of the coarse

and accumulation modes must be used to calculate the spectral optical properties.

2. The vertical MMR profile of the full size distribution mustbe represented. In Sec-

tion 6.3 the vertical dust mass mixing ratio profile had been calculated by taking the

extinction profile (based on nephelometer and PSAP measurements) and converting

it to a MMR using an appropriate value ofk550
ext as shown in Equation 6.1. In order

to represent the vertical profile of the whole size distribution, the extinction profile

should firstly be increased in order to include coarser particles which are not passed

by the Rosemount inlets (feeding the nephelometer and PSAP).This increase will

be dependent on the amount of coarse mode present (or the amount of particles not

measured by the nephelometer and PSAP), a factor which is difficult to determine

from the measurements available.

However, for b237 P8 the aircraft was very close to the Dakar AERONET sta-

tion. The aircraft-measured AOD was 0.61, whereas the AERONET AOD was

0.64. These values are significantly close to justify not increasing the aircraft ex-

tinction profile. For b238 the AERONET measurements are too far away to be

comparable, and therefore the extinction profile is not increased for this case either,

as it would not be based on any real measurements.

Secondly, a value ofk550
ext relevant to the whole size distribution should be used. In

both cases of b237 and b238 the extinction profile has been converted to a MMR
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profile usingk550
ext based on optical properties which have included the coarse mode.

This means that through including the coarse mode,k550
ext decreases, and therefore

the MMR increases, representing a greater amount of mass in the vertical column

when the coarse mode is included. Further details for each flight are given in Sec-

tions 6.5.2 and 6.5.3.

The test cases used are b237 P8 and b238 P4+P5+P6+P7+P8 (the same as in the

surface albedo sensitivity tests). The optical properties, vertical 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 for theruns performed in the upper

(main) dust layer from b237, using a combination of the PCASP and CDP size distribu-

tions for each run. They are compared to the AERONET-derivedsize distribution since

the dust profile observed during the landing-descent to Dakar during this flight was similar

to that from the rest of the flight.

The aircraft-measured size distributions shown in Figure 6.15 have been used in a

Mie scattering code, combined with the refractive indices shown in Figure 6.6(b) for

b237 in order to calculate spectral optical properties whenthe coarse mode is included.

Since these refractive indices are representative of the accumulation mode only, this may

not be entirely accurate, but they are used in the absence of other data. The resulting

optical properties are shown in Figure 6.16. It is clear thatthe addition of the coarse

mode size distributions decreasesω0 , decreaseskext and increasesg . For Run 3, where

there was more coarse mode, the changes are larger. These changes are consistent with

those described in Chapter 4, as is the change in optical properties with altitude. For

the purposes of the coarse mode sensitivity tests using ES96, the size distribution from

b237 Run 2 is selected since it represents the dust at an altitude which contributed most

to the optical depth (Figure 6.15). Values of the optical properties for the two cases tested

are shown in Table 6.6. Note that there is a small (0.01) decrease inω550
0 , but a larger

(0.5m2g−1) decrease ink550
ext . Changes ing are largest at wavelengths larger than1µm

where the solar intensity is lower, and are likely to have less impact on the irradiances.
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Figure 6.15: Full normalised volume size distributions for runs in the upper dust layer in flight b237, from
PCASP and CDP instruments. Error bars on aircraft measurements show one standard deviation of the
variability over the run. The size distributions have been normalised by their value atr = 1µm in order to
allow a comparison with AERONET derived size distributionsfrom the Dakar AERONET stations, shown
by the black line (grey shading represents the maximum and minimum in the derived size distribution over
the day). The dust profile observed during landing at Dakar was very similar to that observed during the

rest of the flight.

Size Distribution Used ω550
0 k550

ext /m2g−1 g550

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 in thecoarse mode sensitivity tests for
b237. The values ofk550

ext are used in the vertical MMR profile calculations.

In order to calculate the vertical profiles of dust MMR Equation 6.1 has been used.

To calculate the MMR profile for the accumulation mode, ak550
ext value of1.1m2g−1 has

been used (see Table 6.6), and is shown by the black line in Figure 6.17 (which is the same

as the MMR profile shown in Figure 6.8(b), green line). To calculate the MMR profile for

the full size distribution, a value of0.6m2g−1 has been used since this represents the mass
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Figure 6.16: Spectral optical properties for b237, calculated using a spectral refractive index represen-
tative of the flight average, and different size distributions: accumulation mode only size distribution
(r < 1.5µm) representative of the b237 average, and coarse mode size distributions (r > 30µm) for
Run 2 (dashed line), Run 3 (dotted line), Run 6 (dot-dashed line) and Run 7 (thin solid line). Black line
indicates single scattering albedo, red line indicates asymmetry parameter, and blue line indicates mass

specific extinction.

specific extinction for the full size distribution. This results in a greater mass loading of

dust, as is shown by the red line in Figure 6.17, while maintaining the same AOD.

Figure 6.17: Vertical profiles for dust mass mixing ratios used for the coarse mode sensitivity tests for
b237. Black line indicates the profile used for the accumulation mode, red line indicates the profile used for

the coarse mode.

In order to test the sensitivity of the model results to the inclusion 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 described in 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 opticalproperties have been

calculated using the size distribution for the coarse mode.The MMR profile is not

adjusted and still represents the accumulation mode.

3. ‘opt coarse mode, hi MMR’ - model runs include spectral optical properties de-

rived using the coarse mode size distribution. The MMR profile is calculated using

k550
ext representative of the coarse mode optical properties (0.6m−2g−1). Therefore

the MMR profile is larger and represents the full size distribution.

This combination of tests allows the effects of the two changes to be observed individually

- firstly the change from using no coarse mode to changing the optical properties to those

that represent the coarse mode, and secondly the effect of additionally increasing the

MMR dust vertical profile.

Figure 6.18 shows the modelled SWD and SWU irradiances at a solar zenith angle of

27◦ for each coarse mode test. It can be seen that the addition of the coarse mode optical

properties (the change from the black line to the blue line) increases the SWD irradiances

due to the lowerkext , while the SWU irradiance decreases due to a combination of lower

kext andω0 . The addition of a greater dust MMR profile (change from blue to red line)

results in a change in the opposite direction - SWD irradiancenow decreases due to more

dust in the atmosphere, while SWU increases because there is more dust to reflect irradi-

ance back upwards. The SWU at 400mb is now slightly lower than that for the no coarse

mode case. Figure 6.18 also shows the vertical profile of the heating rates. For the ‘opt

coarse mode’ case, the total heating decreases due to the lower kext , even thoughω0 is

lower and potentially more absorption can occur. For the ‘opt coarse mode, hi MMR’

case, the heating rates are significantly larger than the ‘nocoarse mode’ case due to the

combination of more dust being present at the same time asω0 being lower.

Figure 6.19 shows how the modelled irradiances for each testcompare to the mea-

surements for each of the straight and level runs, and Table 6.7 shows the optical depth

at 550nm for each case. The trends shown here reflect those shown in Figure 6.18. This
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(a) SWD (b) SWU

(c) Heating Rates

Figure 6.18: (a), (b) SWD and SWU model irradiances for flight b237 as a function of pressure, for a solar
zenith angle of27◦. Different colours indicate irradiance profiles for each different coarse mode test case,

as indicated in the Figures. (c) Vertical Profiles of heatingrates for each test case.

means that the best agreement appears to occur for the ‘opt coarse mode’ test, since the

SWD at the surface increases slightly and the SWU at higher altitudes decreases, pushing

the model irradiances closer to those that were measured. However, Table 6.7 shows that

τ 550 for this case was around50% too low in comparison to the AERONET value and to

that measured by the aircraft nephelometer and PSAP. Therefore although the irradiances

give the best agreement, the results are not physical since they assume optical properties

relevant to a coarse mode size distribution, but do not use a vertical profile to represent a

coarse mode. The results are still included, however, sincethey illustrate a step in the pro-

cess of changing the model from including only accumulationmode to including coarse

mode as well.
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(a) SWD Difference (b) SWU Difference

(c) SWD Percentage Difference (d) SWU Percentage Difference

Figure 6.19: Comparison of measured and modelled irradiances as a function of pressure for each coarse
mode test case for b237. (a), (b) Difference between modelled and measured irradiance; (c), (d) Percentage
difference between modelled and measured irradiance; lefthand column: SWD irradiances; right hand

column SWU irradiances.

Coarse Mode Test Aircraftτ 550 Interpolatedτ 550 Model τ 550 AERONETτ 550

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 (τ550 ) for each coarse mode sensitivity test for b237. Aircraft
τ550 results from the high resolution nephelometer/PSAP calcuations, Interpolatedτ550 is the same data
but interpolated onto the 50 level model resolution, modelτ550 is calculated from direct beam irradiances
from the model. AERONETτ550 is interpolated linearly between 440nm and 670nm and averaged over

times relevant to profile 8 in b237.

Once the ‘opt coarse mode’ has been excluded on the basis of the inaccurateτ 550 ,

the remaining reults show little difference between the ‘nocoarse mode’ and ‘opt coarse

mode, hi MMR’ cases. The ‘opt coarse mode, hi MMR’ case shows slightly better agree-
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ment in SWU with the pyranometer measurements above the dust,by around5Wm−2

or a few percent. This is not enough, however, to explain the differences of around

10 − 20Wm−2 between the modelled and measured irradiances at high altitudes. There-

fore it must be concluded, that for flight b237, the inclusionof the coarse mode in an

appropriate manner (i.e. for the ‘opt coarse mode, hi MMR’ case) makes little difference

to the modelled irradiances, assuming that the refractive index 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 carried out on flight b238 to test the

sensitivity of the irradiances to the inclusion of the coarse mode. The size distribution

used for the coarse mode cases is that from R4.1, and shown in Figure 4.15(b) - the same

as was used for the coarse mode sensitivity tests in Chapter 4.The accumulation mode

size distribution is the same as that used in Section 6.3 and is the average for all the b238

runs within the dust layers. The refractive index used is that shown in Figure 6.2(b) for

b238. The resulting optical properties are shown in Figure 6.20, and are in keeping with

the changes shown in Chapter 4 due to the addition of the coarsemode. As shown in

Figure 3.2(b), the coarse mode decreased with altitude during b238, with its contribution

being greatest during R4.1. Therefore the change in optical properties shown in 6.20 are

the maximum that would be expected, since there was less coarse mode at other altitudes.

Figure 6.20: Spectral optical properties for b238, calculated using a spectral refractive index represen-
tative of the flight average, and different size distributions: accumulation mode (AM,r > 1.5µm) only
size distribution representative of the b238 average (solid line), and coarse mode size distribution (CM,

r > 30µm) for Run 4.1 (dashed line)

Figure 6.20 and Table 6.8 show the decrease inω0 andkext and increase ing that occur

due to the addition of the coarse mode. However, note that these changes are far larger

than those that occurred for b237, due to the greater coarse mode size distribution during

b238 R4.1. For b238 the coarse mode results inω550
0 decreasing by0.05, k550

ext decreasing



Chapter 6. Shortwave Radiative Effect of DODO Dust 222

by 1.0m2g−1, andg550 increasing by0.07.

Size Distribution Used ω550
0 k550

ext /m2g−1 g550

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 in thecoarse mode sensitivity tests for
b238. The values ofk550

ext shown are used in the vertical MMR profile calculations.

Using the values ofk550
ext shown in Table 6.8 the dust MMR profiles have been cal-

culated, and are shown in Figure 6.21. As with flight b237, thelower k550
ext for the coarse

mode results in a greater MMR profile, though the change in b238 is more marked than

in b237 due to the larger drop ink550
ext when the larger coarse mode is included. It should

be noted that when the coarse mode changes strongly with altitude, using one value of

k550
ext for the whole profile is a simplification - ideallyk550

ext should increase with altitude

as the coarse mode decreases, resulting in a smaller amplification of the dust MMR with

altitude. However, one value ofk550
ext is used here for simplicity.

Figure 6.21: Vertical profiles for dust mass mixing ratios used for the coarse mode sensitivity tests for
b238. Black line indicates the profile used for the accumulation mode, red line indicates the profile used for

the coarse mode.

The vertical profiles of dust MMR representing the accumulation mode and the coarse

mode, and the optical properties representing the accumulation mode and the coarse

mode, were input into ES96 (and therefore using the same combinations as for b237).

The results of the vertical irradiance profiles and heating rates are shown in Figure 6.22.

As was seen for flight b237, the inclusion of the coarse mode optical properties (change
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from black to blue line) results in a larger SWD irradiance at the surface, sincekext is

lower. However, due to the large change in optical properties for b238, the SWD decrease

at the surface is now on the order of100Wm−2 as compared to the30Wm−2 increase for

b237. This has a larger impact on the SWU irradiance near the surface, combined with

the fact thatαs is larger over the desert, and results in an increase of around 50Wm−2 in

the SWU near the surface due to the change in optical properties. At higher altitudes the

SWU decreases compared to the case with no coarse mode, sinceω0 has now decreased

and the dust is less reflective.

(a) SWD (b) SWU

(c) Heating Rates

Figure 6.22: (a), (b) SWD and SWU model irradiances for flight b238 as a function of pressure, for a solar
zenith angle of25◦. Different colours indicate irradiance profiles for each different coarse mode test case,

as indicated in the Figures. (c) Vertical Profiles of heatingrates for each test case.

When the MMR profile is also increased (changes from blue to redline), changes in

SWD irradiance are similar to those observed for b237: the SWD at the surface decreases.
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However, for b238 the decrease is much more significant than that seen in b237 due to the

greater increase in the dust MMR profile in b238. As a result, the SWU over the entire

column decreases for the ‘opt coarse mode, hi MMR’ case, by around 60 − 80Wm−2

due to the dust mass load being greater at the same time asω0 being significantly lower.

Therefore the changes in irradiances for b238 due to the addition of the coarse mode are

much more significant for b238 than for b237, because the coarse mode is larger and

because the flight took place over the desert where the surface albedo is higher.

The changes in heating rates in Figure 6.22 also reflect the changes in optical proper-

ties and MMR profiles - when the optical properties are changed and MMR kept constant

(black to blue lines), the heating rates decrease, because althoughω0 has dropped, so had

kext . When the MMR inceases, the dust absorbs a lot more radiation and the heating rates

therefore increase.

Figure 6.23 shows how well each test case agrees with the pyranometer measure-

ments. Again, the trends reflect the profiles shown in Figure 6.22. At low altitudes, both

coarse mode test cases force the model irradiances away fromagreement with the pyra-

nometer data, though for the ‘opt coarse mode, hi MMR’ case thedata are still within the

uncertainty errors. For the SWU irradiances the model is certainly sensitive to the coarse

mode additions, and it appears that the ‘opt coarse mode, hi MMR’ case results in an im-

provement at most altitudes. Though the ‘opt coarse mode’ case shows better agreement

with the pyranometer data at high altitudes the agreement isfar worse than the other cases

at the lowest altitudes, and the resulting optical depth (Table 6.9) is far too low.

Coarse Mode Test Aircraftτ 550 Interpolatedτ 550 Model τ 550

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 (τ550 ) for each coarse mode sensitivity test for b238. Aircraft
τ550 results from the high resolution nephelometer/PSAP calcuations, Interpolatedτ550 is the same data
but interpolated onto the 50 level model resolution, modelτ550 is calculated from direct beam irradiances

from the model.

Therefore it can be concluded from theses tests that the inclusion of the coarse mode

for b238 can have a large impact on the resulting irradiancesand how much they agree
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(a) SWD Difference (b) SWU Difference

(c) SWD Percentage Difference (d) SWU Percentage Difference

Figure 6.23: Comparison of measured and modelled irradiances as a function of pressure for each coarse
mode test case for b238. (a), (b) Difference between modelled and measured irradiance; (c), (d) Percentage
difference between modelled and measured irradiance; lefthand column: SWD irradiances; right hand

column SWU irradiances.

with the pyranometer measurements. This conclusion is different to that for b237 due to

the greater amount of coarse mode present in b238 and due to the different surface albedo.

However, the case for b238 is more complicated due to the large changes of coarse mode

with altitude, and the changing optical properties with altitude, which are not represented

here. It is likely that if these were included, the agreementbetween 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) are available for the filter samples

for b238 R4.1 courtesy of P. Formenti (LISA, Paris). These have been calculated using a

combination of iron oxide measurements and elemental concentrations from PIXE anal-

ysis, using a simplified version of the technique described by Lafon et al. (2006). The

method adopted assumes that all iron oxide is internally mixed in clays, and that there is

an external mixture of clays, quartz and calcium carbonate.In the case described here, all

the iron oxide has been assumed to be hematite, and all the clay has been assumed to be

illite. Other combinations (including goethite and kaolonite) are also possible, and would

result in different refractive indices. The hematite/illite combination results in the most

absorbing refractive indices (personal communication, P.Formenti).

The availability of this data provides a good opportunity totest the sensitivity of the

irradiance results to using a different refractive index - in particular one which stems from

the chemical results.

6.6.1 Method

Figure 6.24 shows the refractive indices as obtained from the filter samples (courtesy of

P. Formenti), which cover the spectral range of400 − 800nm (green diamonds). In order

to use the refractive index data in the Mie scattering code ofES96, it is necessary to

have information on the refractive indices across the spectral range shown. Thus some

extending of the filters’ refractive index data is necessary.

For the real part this is straight forward since the filters data (green diamonds) are

very similar to the WCP (1983) data (black line) in Figure 6.24(a). Therefore outside the

400− 800nm range the WCP (1983) values have simply been adopted. The resulting real

refractive index used is shown by the blue diamonds.

For the imaginary part extending the refractive index is notso straightforward. Figure

6.24(b) shows that the filters imaginary refractive indicesare significantly different from

the WCP (1983) data - both in value and spectral variation. Therefore the following

method is used in order to avoid unphysical jumps inni :
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(a) Real Part (b) Imaginary Part

Figure 6.24: Refractive indices obtained from filter sample calculations courtesy of P. Formenti (green
diamonds). Black line represents WCP (1983) refractive index, purple line represents refractive index from
Ottoet al.(2007) which is an average of the values available in the literature. Red line shows the imaginary
refractive index previously used for b238, as in Figure 6.6(b). Black dashed line shows the WCP (1983)
imaginary refractive index scaled down to equal the value from the filters data at 550nm. Blue line and blue

diamonds show the refractive index used in the ES96 calculations.

1. Over the spectral range400 − 800nm the filtersni data are used but on a coarser

resolution.

2. At wavelengths below400nm and above2µm the WCP (1983) data are used, but

are scaled down in order to agree with the filtersni value at 550nm.

3. Over the spectral range800nm− 2µm ni is kept equal to the filters value at800nm

in order to produce a spectrally constantni over this range. This prevents a sudden

increase inni which may not be physical, and also reflects the sharp increase inni at

around2µm as shown by the Ottoet al. (2007) data.

The resulting spectral imaginary refractive index which has been used in the Mie

scattering code is shown in blue in Figure 6.24(b). The filters data show a higherni than

that derived using the Mie code calculations in Chapter 4 by a factor of 0.68 (a change

from 0.0019i to 0.0032 at 550nm), as well as significantly more absorption at400−600nm

than at800nm.

In order to calculate optical properties using the filters refractive index data, the same

size distributions as described in section 6.5.3 have been used, in order to have one case

representing the accumulation mode only, and another representing the full size distribu-
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tion, including the coarse mode. These have been combined with the refractive indices

shown in Figure 6.24 for the filter sample data (blue diamonds). These optical properties

are compared to those calculated using the refractive indexderived previously using Mie

code (black line in Figure 6.24(a) and red line in Figure 6.24(b)). The resulting optical

properties are shown in Figure 6.25.

Figure 6.25: Spectral optical properties calculated using refractive indices derived from Mie code (thin
lines) and calculated from filters data assuming a hematite-illite combination (bold lines). Solid lines
represent cases for the accumulation mode (AM) only, dashedlines for the full size distribution including

coarse mode (CM). Black lines showω0 , red lines showg and blue lines showkext .

Figure 6.25 clearly shows that the higherni from the filter samples results in much

lower ω0 values. Table 6.10 shows that the filtersni can reduceω550
0 to 0.96, and this can

reduce further to 0.86 if the coarse mode size distribution is included. Figure 6.25 also

shows thatg andkext are much more sensitive to the addition of the coarse mode than to

the change inni , with the values ofk550
ext remaining at0.2m2g−1 when the coarse mode is

present for bothni data sets.

In order to test the effects of the change in refractive indices on the irradiance, four

test cases have been used, and are as follows:

1. MIE AM - Optical properties for the accumulation mode only, derived using Mie
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Refractive Index Size distributionω550
0 k550

ext /m2g−1 g550

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 in therefractive index sensitivity tests
for b238. The values ofk550

ext shown are used in the vertical MMR profile calculations.

code, have been used (thin solid lines in Figure 6.25). A dustMMR profile calcu-

lated usingkext = 1.18m2g−1 (appropriate for the accumulation mode) has been

used, resulting in the profile shown in Figure 6.21 by the black line.

2. MIE CM - Optical properties for the coarse mode, derived using Mie code, have

been used (bold solid lines in Figure 6.25). A dust MMR profilecalculated using

kext = 0.2m2g−1 (appropriate for the coarse mode) has been used, resulting in the

profile shown in Figure 6.21 by the red line.

3. FILTERS AM - Optical properties for the accumulation mode only, derived using

filters refractive index data, have been used (thin dashed lines in Figure 6.25). A

dust MMR profile calculated usingkext = 1.18m2g−1 (appropriate for the accu-

mulation mode) has been used, resulting in the profile shown in Figure 6.21 by the

black line.

4. FILTERS CM - Optical properties for the coarse mode, derivedusing filters refrac-

tive index data, have been used (bold dashed lines in Figure 6.25). A dust MMR

profile calculated usingkext = 0.2m2g−1 (appropriate for the coarse mode) has

been used, resulting in the profile shown in Figure 6.21 by thered line.

Choosing only these combinations of optical properties and MMR profiles avoids using

optical properties which are inconsistent with the MMR profile used. Using these four

combinations of refractive index and coarse/accumulationmodes, 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 and heating rates that occur

as a result of using the filters refractive indices (for accumulation mode and coarse mode)

in comparison to those as derived by Mie code. The use of the filters refractive indices

mean that the dust is more absorbing, and therefore the SWD irradiances are reduced at the

surface for the filters data. The decrease in SWD due to the presence of the coarse mode

is larger when the filters refractive index is used than when the Mie-derived refractive

indices are used, suggesting that if theni is 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 reverse the gradient of SWU

with altitude. This is because the SWU at the surface is lower due to the reduction in

SWD at the surface. Above the dust, the lowerω0 for the filtersni data means that less

irradiance is reflected back upwards, so the cases with lowerω0 show minimal increase

in SWU above the dust layer (in contrast to the AM cases, where the higherω0 means

that SWU increases above the dust layer). The change in SWU at 400mb due to using the

filters refractive indices for the AM cases is−38Wm−2 and−55Wm−2 for the CM cases.

Therefore the usage of the refractive index calculated fromthe filter samples is capable of

significantly changing the irradiances at both the surface and the TOA, and even more so

if a large coarse mode is present. Additionally Figure 6.26 shows the changes in heating

rates. Not surprisingly, for the more absorbing filters cases, the heating rates are larger,

with the peak heating rate increasing by2.5Kday−1 and4.0Kday−1 for the AM and CM

cases respectively.

Figure 6.27 shows how each test case compares to the pyranometer data irradiances.

For the SWD, the FILTERS CM case results in too great a reduction at the surface,

whereas the FILTERS AM case is still within the pyranometer uncertainty. For the SWU

irradiances the FILTERS CM case still underestimates the irradiance, whereas the FIL-

TERS AM case overestimates the amount of SWU, but not as badly asthe MIE AM

case. Overall it appears that the best agreement lies somewhere between the MIE CM and

FILTERS AM cases.

It is interesting that for the Mie-derived refractive indices the coarse mode case pro-
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(a) SWD (b) SWU

(c) Heating Rates

Figure 6.26: (a), (b) SWD and SWU model irradiances for flight b238 as a function of pressure, for a solar
zenith angle of25◦. Different colours indicate irradiance profiles for each test case, as indicated in the

Figures. (c) Vertical Profiles of heating rates for each testcase.

vides the best agreement with the pyranometers, while for the filters refractive indices

the accumulation mode provides the best agreement. There are many uncertainties in the

process of calculating the irradiances from the model, among which is the partitioning of

accumulation mode and coarse mode. It is clear that the filtersamples do measure at least

some of the coarse mode from the SEM size distributions shownin Chapter 4. However,

they may not measure the full size range with full efficiency.Additionally the passing

efficiency of the Rosemount inlets is not well defined, and difficult to compare to that of

the filters inlets. Therefore there are many uncertainties in assigning the size distribution

with which it is appropriate to calculate the optical properties with, and secondly in using

an appropriate MMR profile.
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(a) SWD Difference (b) SWU Difference

(c) SWD Percentage Difference (d) SWU Percentage Difference

Figure 6.27: Comparison of measured and modelled irradiances as a function of pressure for each test case
for b238. (a), (b) Difference between modelled and measuredirradiance; (c), (d) Percentage difference
between modelled and measured irradiance; left hand column: SWD irradiances; right hand column SWU

irradiances.

For the CM cases shown here the MMR is calculated with ak550
ext value based on a

run at 1km altitude, but left constant with altitude in the profile. Since the coarse mode

in b238 decreased with altitude, a more realistic system would be for thek550
ext used in

the MMR calculations to increase with height. This may change the resulting irradiances

slightly, and provide more realistic results.

Additionally the assumption that all the iron oxide is hematite, and all the clay is

illite results in the most absorbingni values. Other combinations, including goethite and

kaolonite may result in smaller values ofni and therefore give irradiance profiles part

way between the MIE CM and FILTERS AM cases, resulting in betteragreement with

the pyranometers.
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It is also entirely possible that the refractive index changes with particle size. If the

filters inlets are not sampling with100% efficiency of all sizes, and there is a significant

change in refractive index with particle size, then the filters ni data may be biased, and

result in discrepancies with the pyranometer measurements.

In conclusion, the modelled irradiances are extremely sensitive to the change in re-

fractive index from that derived from Mie code to those from the filter samples. These

changes are even more marked when a large coarse mode is present. Therefore significant

uncertainties in theARE 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 opticalproperties during DODO

can have a large impact on theARE, and can result in theARETOA being either

positive or negative. This reflects the changes inni during DODO, which determine

the amount of absorption that occurs. Over the desert the changes in the optical

properties result inARETOA differences of up to32Wm−2, and up to10Wm−2

over the ocean. The changes in optical properties from leastto most absorbing also

result in increases in heating rates by up to 5 times over the ocean and desert for

elevated dust layers.

2. The modelled irradiances agree with the measured irradiances within the measure-

ment uncertainty for SWD. SWU irradiances are in agreement at the surface, but

not above the dust. Therefore theARE model calculations at the surface are reli-

able, whereas theARETOA values may be more positive than those calculated, if

the pyranometer measurements are taken to be accurate. The discrepancies in the

SWU may be due to the dust in the model being too reflective, or due to potential

problems with the lower pyranometer.

Problems with the reliability of the lower pyranometer measurements are possible.

This could result from the dome becoming dirty when flying through dust, but this

is likely to decrease diffuse upwelling irradiances by onlyup to1Wm−2 (Saunders

and Barnes, 1991). Since the lower pyranometers were not assessed for accuracy

in the same way that the upper ones were, their reliability may not be equal to that

of the upper ones. The agreement of model and pyranometers for the upwelling

irradiance at low altitudes cannot be taken to indicate goodagreement, since the

surface albedo values have been fixed based on these measurements. It would be

possible to compare SWU measurements from the model to satellite irradiances in

the future, which would help give a better idea of whether there is a problem with

the model SWU or with the lower pyranometer measurements. Additionally, tests

involving moving the lower pyranometer to one of the upper mounting points for a
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side-by-side comparison with the upper pyranometer would be useful, if conducted

in the future by FAAM.

3. The model irradiances are sensitive to the surface albedoused, but changes inαs are

not sufficient to explain the discrepancies between the model and measurements.

Therefore the discrepancy is likely to be associated with the way the dust is mod-

elled.

4. The model irradiances are sensitive to the inclusion of coarse mode particles. For

the two cases tested (b237 and b238) the sensitivity is different due to the different

amounts of coarse mode present in each case. Where more coarsemode is present

(b238) the changes in the modelled irradiances are larger and the resulting discrep-

ancy in SWU between the model and measurements is decreased. For b237 when

less coarse mode is present, the addition of the coarse mode does not resolve these

differences.

5. The modelled irradiances are very sensitive to the changes in the refractive index

as suggested by some of the filters data. The larger absorption (higherni ) results

in very different irradiances, particularly when the coarse mode is included. It

is not clear that using the refractive index data from the filters samples results in

better agreement between the model and measurements. This may be due to the

many uncertainties associated with the techniques and methods employed here (see

below).

6.7.2 Discussion

Due to instrument uncertainties and other problems, the nature of the work in this Chapter

has entailed many assumptions which result in limitations of the findings. These are

outlined below.

1. Assigning the fraction of the size distribution measuredby each instrument on

the FAAM BAe-146 poses a major challenge to this work. Here ithas been as-

sumed that the Rosemount inlets, feeding the nephelometer and the PSAP, effec-

tively transport100% of particles sized belowr = 1.5µm, the same as the sizes
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of particles measured by the PCASP. The filters samples have been assumed to

measure the full size distribution efficiently. The pyranometers measure irradiance

affected by whatever the true size distribution in the atmosphere is. Deciding how

to account for particles which are not measured by the nephelometer and PSAP for

both the calculation of vertical profiles and optical properties poses challenges since

the inlet cut-offs are uncertain. Assigning the composition as measured by the filter

samples (representing a bulk measurement) to size distributions which may measure

different size ranges of particles also poses a challenge and entails uncertainties.

2. For simplicity the work presented here assumes that optical properties and the

amount of coarse mode present are constant with altitude. However, Chapter 4

has shown that this is not the case in many of the DODO2 flights,where optical

properties and size distribution do change with altitude. Where there is a signifi-

cant coarse mode present, the inclusion of this change with altitude may result in

different modelled irradiances.

3. For the Mie code work the refractive index has been derivedat 550nm and for

the filters data it is available at wavelengths from400 − 800nm. Extending this

information spectrally is therefore based on assumptions rather than measurements,

and entails uncertainty.

4. The work presented here assumes the dust particles are spherical, when in reality

the filter samples (and other studies, (e.g. Chouet al., 2008; Ottoet al., 2009)) have

shown that they are not. However, since hemispherical flux density (irradiance) is

modelled here, the impact of non-sphericity is likely to be small (Mishchenkoet al.,

1997; Ottoet al., 2009) - certainly much smaller than the uncertainties already de-

scribed in the model, and smaller than the pyranometer measurement uncertainties.

The aim of this chapter was to test the importance of the observed variations of the

accumulation mode optical properties during DODO for the aerosol radiative effect. It

has been shown that the variation in the optical properties observed during DODO was

of importance both for the magnitude of theARE over ocean and for the magnitude and

sign over land. The amount of agreement between the model andpyranometer SWD
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irradiances supports these results at the surface, whereasthe discrepancy between them

for the SWU above the dust means that theARETOA values may be up to100Wm−2 more

positive than those calculated from the model. This would shift the ARETOA from being

mostly cooling to mostly warming - a significant change. The sensitivity tests using the

filters refractive index data suggest that the true imaginary refractive index may be higher

than that derived from Mie code in Chapter 4, a discrepancy which may result from lack

of adequate knowledge of exactly what size distribution is measured by the nephelometer

and PSAP.

It is clear that the effect of different imaginary refractive indices and coarse mode

size distributions have an important effect on the modelledirradiances, and this may be

improved in the future by better constrained coarse mode size distribution measurements

on the BAe-146 and experiments designed to measure inlet passing efficiencies. However,

it is also clear that the variation in the optical propertiesobserved during the course of

DODO results in important changes to theARE 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 into theoptical properties of dust mea-

sured during the two DODO aircraft campaigns, and the importance of these optical prop-

erties to the radiative effect of the dust. This Chapter provides a summary of the key

findings of the thesis, a description of the limitations of the work, suggestions for future

aircraft campaigns, and discussion of the wider implications of the results.

7.2 Key Findings

7.2.1 Seasonal Differences in Dust Properties

Chapter 3 examined differences in typical vertical profiles between the dry and wet sea-

son, and between land (desert) and ocean areas. It was clear that during the dry season the

weaker convection and uplift resulted in dust layers lying close to the surface, both over

land and ocean. During the wet season the dust was uplifted togreater altitudes over the

desert, which allowed it to be transported westwards over the ocean in the Saharan Air

Layer, elevated over the marine boundary layer, reaching altitudes of up to6km, although

dust was also found in the marine boundary layer. Though these profiles are consistent

with what would be expected from the seasonal dynamics (e.g.Carlson and Prospero,

1972), they are the first aircraft measurements to report vertical profiles of dust measured

using the same aircraft and instrumentation during both seasons, and from both desert and

ocean surface types, and are therefore important in supporting theory with a consistent set

of measurements.

The potential dust sources for the dust encountered during DODO have been inves-

tigated using the NAME model. The dust sources were found to be in the northwest

Sahara for DODO1, whereas DODO2 sources were much more variable (ranging from

the northwest Sahara to the central Sahara). This was found to be consistent with the me-

teorology driving the dust uplift and transport in each season: well-defined northeasterly

winds in the dry season (the Harmattan), and more localised convection (often connected

to mesoscale convective systems) with transport at greaterrange of altitudes in the wet
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season. Therefore it is likely that the microphysical and chemical properties of DODO2

dust will be much more varied due to the greater variation in dust source (likely to affect

chemial composition) and transport distances and altitudes (likely to affect size distribu-

tion).

Chemical composition data from filter samples has been analysed, incorporating the

findings of Formentiet al. (2008) relevant to DODO. The elemental ratio data (available

for most of the DODO flights) suggested differences in composition between the two

seasons based on the amounts of calcium, which could be connected to the dust having

different source regions between the two campaigns. There was no difference in the

Fe/Al ratios between the DODO campaigns, though this is not necessarily an indicator of

absorption. Contrastingly, iron oxide concentrations for four samples were larger for flight

b242 where the dust had more Sahelian sources than the other b238 samples examined.

Limited amounts of data regarding the mineralogy from SEM and TEM analysis revealed

composition differences in the dust between the different campaigns, flights, dust layers at

different altitudes and between the accumulation mode and coarse mode for flight b237.

This suggests that it may not be appropriate to model the dustusing one refractive index

for all dust cases and particle sizes.

7.2.2 Optical and Microphysical Properties of DODO Dust

The accumulation mode size distributions measured by the PCASP during the DODO

campaigns (0.01 < r < 1.5µm) have been used to examine how size distributions

changed with season and with transport. More variability was found in the DODO2 size

distributions, which was found to be due to the greater rangein transport altitudes dur-

ing the wet season in comparison to the dry season. This resulted in a greater fraction

of the larger accumulation mode particles to reside in higher altitude dust layers during

DODO2. Differences in the accumulation mode size distribution were found between

measurements made over land and ocean: fewer particles atr > 0.2µm were found over

the ocean, due to loss from deposition, which was most markedat greater radii.

The optical properties of dust measured during DODO have been examined. For

the accumulation mode only,ω550
0 was measured and found to vary between0.93 to 0.99.



Chapter 7. Conclusions 241

Using measured size distributions, and assuming thatn550
r = 1.53, Mie code calculations

determined values ofk550
ext from 0.95 to 1.6m2g−1, g550 from 0.56 to 0.70 andn550

i from

0.0001i to0.0046i. The measurements ofω550
0 fall at the high end of those in the literature,

though they are similar in value to the numerous measurements and estimates of Tanré

et al. (2001); Kaufmanet al. (2001); Duboviket al. (2002); Haywoodet al. (2003); Todd

et al. (2007); Kandleret al. (2007); Osborneet al. (2008).

The factors contributing to the variability inω550
0 andk550

ext observed during the DODO

campaigns have also been examined. An important question was whether the composi-

tion or the size distribution had more influence over the optical properties. It was found

that variations inω550
0 were dominated by changes inn550

i , and that changes in the accu-

mulation mode size distribution had no discernible influence onω550
0 . This was despite

significantly more variability in the accumulation mode size distribution during DODO2

compared to DODO1. Contrastingly,k550
ext was highly dependent on the size distribution.

Due to changes in the size distribution with dust transport,this would mean thatk550
ext may

change substantially across the Atlantic, whereasω550
0 would be more dependent on the

dust source region, and these results suggest that it would be reasonably stable during

transport across the Atlantic. For example, during b173 andb174 (where the same dust

outbreak was sampled on consecutive days), derivedn550
i values did not change, whereas

the size distribution was different during the two flights. These findings confirm that rep-

resenting both size distributions and composition are important for the accurate modelling

of dust in terms of optical properties.

Variations inni andω550
0 could be linked to variations in dust source regions, show-

ing that the particular dust source which is activated has animportant effect on the optical

properties of the transported dust. Pinpointing particular dust sources was not possible due

to the limitations of the NAME results since they indicate potential uplift only, and do not

attempt to consider properties which affect dust mobilisation, such as surface moisture or

low level wind speeds, for example. Bothω550
0 andn550

i showed more variability during

DODO2, which was connected to more variable dust sources dueto the meteorology of

the wet season. Therefore the seasonal meteorology has an effect on the variability of

the optical properties of transported dust. Previous studies have shown that the chemical
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composition is related to the dust source location. The dependence ofω0 on the chem-

ical composition has been demonstrated here, confirming theimportance of the source

location in determining the optical properties of dust.

The effect of the coarse mode size distribution on the optical properties has also been

assessed for a case study from flight b238. Inclusion of the coarse mode resulted in a sig-

nificant decrease inω550
0 andkext and an increase ing550 . The magnitude of these changes

was dependent on the amount of coarse mode measured, which changed for different mea-

surement techniques. The largest coarse mode measurementsresulted inω550
0 decreasing

from 0.98 to 0.90. This change highlights two issues: firstly, the importanceof accurate,

consistent measurements of the coarse mode on research aircraft (see Section 7.3) due to

the high sensitivity of the optical properties to the coarsemode. Secondly, the addition

of the coarse mode lowersω550
0 , bringing it more towards the range of lower measure-

ments and estimates ofω550
0 by studies such as Carlson and Benjamin (1980); Hesset al.

(1998); Ottoet al. (2007, 2009) (values from0.76 to 0.837). It is likely that if n550
i had

been lower, even further reductions inω550
0 would have occurred for the b238 case study.

Changes inni as a function of particle size were not accounted for in this thesis due to a

lack of data, even though it is likely thatni does change with particle size (e.g. Kandler

et al., 2007), and the mineralogy for b237 showed differences between the accumulation

mode and coarse mode.

7.2.3 Pyranometer Measurements

Chapter 5 described a detailed investigation into the quality and accuracy of the BAe-146

upper pyranometer measurements. This was necessary due to alack of investigation of

this type since the move from the previous C-130 aircraft to the BAe-146, which meant

that an up-to-date estimate of the uncertainty was not available. It was also required

in order to be able to rely on the pyranometer measurements for the purpose of model

comparisons.

Firstly an investigation into the standard values of pitch (dp) and roll (dr) offset

of the pyranometers relative to the aircraft as used by FAAM during the processing of

DODO data was performed.dp and dr were found to be significantly different from
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the values used by FAAM, which entailed large errors in the resulting irradiances. The

DODO pyranometer data was processed using differentdp anddr values, calculated from

pirouette and box pattern manoeuvres. The total uncertainty in the upper pyranometer

measurements resulting from the combined uncertainty indp, dr, FDIR and calibration

error was calculated. Comparisons against model and ARM data were then made, and the

resulting discrepancies were defined as the pyranometer uncertainties to be adopted for

the analysis of DODO data. The uncertainties adopted were5.5% and15% for the clear

and red dome pyranometers respectively, and for both upper and lower pyranometers.

Investigations into the dirtying of the front of the pyranometer domes during DODO

were also carried out. As a result of this problem, significant decreases in the measured

signal of up to11% were found when the aircraft was heading into the sun. Therefore

DODO data obtained on relative headings of±50◦ were discarded.

These investigations into the quality and accuracy of the upper pyranometer measure-

ments made during DODO allowed the data to be processed appropriately, and allowed

an uncertainty to be applied to the measurements. Recommendations were made based

on the problems encountered with the DODO data and based on the techniques applied to

the DODO pyranometer data. Some of these recommendations have since 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 the optical properties observed

during DODO were to the dust shortwave radiative effect, andattempted to validate the

model calculations by comparing them to pyranometer measurements.

The variations inω0 andni were found to cause significant changes in the instanta-

neous top of atmosphere, surface and atmospheric radiativeeffects. They also resulted

in a change of sign of the radiative effect from negative to positive at the top of the at-

mosphere, thus resulting in the effect of the dust changing from a net cooling of the

earth-atmosphere system to a net warming in the shortwave spectrum. Changes in in-

stantaneousARETOA due to the increase ofni tested resulted in increases (more positive,

or less negative) of32Wm−2 over the desert and10Wm−2 over land, whereas the in-
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stantaneousARESFC decreased by23Wm−2 over the desert and35Wm−2 over land.

Peak instantaneous atmospheric heating rates were observed to increase by a factor of5.

Therefore the observed variations in the single scatteringalbedo during DODO have an

important role in determining the shortwave radiative effect of the dust.

Comparisons of modelled irradiances with measured irradiances from the aircraft

pyranometers were performed as a function of altitude, for both up and downwelling ir-

radiance. The results showed that the model irradiances agreed with the measurements

within instrument uncertainties and model uncertainty (due to the spatial and temporal

variability of the dust) for the shortwave downwelling irradiance at high and low alti-

tudes. The shortwave upwelling irradiances were in agreement at low altitudes below the

dust, but not at higher altitudes above the dust. This reveals that the model estimates of

ARESFC are valid, but that theARETOA values from the model may be too negative,

since the model was overestimating the amount of upwelling irradiance at the top of the

atmosphere.

Sensitivity tests were performed in order to investigate assumptions in the modelling

work and to investigate reasons for the discrepancy in shortwave upwelling irradiance be-

tween the model and pyranometer measurements. The upwelling shortwave irradiances

were found to be most sensitive to the inclusion of the coarsemode size distribution, and

to large changes (increases) in the imaginary part of the refractive index. A combination

of including a significantly larger imaginary refractive index and the coarse mode size

distribution leads to dust which is more absorbing, less reflective, and has a lower extinc-

tion per unit mass. This can significantly reduce the shortwave upwelling irradiance at

high altitudes.

These sensitivity tests suggest that in the model calculations the values ofω0 used

are too high. This is probably a limitation associated with alack of adequate knowledge

of the aircraft inlet cut-offs for the inlets leading to the nephelometer, PSAP and filter

samples, which creates problems in assigning a vertical dust profile and optical properties

representative of the real dust in the atmosphere. These limitations are discussed further

in Section 7.3. Nevertheless, the agreement of the model andpyranometer irradiances at

low altitudes supports the importance of the variations in the DODO optical properties
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for theARE at the surface. The overestimate of the model upwelling irradiances at high

altitudes is likely to result in an even greater dependence of the ARETOA on the optical

properties than has been shown here from the model results.

The radiative modelling carried out here also assumed that the dust particles were

spheres, allowing the use of Mie theory. However, the SEM filter samples clearly show

that the particles are non-spherical, so this assumption therefore entails uncertainties.

However, it has been shown that although non-spherical particles have significantly differ-

ent phase functions to spherical particles, the net effect on parametersω0 , g andkext which

are integrated over all scattering angles are small if the particles are randomly orientated

in the atmosphere (Mishchenkoet al., 1997). For example, Ottoet al. (2009) found that

the correct representation of particles as oblate spheroids for a SAMUM dust event re-

sulted in changes ofω0 of up to1%, g of up to4% andτ 550 of up to3.5% in comparison

to the values resulting from spherical particles. In comparison to the changes in optical

properties shown in the DODO case study sensitivity tests for the coarse mode and re-

fractive index, these are small changes. Ottoet al. (2009) also found that non-spherical

particles result in significantly increased back-scatter,causing a more negativeARETOA

by 29% over the desert and167% over the ocean. This effect could be important for the

DODO results. However, increased upwelling shortwave irradiance at the top of the at-

mosphere due to non-spherical particles would actually increase 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 measurements of mineral dust from the

BAe-146 during the DODO campaigns, obtained over remote areas over the Mauritanian

desert and from over the Atlantic ocean where ground-based instrumentation is absent,

and in-situ measurements to validate satellite data are useful. The results have provided

an insight into the variability of the optical properties oftransported mineral dust and its

radiative effect. However, there are some limitations to the results which mostly stem

from measurement uncertainties. These are described below, along 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-off radius of the Rosemount

inlets (feeding the nephelometer and the PSAP) was atr = 1.5µm; the same as

the maximum size measured by the PCASP. This was assumed basedon previous

findings (Haywoodet al., 2003) that the aerosol optical depths derived from the

nephelometer and PSAP measured in dust during SHADE were a factor of 1.5 too

small compared to AERONET measurements. This also represented the current

thinking at the time of the DODO campaigns (e.g. Osborneet al., 2008; Johnson

et al., 2008; McConnellet al., 2008).

Lack of knowledge of the inlet cut-off radius is a problem when supermicron size

particles are present, as with dust. This is appreciated at FAAM, and therefore for

an upcoming dust campaign the operation of two nephelometers side by side in

the BAe-146 is planned, one with a cyclone-impactor which will allow a known

cut-off radius to be applied to the measured aerosol particles. This should provide

extra information on what sized particles are being measured. During SAMUM,

aircraft measurements of dust absorption were made by a PSAP, which was con-

nected to the same sampling line as a condensation particle counter. This allowed

knowledge of the size distribution measured by the PSAP, which was determined

to bed < 2.5µm, Petzoldet al. (2009). This technique could be applied on the

BAe-146 and would provide valuable information on the size distribution measured

by the nephelometer and PSAP.

2. Chemical Composition

Spectral refractive index data calculated from filter samples is an important part

of radiative closure. The refractive index data available for flight b238 has been

extremely useful in this respect. However, due to the likelydifferences in size dis-

tributions measured by the filter inlets, and the nephelometer and PSAP, comparing

the chemical refractive indices and the Mie code derived refractive indices is not

straightforward. Refractive index data as a function of sizefrom the filter samples

(e.g. Ottoet al., 2009) would significantly improve this problem, though obtaining
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the data would involve extensive laboratory work and this has not been possible

during DODO. Data of this type would be extremely valuable infuture campaigns.

3. Coarse mode size distributions

During DODO, difficulties in measuring the coarse mode size distribution were

encountered. This was partly due to the key instrument for coarse mode size dis-

tributions measurements (SID (Small Ice Detector)) being struck by lightning. As

a result other experimental instruments had to be relied upon. During SHADE an

FFSSP (Fast Forward Scattering Spectrometer Probe) was operated successfully to

measure coarse mode, and this has been operated during the recent GERBILS dust

campaign on the BAe-146. It is recommended that effort is made to ensure that the

coarse mode size distribution can be adequately measured byreliable, calibrated in-

struments during future aircraft campaigns measuring dust. This thesis has shown

that the optical properties of dust in the shortwave are strongly influenced by the

coarse mode size distribution. Additionally the coarse mode size distribution is

important in determining the longwave radiative effect.

7.4 Final Comments

Chapter 1 showed that the values ofω0 for dust reported in the literature cover a large

range due to uncertainties in the refractive index, size distribution and morphology. In

particular, the imaginary part of the refractive index at550nm varied by nearly two orders

of magnitude from0.0004i to 0.01i. This thesis has added to the volume of data available

on the magnitude of the single scattering albedo, mass specific extinction, asymmetry

parameter and the imaginary part of the refractive index. The data resulting from this

study placedω550
0 at the higher range of the values in the literature, from0.93−0.99, with

correspondingly low values ofn550
i from 0.0001i− 0.0046i. However, these values repre-

sent only the accumulation mode sized particles and are sensitive to the amount of coarse

mode present, which can decreaseω550
0 . Additionally then550

i results are dependent on

the size distribution measured by the nephelometer and PSAP.

The recent number of dust field campaigns are leading to a growing amount of emerg-
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ing data concerning dustω0 andni . Although values of measuredω0 still vary greatly,

recent publications rarely find values ofn550
i > 0.006i. Lower measurements ofω550

0 are

generally attributed to the number of large particles present (e.g. Ottoet al., 2009) rather

than high imaginary refractive indices. Therefore it appears likely that the high, but widely

adoptedn550
i value of0.008i in dust models (Shettle and Fenn, 1979; WCP, 1983; Hess

et al., 1998) is an overestimate. Variations in the remaining range of ni values are likely

to be due to the composition of the dust, such as the proportion of absorbing iron ox-

ides (Lafonet al., 2006). This thesis has shown that the optical properties and imaginary

refractive index during DODO changed with the dust source. Numerous studies have

shown that composition changes with dust source (e.g. Chiapello et al., 1997; Claquin

et al., 1999; Caquineauet al., 1998, 2002). Due to the strong dependence ofω0 on the

imaginary refractive index of dust, as shown in this thesis,determining and parameter-

ising the composition of the different Saharan (and Sahelian) dust sources is extremely

important for the accurate modelling of the radiative effect of transported dust. Using

accurate values ofni for dust in satellite retrievals will have similar implications.

This thesis has shown that the range of optical properties ofdust measured during

DODO result in significantly different radiative effects. Considering this, it is important

to continue to explore, constrain and attribute the variability in the optical properties of

dust. The DODO project focused on West Africa in the coastal region around Senegal and

Mauritania, and the results were limited to flights carried out over a total time of around

two weeks. Further studies in different locations, and for longer time periods, could add

useful information on how the optical properties of dust vary on much larger timescales

and spatial areas. Recent and upcoming aircraft campaigns will no doubt add to these

results, as will the new observatory at Cape Verde which aims to monitor atmosphere-

ocean interactions, including dust transport and deposition.

Aircraft field campaigns allow the combination of chemical,scattering and absorp-

tion, size distribution and radiative measurements to fully explore the relationships be-

tween dust composition, microphysical and optical properties, through to the full radia-

tive effect. In this respect they can obtain valuable in-situ measurements of dust which

ground-based and satellite retrievals are unable to obtain. However, the DODO results
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were limited by several instrumentation issues and lack of knowledge regarding instru-

ment inlet efficiencies. If future aircraft field campaigns are able to make use of well-

calibrated, accurate instruments, there is real potentialfor future studies to further the

knowledge of the magnitudes and variability of dust opticalproperties.

Due to the small-scale nature of dust uplift, which can oftenbe at a lower resolution

than that of regional dust models, challenges remain in order for dust models to represent

reality accurately (e.g. Washingtonet al., 2006; Heinoldet al., 2009). However, the re-

cent North-African dust campaigns (DODO, DABEX, AMMA, SAMUMand GERBILS)

have enabled significant improvements in the accuracy of dust models through better un-

derstanding of the dust uplift mechanisms and through comparisons 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 of the size distributions uplifted

and transported, the representation of the chemical composition for different source areas

should not be bypassed, since this is an important governor of dust optical properties. A

combination of aircraft, ground and satellite measurements should continue to be used for

assessing model accuracy. Recent developments in using satellite data to determine the

locations of dust sources (e.g. Schepanskiet al., 2007; Koven and Fung, 2008) should be

valuable in including the effects of varying composition with source in dust models.

The deposition of dust to the ocean can have a large impact on climate. Aircraft

measurements can be used to validate and improve dust modelsthrough comparing size

distributions of transported dust, for example, which leads to improved model estimates of

dust deposition. Aircraft measurements also provide data on the chemical composition of

transported dust, such as iron content, which is important for deposition to the ocean. Re-

search cruises (e.g. Rijkenberget al., 2008) provide key information on the amount, com-

position and effects in the upper ocean of dust which has beendepostited. Measurements

of this type can be linked to longer term data, from satellites, ground-based observatories

(such as the one at Cape Verde), and possibly in future also from buoy measurements

(e.g. Singeret al., 2003), allowing short-term intensive field campaign measurements to

be applied to a longer time scale.

Dust has an important place in the climate system through interactions with both
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shortwave and longwave radiation, and through deposition to the surface of the Earth.

Although much dust is of natural origin, a significant proportion may be anthropogenic

(Mahowaldet al., 2005), and this proportion may change in the future. Therefore, if

dust emissions alter due to climate change or changing global land use, understanding the

impacts of dust on the climate is of great significance. This thesis suggests that in terms

of the shortwave direct radiative effect of Saharan dust, one of the priorities should be to

determine how dust composition varies across specific sources in North Africa, since this

has a large impact on the radiative effect.
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[1] NorthAfrican 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
constrainmodel 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 m2 g�1, 1.14 m2 g�1), asymmetry parameter (0.68, 0.68), and refractive index
(1.53–0.0005i, 1.53–0.0014i) 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 [Tegen 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�1 [Washington et al., 2003], a large proportion of
the total. Dust is emitted from sources within North Africa,

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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4NASA Langley Research Center, Hampton, Virginia, USA.
5Met Office, Exeter, UK.
6National Institute of Nuclear Physics, Florence, Italy.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JD009606$09.00

D14S05 1 of 19



Appendix A. Paper published in the Journal of Geophysical Research 268

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 mm
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�2 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�2 [Forster et
al., 2007]. Key parameters for determining the radiative
effect of dust include the single scattering albedo (w0), 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.
[5] 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-

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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Figure 1. DODO campaign meteorology from ERA operational analyses. The 1000 mbar geopotential
(m2 s�1) for (a) DODO1 period 7–17 February 2006, (b) DODO1 period 14–16 February 2006, and
(c) DODO2 period 22–28 August 2006. The 850 mbar wind vectors for (d) DODO1 period 7–
17 February 2006, (e) DODO1 period 14–16 February 2006, and (e) DODO2 period 22–28 August
2006. Locations of Dakar and Nouakchott are indicated by a star and circle, respectively.
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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-

Figure 2. Flight tracks for (a) DODO1 and (b) DODO2 campaigns based in Dakar, Senegal.
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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. DODO1 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 1a
and 1d), the last 3 days of DODO1 (Figures 1b and 1e), 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 1a, 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 1e), 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 1a 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 DODO1 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

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
(B172)

12 Feb 2006 084911, 130656 north of Nouadhibou, over
ocean

model validation for major dust storm to north of
region; aircraft lost science power during refuel
therefore no data available from B172

B173 14 Feb 2006 094953, 143615 coastal region,
Dakar-Nouackchott

in situ sampling of local dust source

B174 15 Feb 2006 094400, 131354 over sea north and
south of Dakar

in situ sampling of dust advected over ocean and
biomass aerosol

B175 16 Feb 2006 085143, 141538 land regions in
northern Mauritania

in situ sampling and radiometric measurements
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

northern Mauritania
sample heavy dust loadings over land in Mauritania
forecast by dust models and visible in
satellite imagery

B239 24 Aug 2006 095141, 135328 over ocean, between and
to the south of Dakar and Sal

in situ measurements of dust forecast over ocean to
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
Nouadhibou and Dakar

intercomparison flight with NASA DC8 and
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
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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�1 but ascends/descends at 5 m s�1

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 BAe146 (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. BAe146 Instrumentation

[14] The core instrumentation on the UK community
Facility for Airborne Atmospheric Measurements (FAAM)
BAe146 is described by Haywood et al. (submitted manu-
script, 2008). Details of the most relevant instrumentation
for aerosol and dust measurements are given in Table 2. Key
instruments included the wing-mounted Passive Cavity
Aerosol 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
BAe146 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 mm) 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 DODO2, the BAe146 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
BAe146 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 mm in terms of optical diameter,
although the true cutoff is not well defined. TheDC-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 mm aerodynamic diameter (giving an
optically equivalent diameter of 2.0 mm [McNaughton et al.,
2007]).
[17] Figure 3 shows the scattering from the DC-8 and the

BAe146 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

Table 2. Summary of Aerosol-Related Instruments on Board the FAAM BAe146 Operated During the DODO Campaigns

Type of Measurement Instrument
Size Range (Optically Equivalent Radius),

Wavelengths, etc. Comment

Aerosol microphysics PMS PCASP, GRIMM
OPC, DMT CDP

0.05–1.5 mm, 0.15–20 mm, 2.5–20 mm

Aerosol optical properties TSI nephelometer, PSAP l = 0.45, 0.55, 0.7 mm; l = 0.567 mm particle scattering coefficient,
particle absorption coefficient

Aerosol chemical composition bulk filters, Aerodyne
AMS, VACC

90-mm Nuclepore 0.4 mm pore size;
quartz; Particle sizes 50–500 nm;
temperature range 50–300�C,
PCASP 0.05–1.5 mm

inorganics (elements and water
soluble fraction), carbon (EC and
OC), volatile and semivolatile
aerosols, water and volatile material

Trace gas chemistry O3, CO O3 and CO are sampled using online
analyzers

Thermodynamics AVAPS temperature, pressure, winds, GPS

Figure 3. Nephelometer measurements of scattering in
Mm�1 from intercomparison flight B241 (BAe146 run 2) at
2100 m within dust layer. Heavy lines are BAe146
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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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 BAe146 nephelometer is reading relatively much
lower than other frequencies compared to the DC-8. The
ratio between DC-8 and BAe146 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 BAe146
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 DODO2, 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 mm channels of the BAe146 scattering data are shown
below.

s450
corr in m�1

� �

¼ 33:2� 10�6 þ 7:3� s450 ð1Þ

s550
corr in m�1

� �

¼ 11:3� 10�6 þ 2:36� s550 ð2Þ

s700
corr in m�1

� �

¼ 10:1� 10�6 þ 2:4� s700 ð3Þ

Note that a larger correction for blue wavelengths is
required because of the very low scattering at blue

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 BAe146 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 BAe146

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:

t550 ¼

Z

z

0

s550
corr

w550
0

dz ð4Þ

where w0
550 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 BAe146. The comparison of calculated AODs with
those measured by AERONET is shown in Table 4.
DODO1 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

Table 3. Linear Pearson Correlation Coefficients (r) Between

DC-8 and BAe146 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 mm 0.93 0.96 0.93
0.55 mm 0.82 0.97 0.94
0.70 mm 0.80 0.94 0.91

Figure 4. Correlation plot of DC-8 and BAe146 nephel-
ometer measurements from BAe146 runs 1–3 of flight
B241. Triangles show BAe146 data with correction only
according to Anderson and Ogren [1998]. Diamonds show
BAe146 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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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 BAe146 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 BAe146 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 mm 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 BAe146 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 mm radius [Abel, 2007]. On the basis
of these comparisons the CDP number concentration for

Table 4. Correction Factors Obtained From Comparing AERONET Optical Depths at Dakar With Integrated

Extinction From Accumulation Mode Measurements During Aircraft Profiles at Dakar

Flight Profile
Aircraft-Based

Optical Depth t550
AERONET Optical Depth

at 550 nm tAERONET C = tAERONET/t
550

DODO1
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
Mean 1.54

DODO2
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
Mean 1.35

D14S05 MCCONNELL ET AL.: SEASONAL VARIATIONS OF SAHARAN DUST

8 of 19

D14S05



Appendix A. Paper published in the Journal of Geophysical Research 275

particles up to a radius of 20 mm has been adjusted by a
factor of 0.35 to account for uncertainties in the sample
volume. Above 20 mm 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
Systèmes 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].
[29] 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

where dust was actually uplifted. In recent years a dust
scheme has been developed [Athanassiadou 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
DODO1 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 mm 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 5c), 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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layer from the surface extending to 3000 m with the largest
scattering toward ground level. The wet season (Figure 5c,
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�1) 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 5a
and around 6000 m for Figure 5c, 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

Figure 5. Vertical profiles of corrected 550 nm scattering (Mm�1), 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).
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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) DODO1 and
(b) DODO2. (c) Average size distributions for DODO1 (solid line) and DODO2 (dashed line).
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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
DODO2 show small differences in the accumulation mode

between 0.2 and 0.6 mm and 0.7–1.5 mm radius (Figure 6c)
between the two campaigns. Greater variability is seen in
the DODO2 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

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 mm
radius (see text for details of processing).
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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 mm. 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 mm and 3.5 mm 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 mm agreement is
achieved between AERONET and the PCASP size distri-
butions within the bounds of the errors and variability
shown. Below 0.2 mm 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 DODO1, 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 DODO1 dust is slightly

Table 5. Lognormal Parameters for DODO Average Size

Distributions (Accumulation Mode Only)

Mode rg (mm) s w

DODO1
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

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.
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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 w0

550 values with an
average of 0.99 [Osborne et al., 2008], and SHADE
(September 2000 around the Capo Verde Islands) measured
an average w0

550 of 0.97 with a range of 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 w0

550 value than the wet season dust, for
which w0

550 values seem to be more variable.
[42] The DODO measurements of w0

550 are at the upper
end of previous estimates of w0. Values of w0

670 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 w0

670 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 w0 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
w0
550 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 DODO2 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�3

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

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 m2 g�1) showing that DODO2
accumulation mode dust is more efficient at extinguishing
radiation per unit mass of aerosol. Mass specific extinction
for DODO1 (0.85 m2 g�1) is similar to that measured during
SHADE and DABEX (0.76 m2 g�1 and 0.70 m2 g�1).
The higher value seen in DODO2 is possibly due to a
greater proportion of mass between radii of 0.2–0.4 mm
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 inmass when the coarse mode is included [Haywood
et al., 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-

Table 6. Campaign Average Optical Properties From DODO, DABEX, and SHADE Campaignsa

DODO1,
Feb 2006

DODO2,
Aug 2006

DABEX,
Jan 2006

[Osborne et al., 2008]:
AM (AM + CM)

SHADE,
Sep 2000

[Haywood et al., 2003]:
AM (AM + CM)Observations: AM Mie: AM Observations: AM Mie: AM

w0
550 0.99 ± 0.004 0.99 0.98 ± 0.013 0.98 0.99 (0.98) 0.97 (0.95)

Refractive index
(550 nm)

1.53–0.0005i 1.53–0.0014i 1.53–0.0004i 1.53–0.0015i

g550 0.68 0.68 0.71 (0.75) 0.72 (0.74)
kext
550 (m2 g�1) 0.85 1.14 0.76 (0.33) 0.70 (0.42)
aDODO 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 w0

550 indicate one standard deviation around the mean of values shown in Figure 8. CM indicates coarse mode, and AM indicates accumulation
mode.
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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 w0

550, increases g and decreases kext
550 [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, w0

550 decreases from 0.98 to 0.90 with the addition
of the CDP coarse mode, a substantial change. Less of a
decrease in w0

550 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 mm 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-

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 DODO1 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 DODO2 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.
[50] DODO1 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 DODO2 [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/Al ratio 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 DODO2, 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.
[51] The elemental analysis of filter samples and optical

property results suggest some differences in source charac-
teristics between DODO1 and DODO2, 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 DODO1 and B238 in DODO2) over
Mauritania.
[52] For the flights and runs shown, the dust encountered

during DODO1 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 7. Optical Properties for B237 Run 4.1 at 1 km Altitude

During DODO2, Showing the Effect of Including the Coarse Mode

in the Calculation of Optical Propertiesa

Instrument Measuring
Coarse Mode w0

550 g550 Kext
550 (m2 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

aPCASP 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.

Table 8. Mean Elemental Ratios Measured by PIXE for Filter

Samples From DODOa

Si/Al Ca/Al K/Al Fe/Al

DODO1 dust 2.7 (0.2) 1.1 (0.4) 0.3 (0.1) 0.7 (0.1)
DODO2 dust 2.6 (0.3) 0.5 (0.2) 0.2 (0.1) 0.7 (0.1)

aValues in parentheses represent one standard deviation.
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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.

[54] NAME simulations for the other flights (not shown)
show similar patterns in the air mass origins. DODO1 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 DODO1, with similar meteorology during each,
rather than being a truly seasonal effect.
[55] 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 DODO1, and
suggests that the dust mineralogy or source region is having

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) DODO1 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.
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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.
[56] 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 0E. 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 w0

550 for dust between
the dry and wet season campaigns suggest higher values of
w0
550 are more prevalent during the dry season (0.99 (0.98–

0.999), DODO1), while wet season w0
550 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 DODO1, 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

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
BAe146 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.
[58] 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.
[59] 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
aerosol 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
DODO2 was climatological and during DODO1 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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Kaufman, Y. J., D. Tanré, O. Dubovik, A. Karneili, and L. A. Remer
(2001), Absorption of sunlight by dust as inferred from satellite and
ground-based remote sensing, Geophys. Res. Lett., 28(8), 1479–1482.

Lafon, S., I. N. Sokolik, J. L. Rajot, S. Caquineau, and A. Gaudichet
(2006), Characterization of iron oxides in mineral dust aerosols: Implica-
tions for light absorption, J. Geophys. Res., 111, D21207, doi:10.1029/
2005JD007016.

Li-Jones, X., H. B. Maring, and J. M. Prospero (1998), Effects of relative
humidity on light scattering by mineral dust aerosol as measured in the
marine boundary layer over the tropical Atlantic Ocean, J. Geophys. Res.,
103(D23), 31,113–31,121, doi:10.1029/98JD01800.

Magi, B. I., and P. V. Hobbs (2003), Effects of humidity on aerosols in
southern Africa during the biomass burning season, J. Geophys. Res.,
108(D13), 8495, doi:10.1029/2002JD002144.

Mason, B. (1966), Principles of Geochemistry, 3rd ed., John Wiley,
Hoboken, N. J.

McNaughton, C. S., et al. (2007), Results from the DC-8 inlet Character-
isation Experiment (DICE): Airborne versus surface sampling of mineral
dust and sea salt aerosols, Aerosol Sci. Technol., 41(2), 136 –159,
doi:10.1080/02786820601118406.

Middleton, D. R., A. R. Jones, A. L. Redington, D. J. Thomson, R. S.
Sokhi, L. Luhana, and B. E. A. Fisher (2008), Lagrangian modelling
of plume chemistry for secondary pollutants in large industrial plumes,
Atmos. Environ., 42, 415–427, doi:10.1016/j.atmosenv.2007.09.056.

Osborne, S., B. Johnson, J. Haywood, C. McConnell, A. J. Baran, and
M. A. J. Harrison (2008), Physical and optical properties of mineral
dust aerosol during the Dust and Biomass Experiment (DABEX),
J. Geophys. Res., doi:10.1029/2007JD009551, in press.

Prospero, J. M. (1999), Long-term measurements of the transport of African
mineral dust to the southeastern United States: Implications for regional
air quality, J. Geophys. Res., 104(D13), 15,917–15,927.

Redelsperger, J.-L., C. D. Thorncroft, A. Diedhiou, T. Lebel, D. J. Parker,
and J. Polcher (2006), African monsoon multidisciplinary analysis: An
international research project and field campaign, Bull. Am. Meteorol.
Soc., 87(12), 1739–1746, doi:10.1175/BAMS-87-12-1739.

Reid, J. S., et al. (2003), Analysis of measurements of Saharan dust by
airborne and ground-based remote sensing methods during the Puerto

Rico Dust Experiment (PRIDE), J. Geophys. Res., 108(D19), 8586,
doi:10.1029/2002JD002493.

Richardson, M. S., et al. (2007), Measurements of heterogeneous ice nuclei
in the western United States in springtime and their relation to aerosol
characteristics, J. Geophys. Res., 112, D02209, doi:10.1029/
2006JD007500.

Ryall, D. B., and R. H. Maryon (1998), Validation of the UK Met Office’s
NAME model against the ETEX dataset, Atmos. Environ., 32, 4265–
4276, doi:10.1016/S1352-2310(98)00177-0.

Salisbury, G., J. Williams, V. Gros, S. Bartenbach, X. Xu, H. Fischer,
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AEJ African Easterly Jet
aer Aerosol present
AERONET Aerosol Robotic Network
AEW African Easterly Wave
AI Aerosol Index
AM Accumulation Mode
AMF ARM Mobile Facility
AMS Aerosol Mass Spectrometer Probe
AMMA African Monsoon Multidisciplinary Analyses
AOD Aerosol Optical Depth
ARE Aerosol Radiative Effect
ARM Program Atmospheric Radiation Measurement Program
AVHRR Advanced very high resolution imaging spectrometer
BADC British Atmospheric Data Centre
BODEX Bod́elé Depression Experiment
BSRN Baseline Surface Radiation Network
CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CAMM Crisis Area Mesoscale Model
clr clear skies (no aerosol present)
CDP Cloud Droplet Probe
CM Coarse Mode
DABEX Dust and Biomass Burning Experiment
DMS Dimethyl sulphate
DODO Dust Outflow and Deposition to the Ocean
ECLATS Etudes Climatiques dans l’Atlantique Tropical
ECMWF European Centre for Medium Range Weather Forecasting
ERA ECMWF ReAnalyses
ES96 Edwards and Slingo Radiative Transfer Code
FAAM Facility for Atmospheric Airborne Measurements
FL Flight Level
GATE GARP Atlantic Tropical Experiment
IPCC International Panel on Climate Change
ITCZ Intertropical Convergence Zone
MCS Mesoscale Convective System
MINATROC Project Mineral dust aerosol tropospheric chemistry project
MODIS Moderate resolution imaging spectrometer
MSG Meteosat Second Generation
NAME (Met Office) Numerical Atmospheric-dispersion Modelling Environment
NAMMA NASA AMMA
OMI Ozone Monitoring Instrument
PCASP Passive Cavity Aerosol Spectrometer Probe
PIXE Particle Induced X-ray Emission
PSAP Particle Soot Absorption Photometer
PSP 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
SWU 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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αs Surface Albedo
Ȧ Angstrom exponent, no units
β Angle between solar zenith angle and normal to a pyranometer, degrees
Cext, Cscat, Cabs Single-particle extinction, scattering and

absorption cross section,m2

dN/dr Size distribution measurement: number of particles per cubic centimetre
in the size intervalr to r + dr, cm−3m−1

dp pitch of pyranometer relative to aircraft inertial navigation system, degrees
dr roll of pyranometer relative to aircraft inertial navigation system, degrees
dpac pitch of aircraft, degrees
drac roll of aircraft, degrees
dptot total pitch of pyranometer from the horizontal, degrees
drtot total roll of pyranometer from the horizontal, degrees
FDIR Ratio of direct downwelling irradiance to total downwellingirradiance,

no units
g Asymmetry parameter, no units
I Irradiance,Wm−2

Idiff Diffuse downwelling irradiance,Wm−2

Idir Direct downwelling irradiance,Wm−2

Itot Total downwelling irradiance,Wm−2

kλ
ext Mass specific extinction at wavelengthλ, m2g−1

MMR Mass mixing ratio,kg/kg
N Number of particles per cubic metre,m−3

nλ
i Imaginary part of the refractive index at wavelengthλ, no units

nλ
r Real part of the refractive index at wavelengthλ, no units

Ntot SeeN
ωλ

0 Single scattering albedo at wavelengthλ, no units
P Phase function,sr−1

r Particle radius
ρaer density of an aerosol particle,m−3

ρair Density of air,kgm−3

reff Effective Radius,m
rg Geometric median radius in a lognormal size distribution,m
relhdg relative heading (solar azimuth minus aircraft heading), degrees
σext Extinction coefficient,m−1

σg Geometric standard deviation in a lognormal size distribution, no units
τλ Aerosol optical depth at wavelengthλ, no units
θ Solar zenith angle, or scattering angle, in degrees or radians
vf Volume Fraction - volume of dust per cubic metre air, no units
z Altitude, m


