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Abstract

The aim of this document is to describe the work I have been doing over the past year, and show how it

will be built upon over the next two years to create a viable doctorate thesis. In this report I provide a brief

overview of atmospheric aerosol (Chapter 1) and how we can use probe this aerosol in the atmosphere, fo-

cussing on the AATSR instrument in particular (Chapter 2). Ithen (Chapter 3) discuss the basics of retrieval

theory–how we can use measurements of a property of a system to glean information on its state–before

describing the results I have obtained to date (Chapter 4). Finally, I outline plans for further work and a

rough timetable of how long I anticipate the various areas ofstudy to take (Chapter 5).

I am grateful to Anu Dudhia, Don Grainger, Chris Mutlow and Gareth Thomas for the time they have

spent helping me get to grips with the department and the project over the past year. The project studentship

is funded by the Natural Environment Research Council (NERC).
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Chapter 1

Atmospheric Aerosol

1.1 What is atmospheric aerosol?

Formally defined, aerosols are particles composed of solid or liquid matter, suspended in the atmosphere

with dimensions on length scales in the region of 10−9 m to 10−6 m. This definition encompasses a broad

array of different substances with wildly varying shapes, sizes, sources and sinks, and physical and chemical

properties. Their large temporal and spatial variability has made global studies difficult, although over the

past few decades the importance of aerosols in climate and weather systems has been realised, leading to

many attempts–such as the one described in this report–to quantify and classify them.

The study of aerosols began with John Aitken’s experiments with dust in the 1880s. He built apparatus

to count particles in suspension by expanding and then cooling samples of air. Water condensed on the

particles, allowing the resulting drops to be counted with aid of a microscope. Aitken used this apparatus to

measure a wide variety of samples, including sea salt produced from air blowing over the ocean. C. T. R.

Wilson performed important work from 1897 onwards investigating the growth of water and dust particles,

which resulted in the invention of the cloud chamber. From the 1920s to the 1950s work by Kohler, Howell

and then Twomey established aerosols as cloud condensationnuclei (CCN) which led to the study of their

implications for weather and climate.

It is usual practice to group aerosols by their origins: those produced as a result of naturally-occurring

geological processes; those produced by biological processes (‘biogenic’); and those produced as a result

of human activity (‘anthropogenic’). Distinction is also often made between tropospheric and stratospheric

aerosol, as these often share different sources and have different radiative effects. A wide variety of litera-

ture, including many overviews of particular aspects (suchas Andreae and Crutzen [1997], Charlson et al.
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CHAPTER 1. ATMOSPHERIC AEROSOL 5

[1992], Pueschel [1996] and Schwartz [1996]), surrounds this field. An in-depth treatment of most aspects

of atmospheric aerosol–albeit before the era of modern satellites–was given by Twomey [1977].

1.2 Production to removal

1.2.1 Aerosol sources

Definition and quantification of aerosol emission is less clear-cut than that of greenhouse gases or other

pollutants. One source may produce particles of a wide variety of sizes or compositions, and so very differ-

ent properties. Primary aerosols are those substances emitted directly as aerosols, while secondary aerosol

forms in the atmosphere from various precursor substances.Combination of aerosol particles may also lead

to new particles with different chemical and physical properties from those from which they were made, so

it is important to consider not just aerosol sources but how these aerosols interact with each other and the

atmosphere during their lifetime. The Intergovernmental Panel for Climate Change (IPCC) have collated

and documented estimates for global annual emissions of aerosol and aerosol precusors. This information

is summarised in Figure 1.1 and Tables 1.1, 1.2 and 1.3.

Wind-driven sources: mineral dust and sea salt

Mineral dust and sea salt are classified as primary aerosol. As shown in Figure 1.1 (f), mineral dust aerosol is

particularly prevalent in tropical and sub-tropical regions where it is kicked up by wind (or human activity)

over deserts or vegetation-sparse land. Dust storm frequency has also been linked to climate cycles, such as

the El Niño and North Atlantic Oscillation events. Wind blowing over the oceans results in the generation

Aerosol Northern Southern Global Range of
precursor hemisphere hemisphere total estimates

NOx 32 9 41 -
NH3 41 13 54 41-70
SO2 76 12 88 67-130

DMS/H2S 11.6 13.4 25.0 12-42
VOCs 171 65 236 100-500

Table 1.1: Emissions of aerosol precursors, adapted from IPCC [2001]. Figures indicate the mass of N, C
or S in Tg per year as appropriate for the precursor molecule.VOCs are volatile organic compounds. DMS
is dimtethyl sulphide, CH3SCH3. NOx, NH3 and SO2 are dominated by anthropogenic activities, while
DMS/H2S is primarily biogenic and VOCs are evenly split.
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Figure 1.1: Annual average source strength in kg km−2 hr−1 for the aerosol types considered by the IPCC
(a to g) with total aerosol optical depth (h). Taken from IPCC[2001]. Shown are (a) the column average
H2SO4 production rate from anthropogenic sources, (b) the columnaverage H2SO4 production rate from
natural sources (DMS and volcanic SO2), (c) anthropogenic sources of organic matter, (d) naturalsources of
organic matter, (e) anthropogenic sources of black carbon,(f) dust sources for dust with diameters less than
2 µm, (g) sea salt sources for sea salt with diameters less than 2µm, and (h) total optical depth according to
a model considered by the IPCC.



CHAPTER 1. ATMOSPHERIC AEROSOL 7

Aerosol Northern Southern Global Range of
type hemisphere hemisphere total estimates

Carbonaceous aerosols
Organic matter (0-2µm):

Biomass burning 28 26 54 45-80
Fossil fuel 28 0.4 28 10-30

Biogenic (> 1 µm) - - 56 0-90
Black carbon (0-2µm):

Biomass burning 2.9 2.7 5.7 5-9
Fossil fuel 6.5 0.1 6.6 6-8
Aircraft 0.005 0.0004 0.006

Industrial dust, etc.> 1 µm - - 100 40-130
Sea salt
< 1 µm 23 31 54 18-100
1-16µm 1420 1870 3290 1000-6000

Total 1440 1900 3340 1000-6000
Mineral (soil) dust

< 1 µm 90 70 110 -
1-2µm 240 50 290 -
2-20µm 1470 282 1750 -

Total 1800 349 2150 1000-3000

Table 1.2: Emissions of primary aerosol particles for the year 2000, adapted from IPCC [2001]. Figures are
Tg per year.

Aerosol Northern Southern Global Range of
source hemisphere hemisphere total estimates

Sulphate (asNH4.H2SO4): 145 55 200 107-374
Anthropogenic 106 15 122 69-214

Biogenic 25 32 57 28-118
Volcanic 14 7 21 9-48

Nitrate (asNO−
3 ):

Anthropogenic 12.4 1.8 14.2 9.6-19.2
Natural 2.2 1.7 3.9 1.9-7.6

Organic compounds
Anthropogenic VOC 0.15 0.45 0.6 0.3-1.8

Biogenic VOC 8.2 7.4 16 8-40

Table 1.3: Estimates of emissions of secondary aerosol sources, adapted from IPCC [2001]. Figures are Tg
per year.
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of sea salt aerosol. Global distribution is shown in Figure 1.1 (g). Dependence on wind speed means these

aerosol types show strong temporal variability.

Industrial dust and ash

The Industrial Revolution marked the beginning of the time when humans put significant amounts of dust

and ash into the atmosphere. This is as the result of emissions from power stations, waste combustion,

transportation, and factories. Due to the visible pollution which became commonplace in urban areas,

tighter industrial regulations over the years have meant that dust emissions have decreased significantly in

developed countries. Industrial dust is a primary anthropogenic aerosol. Volcanic ash, a primary geological

aerosol, is ejected into the atmosphere by volcanic eruptions. The most powerful result in this ash reaching

the stratosphere.

Organic carbon

Organic carbon aerosol is carbon emitted in volatile organic compounds (VOCs), distributed as shown in

Figure 1.1 (c) and (d). Some is directly emitted into the atmosphere, either as products from incomplete

combustion from industry or biomass burning or as compounds(e.g. terpenes) emitted by plants, while

some secondary organic aerosol (SOA) is produced by modification (typically oxidation) of these VOCs.

As a result, organic carbon can be both a primary and a secondary, as well as an anthropogenic or biogenic,

aerosol. Many of these compounds contain polar groups (suchas hydroxyl or carboxylic acids) meaning

they are water soluble, and so readily take part in cloud formation, as discussed in Section 1.2.5.

An important point to note is that although organic carbon isproduced both naturally and anthropogeni-

cally, its oxidation depends on compounds such as NOx, O3 and the hydroxy radical OH.. Levels of these,

and hence the rate of SOA production, are strongly influencedby human activities creating these pollutants.

Black carbon

Black carbon consists of soot and tarry molecules, and is so called because it is strongly light absorbing.

Quantification of carbon aerosol is important because of thevery different effects of black carbon (primarily

absorbing) and organic carbon (primarily scattering). A primary aerosol, black carbon tends to be insoluble

and is produced as the result of incomplete combustion. Its distribution is shown in Figure 1.1 (e).
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Other primary biogenic aerosol

Other sources of primary biogenic aerosol include airbornevirues and bacteria, as well as pollen and spores

and other debris (such as leaf fragments and decaying matter). Little is known about precise spatial or

temporal distribution of this class of aerosol, but it wouldbe expected to vary significantly with changing

land use patterns.

Sulphate

As a secondary aerosol, sulphate is produced from precursormolecules. These precursors may be produced

anthropogenically (by industry or transportation, including SO2, OCS and CS2) or naturally (such as H2S or

SO2 from volcanic eruptions). Over the oceans, DMS (dimethyl sulphide, CH3SCH3) emitted by plankton

is a major source. In the atmosphere, these precursors are oxidised and combine with water vapour to pro-

duce aerosols of mixed H2SO4 and H2O. Sulphate production is shown in Figure 1.1 (a) and (b), although it

should be emphasised that there are large uncertainties in emissions (see Table 1.1). DMS emittted by ma-

rine plankton is an important source of sulphur although quantifying release is difficult as it is problematic

to measure directly, and there have been problems correlating DMS to proxies such as chlorophyll content

of a body of water (Andreae and Crutzen [1997]).

The complexity of reaction pathways involved in the generation of sulphate aerosol means that the pre-

cise proportion of precursors which end up as H2SO4 is uncertain. Being highly soluble, sulphate and reac-

tive intermediates are easily washed out by rain (with estimated lifetimes of 4-7 days in the troposphere) so

vertical moisture profiles are important in calculating thesulphate burden accurately. Volcanically-produced

SO2 and OCS from aviation are thought to be amongst the most efficient sulphate precursor sources (in terms

of mass of sulphate from mass of precursor). The dry, stable stratosphere in which they are emitted (from

the strongest volcanic eruptions in the case of SO2) means that little rainout or other loss occurs, and the

aerosols themselves are able to persist for longer (Pueschel [1996]). Reaction of SO2 with mineral aerosol

particles or oxidation to H2SO4 in sea-salt aerosols also reduces the potential radiative forcing of sulphate,

as these larger particles have shorter lifetimes and lower scattering efficiencies than pure H2SO4 aerosol.

Levels of NH3 are also important, as acid-base reactions forming NH+
4 .HSO−

4 change the refractive index

of the aerosol.

Nitrate

Atmospheric nitrate aerosol is linked to NH3 and H2SO4 abundance due to aforementioned neutralisation

reactions. The global mean ratio is thought to be close to 1, but in regions where there is surplus ammonia its
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oxidisation to nitrate aerosol is possible. AnthropogenicNOx is also important in polluted areas, although

research collated by the IPCC [2001] suggests the total forcing due to anthropogenic nitrate is small.

Like sulphate, nitrate chemistry involves many complex redox cycles. Nitrate aerosols may be effec-

tively removed by formation of the less reactive HNO3, either by water reacting with N2O5 or via the

reaction of HCl with ClONO2. Both these reactions are prevalent in the stratosphere, particularly on ice-

crystal polar stratospheric clouds (PSCs) in the Antarcticwinter, where the redox processes are linked to

ozone destruction (Pueschel [1996]).

1.2.2 Particle growth and size distributions

Direct emissions of aerosols and their precursors tend to beof the order of size of molecules, or about

10−10 m. These molecular clusters quickly coagulate to give larger particles on length scales of 10−9 m,

which represent the smallest particles measured by counters. Aerosols of such size are said to be innucle-

ationmode in the classification scheme of Junge [1955].

Aerosols of around 10−8 m to 10−7 m normally grow less rapidly, and are known asaccumulationmode

aerosol. Particles of this size are still fairly buoyant dueto Brownian motion, although the largest may be

subject to some slow gravitational settling. They are comparatively long-lived because of their buoyancy

and slow growth.

Larger aerosol particles of size scales of 10−6 m (1 µm) and greater are often calledcoarsemode

particles. Their lifetimes tend to be comparatively short,for two main reasons:

1. Particles of this size have sufficient mass to be affected by gravitational settling. A spherical particle

of diameter 1µm will fall at a speed of 1 mm every 5 seconds or so, with fallingspeed increasing

quadratically with radius.

2. The largest particles act as cloud condensation nuclei (CCN) and so will eventually fall as rain or

snow (typically as droplets of size 10−3 m, i.e. 1 mm).

The mechanics and statistics of aerosol coagulation have been described in-depth by Twomey [1977].

It suffices to say that when considering samples of aerosol weare most interested in being able to define

a size distribution which accurately represents them. Two well-used distributions are outlined below. It

is also important to note, however, that size is not the only property we are interested in as a particle’s

refractive index (which determines its interaction with light) is determined by its chemical composition,
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which may alter as the particle grows by both gaining mass from different aerosol sources and through

chemical reactions within the particle itself. These changes are known as ageing processes.

The Junge distribution

Junge’s original work in 1955 showed that the size distributions of many natural samples of aerosol could

be well modelled by inverse power distributions, and as a result this is also sometimes called the Junge

distribution. With radiusr and for some constantsα andc, these distributions take the form:

rα
(

dN
dlogr

)

= c (1.1)

This is solved to give a cumulative distribution for the number densityn of particles of size greater than

some radiusr, which is proportional tor−(α+1). Plots ofn againstr with logarithmic axes yield straight

lines, as in Figure 1.2. Junge’s original work placed the value of α at approximately 3, still considered a

reasonable estimate for many aerosol samples. When integrating this distribution to obtain total particle

number the integral diverges to infinity for all values ofα. In practice some minimum radius is chosen as a

cutoff (though the particle count becomes sensitive to thisminimum value). As a result other measurements,

such as effective radius (discussed in Section 3.1.1) or total volume, are more useful when describing the

population than total particle number or number density.

Lognormal distributions

More recent studies such as Davies [1974] and Hess et al. [1998] have suggested the lognormal distribution

to be most appropriate for atmospheric aerosol. The aerosolmodels used in the retrieval scheme presented

here consider aerosols to be mixtures of lognormally-distributed nucleation, accumulation and coarse mode

particles. For an aerosol with mode radiusrm and total number densityNi the number densityn(r) of

particles larger thanr in a distribution with spreadσ is given as follows:

n(r) =
Ni√

2π r log σi ln 10
exp

[

−1
2

(

log r − log rm

log σi

)2
]

(1.2)

An example ofn(r) for a lognormal distribution is shown in Figure 1.3. In practice minimum and

maximum radii are specified when these distributions are used to save on computational time. Although the

distributions extend to infinity, the number density very far from the modal radiusrm becomes small enough

to be neglected.
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Figure 1.2: Junge distribution number density for radii between 10−9 m and 10−6 m. For the purposes of
this figureα was taken to be 3.0 andc to be 1.0

Figure 1.3: Lognormal distribution for radii between 10−9 m and 10−6 m. This distribution assumes a total
number densityNi of 106 particles per unit area, a model radiusrm of 10−8 m and a standard deviation logσi

of 0.2.
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1.2.3 Vertical transport

Most aerosol is produced at fairly low altitudes and remainsconfined to the troposphere, due to the lack

of large-scale vertical mass exchange between the troposphere and stratosphere. Large particles in particu-

lar rarely make their way from troposphere to stratosphere because they are affected by gravitational settling.

The most violent volcanic eruptions are able to inject aerosol and precursor gases directly into the

stratosphere (Pueschel [1996]). Although the ash quickly settles, other aerosol (typically sulphate) is able

to persist for longer timescales (up to a year) than tropospheric aerosol (days to weeks) because of the high

stability of the stratosphere. The Mount Pinatubo eruptionof 1991 is estimated to have ejected 14-20 Tg

of SO2 directly, forming a larger quantity of mixed H2SO4/H2O droplets over a timescale of months which

persisted for several years and had notable effects on climate during that period. Aircraft exhaust also pro-

vides a source of stratospheric aerosol.

Even in periods of volcanic inactivity there is thought to bea compact background stratospheric aerosol

later. It is not thought to show strong temporal variabilityor be dense enough to affect climate: the main

climatic perturbations of stratospheric aerosol come fromperiodic volcanic eruptions.

1.2.4 Horizontal transport

As small particles aerosols are easily transported by winds, and thus the aerosol present in a region may well

come from a distant source. This is important in pollutant analysis as the impact of the pollutant will not

be confined to the emitting source. Saharan dust is also thought to contribute to fertilisation of the Amazon

basin, as transport across the Atlantic Ocean has been observed (Formenti et al. [2001]). Measurement of

aerosol transport is difficult as source regions may be largeand inhomogeneous, and the distances involved

are often great (on the order of 103 km). Nevertheless, various methods have been developed to attempt to

qualify and quantify the long-range transport of aerosols.

One commonly-used method (Borbély-Kiss et al. [2004], Formenti et al. [2001], Rahn and Lowenthal

[1984]) is to calculate the abundances of several trace elements in the aerosol sample, and then attempt to

map this data to a particular source or source region. Possible source locations may be narrowed down using

wind back-trajectory analysis. Elemental analysis may be performed with proton-induced X-ray emission

(PIXE) methods, and commonly-profiled elements include Ti,Ca, Al, Fe and Si for Saharan dust samples

and As, Sb, Se, Zn, In, noncrustal Mn and noncrustal V for Arctic aerosol. This method is not considered

to be trouble free, one criticism from Thurston et al. [1985]being that as it measures total mass it cannot
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account for mass observed in one region coming from different sources, which may alter the apparant rela-

tive abundances of the elements analysed.

Transport may also be inferred by monitoring the temporal evolution of large aerosol masses. Light

scattering apparatus such as LIDAR and nephelometers are often used in conjunction with satellite data

and wind fields to track the movement of aerosol (especially dust clouds). Such methods also often pro-

vide some detail about size distribution and vertical profiles and are frequently used in the literature (Dulac

et al. [2001], Hamonou and Chazette [1998]), sometimes combined with elemental analysis (Formenti et al.

[2001]).

It is also possible to use satellite data to track the movement of aerosol, and quantification of Saharan

dust transport will be an eventual goal of this project. Borbély-Kiss et al. [2004] have already made use of

Total Ozone Mapping Spectrometer (TOMS) aerosol data for this purpose.

1.2.5 Aerosol sinks

In common with the wide variety of processes leading to the generation of atmospheric aerosol, there exists a

wide variety of processes removing of aerosol from the atmosphere. Wet removal processes occur when the

aerosol is removed in precipitation (water, fog or ice) while dry removal processes remove aerosol without

the involvement of precipitation. Cloud formation (sometimes grouped with general wet removal processes)

is another major aerosol removal process and eventually provides the mechanisms for wet removal processes

to occur. A mathematical treatment is given by Twomey [1977].

Wet removal processes

Aerosol particles may be rained out by collision with falling raindrops (inertial removal). The efficiency of

this process (proportion of particles removed by it) is highest for heavy particles. Removal is also possible

through diffusion of aerosols into falling drops, which is most efficient for small raindrops and very small

particles (less than 10−8 m in size). The strong size dependence of these removal processes means that

particles in the region of 10−8 m to 10−7 m are generally not efficiently removed, although the fact that

they are typically among the most numerous particles means that a large total mass is lost. Particles of this

size range can also be difficult to collect and count experimentally, hindering studies of their removal. For

particles of all sizes the total aerosol amount removed through wet processes does, of course, depend on

how much moisture there is.
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Dry removal processes

The largest difference between wet and dry removal is that while wet removal can occur throughout the

atmosphere wherever there is precipitating water, dry removal relies on the particles being transported near

to the surface by turbulence or gravity. The movement of small particles will be dominated by Brownian

motion, while that of heavy particles will feel the effects of gravitational settling. Diffusive removal is again

only important for very small particles, and inertial only for larger particles, with low rates of dry removal

of particles in the range from 10−8 m to 1µm.

Cloud formation and aerosol removal processes

As previously mentioned, large aerosol particles are able to act as cloud condensation nuclei (CCN). The

formation of clouds themselves, then, provides a method to remove aerosol from the atmosphere as well

as other removal processes associated with cloud. Cloud removal processes tend to be efficient over all

aerosol size ranges due to the high surface area of cloud droplets, as well as the rapid condensation of small

particles into larger ones which takes place (especially with soluble particles). Clouds are able to form and

rain within an hour, which can lead to rapid removal of aerosol.

Nucleation can only occur on aerosol particles larger than acritical radius of approximately 10−8S−2/3
c

metres (whereSc is the supersaturation in percent). Following nucleation aperiod of rapid growth leads to

the droplet growing to the order of microns within a few seconds, provided supersaturation is maintained.

Further growth is slower, though possible through diffusion of aerosol particles (again only effective for

small aerosol) or phoretic forces (due to evaporation or condensation of water, or heat fluxes).

Sufficiently large droplets fall out as rain, removing both directly-incorporated aerosol as well as any

caught by wet removal processes. As a result, clouds are considered to be the most important means of

removing aerosol from the atmosphere, with small particlesbeing caught up diffusively and larger ones

serving as CCN. Water-insoluble aerosol is affected less bywet removal and cloud processes than soluble,

although insoluble particles may still act as cloud nucleation sites.

Junge’s concept of rainout efficiencyE allows us to estimate timescales for aerosol residence in the

atmosphere. This relates the amount of contaminant per unitvolume of water to the corresponding amount

in cloud, and is expressed as follows:

E =
cW
Pχ

(1.3)
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In the above,c is the concentration of the contaminant in water andχ its concentration in cloud, with

W the liquid water content of a cloud andP the volume of rain is the water content of a volumeP/W of

cloud. AssumingE is close to 1 and takingW = 1/3 gm−3 we see 1 cm of rain gives a cloud volume of 3

m3, implying a vertical depth of 300 km can be cleansed. Therefore in principle a few millimetres of rain

could effectively clear the atmosphere of aerosol. This suggests that the residence time of aerosol in the

atmosphere is determined more by the frequency of rain, and the height at which clouds form, than the total

amount of rain that falls.

1.3 Effects on climate

1.3.1 Direct and Indirect effects: aerosol radiative forcing

It is widely acknowledged that by scattering light, aerosols exert a non-negligible influence on weather and

climate (Charlson et al. [1992], Pueschel [1996], Schwartz[1996]).

• They have thedirect effectof increasing planetary albedo by scattering incoming shortwave solar

radiation. This exerts a net negative forcing on the Earth.

• They have theindirect effectof acting as CCN and so increasing cloud cover (as well as cloud lifetime

if droplets are small). This also exerts negative forcing byenhancing shortwave albedo, but has

positive forcing effects due to increased absorption of infrared radiation and trapping at night (clouds

at night result in the Earth retaining more warmth). Perturbing cloud cover also changes one of the

many complex feedbacks into weather and climate so may have other, unforseen effects.

The overall negative forcing of aerosols offsets some of thepositive forcing of greenhouse gases, and is

thought to be from−0.4 Wm−2 to−3.0 Wm−2. While greenhouse gases persist for years, aerosol lifetimes

are short and profiles show great spatial variability. We have no past record of global aerosol distribution,

and as a result understanding of historical aerosol forcingis poor. The IPCC [2001] has collated a large

amount of research into the effects of aerosols on climate, although as shown in Figure 1.4 the aerosol

contribution to radiative forcing is not well understood. These unknowns mean it is of great importance to

obtain an accurate picture of global aerosol distribution.

In most cases, the absorption and emission of infrared radiation by aerosols is thought to be minor. This

is because aerosols are mostly found low in the atmosphere where atmospheric temperature is close to sur-

face temperature. The optical depth of aerosols also decreases at longer wavelengths.
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Volcanic eruptions can provide exceptions to this rule: thestratospheric ash aerosol produced absorbs

infrared and visible radiation and heats the stratosphere.Over the long term, however, scattering of visible

light by the more persistent sulphate aerosol predominates.

Figure 1.5 shows transmission of solar radiation at Mauna Loa observatory with times of major volcanic

eruptions labelled. There is a clear and sharp decrease in incoming radiation linked with the eruptions which

can persist for several years, due to light scattering by thestratospheric aerosols ejected. Indeed, the 1815

eruption of Tambora in Indonesia is thought (Pueschel [1996]) to be responsible for summer snowstorms

and crop failures due to the cooling effects of the aerosol itproduced.

Forcing effects are also dependent on the location of the forcing substance. An increase in aerosol

optical depth (and resultant increase in planetary albedo)has more impact over a dark surface (such as a

cloud-free ocean) than over a bright one (cloudy land, ice ordesert).

1.3.2 Rayleigh and Mie scattering

Light scattering from atmospheric particles is described by Mie theory, which reduces to a simpler form

known as Rayleigh scattering theory when the particles are spherical and small compared to the wavelength

of light being scattered. We can define a size parameterx to set the domains of validity of this approximation:

x =
2πr
λ

(1.4)

Herer is the radius of the particle andλ the wavelength of light considered. Whenx is small (typically

less than 0.1) we can apply the Rayleigh scattering equations without appreciable loss of accuracy. In the

case of aerosols, this will be of interest for small particles (less than about 0.1 µm in size) and long wave-

lengths (around 1µm and greater, i.e. the infrared region of the spectrum). In these cases, the normalised

phase function for scattering intensity of unpolarised light as a function of scattering angleθ is given by:

p(θ) =
3

16π
(1+cos2θ) (1.5)

This forward-backward symmetrical distribution is plotted in Figure 1.6. The absolute value of the

scattering is proportional to the square of the polarisability, hence radiusr to the 6th power. Absorption

is proportional to volume (r3) so for smaller particles it will become relatively more important. Absolute

scattering intensity is also proportional toλ−4. This explains why, although effective scatters of shortwave

solar radiation, aerosols have little influence on longwaveinfrared radiation.
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When the dimensions of the particle are not small compared tothe wavelength of light (i.e.x> 0.1), full

Mie theory must be used to accurately calculate scattering intensity. This is a computationally expensive

exercise. In general, asx increases an increasing proportion of incident light is scattered in the forward

direction. This is visible in Figure 1.7. There is strong dependence on both wavelength of light and particle

size. While Rayleigh scattering intensity follows a singleand almost unruffled curve, the Mie patterns visi-

ble show clear oscillations withθ, increasing in frequency with increasingx.
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Figure 1.4: Global, annual mean radiative forcings (Wm−2) due to a number of agents for the period from
1750 to the present (about 2000), taken from the third IPCC report IPCC [2001]. The height of the rectan-
gular bar denotes a best estimate value while its absence denotes no best estimate is possible. The vertical
line about the rectangular bar withx delimiters indicates an estimate of the uncertainty range,guided by the
spread in the published values of the forcing and physical understanding. A vertical line without a rectan-
gular bar and witho delimiters denotes a forcing for which no central estimate can be given owing to large
uncertainties. A level of scientific understanding (LOSU) index is accorded to each forcing, with H, M, L
and VL denoting high, medium, low and very low levels, respectively. The well-mixed greenhouse gases
are grouped together into a single rectangular bar with the individual mean contributions due toCO2, CH4,
N2O, and halocarbons shown.FF denotes fossil fuel burning whileBB denotes biomass burning aerosol.
Fossil fuel burning is separated into the black carbon (bc) and organic carbon (oc) components with its sep-
arate best estimate and range. It is emphasised that the positive and negative global mean forcings cannot
be added up and viewed a priori as providing offsets in terms of the complete global climate impact, and
that the forcings show spatial and temporal variability meaning the global annual means described are not a
complete picture.
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Figure 1.5: Reduction in transmission of solar radiation atMauna Loa observatory, Hawaii. Incidence of
major volcanic eruptions is labelled. Image from the National Oceanic and Atmospheric Administration
(NOAA).

Figure 1.6: Rayleigh scattering intensity for unpolarisedlight as a function of scattering angleθ. θ increases
anticlockwise from the origin, with incident light in the direction of thex axis.
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Figure 1.7: Mie scattering intensity as a function of scattering angleθ. θ increases anticlockwise, with
incident light from the left. The wavelength of light is 0.55µm and particle radiir and size parametersx are
shown under each figure. Taken from Twomey [1977].



Chapter 2

AATSR and Other Aerosol Instrumentation

The bulk of instrument technical information and figures in this chapter are taken from official AATSR

reference documents by ESA [2005].

2.1 The historical context of the AATSR mission

The Advanced Along Track Scanning Radiometer (AATSR) is an instrument aboard the ESA satellite En-

visat, launched in March 2002. It is the successor to the earlier instruments ATSR-1, launched on ERS-1

in July 1991 and in operation until March 2000, and ATSR-2, launched on ERS-2 in April 1995 and still

in operation (albeit with pointing issues since 2000). Theyare similar in design and principle, although

improvements have been made between instruments. Togetherthe series provides a 15-year data set with

many applications in climate studies, aside from their mainpurpose of monitoring sea surface temperatures.

While ATSR-1 measured radiance at three wavelengths in the infrared part of the spectrum, ATSR-2

and AATSR have an additional four channels in the visible region. It is these visible channels which are

key to the instruments’ ability to provide data suitable foraerosol retrievals. AATSR is an improvement on

ATSR-2 in this regard as ATSR-2 suffers from restrictions onthe amount of data which can be downlinked

while AATSR is able to provide continous data from all channels.

22
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Figure 2.1: Instrumentation aboard Envisat

2.2 Instrument specifications and capabilities

2.2.1 Location

The AATSR instrument is on one end of Envisat, as shown in Figure 2.1. Envisat orbits the Earth in a sun-

synchronous polar orbit, with a mean local solar time (MLST)of 10:00 am on for the descending node. It

is at an altitude of approximately 800 km and 98.55◦ inclination to the equator. The reference orbit repeats

once every 35 days, and global coverage is achieved once every 3 days as a result of orbital precession. A

single Envisat orbit takes about 101 minutes. The orbit is controlled to keep it as precise as possible: within

a maximum deviation of±1 km from the ground and±5 minutes on the MLST at the equator.

2.2.2 Design and data acquisition

The basic structure of the instrument itself can be seen in Figure 2.2. AATSR and its predecessors are

unique in that they use two views (near-simultaneous in time) with differing path lengths to discriminate

between radiance from the surface and radiance from the atmosphere. The radiometer measures radiance

at nadir and along track at seven channels, with positions and widths summarised in Table 2.1 and Figure 2.3.

The instrument has a signal to noise (S:N) ratio of 20:1 at 0.5% spectral albedo. It measures top-of-

atmosphere (TOA) radiance over the channels with an absolute accuracy of 5% over its entire range. Light
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Figure 2.2: AATSR instrument structure. The FPA is the focalplane assembly, and the±X BB the hot and
cold black bodies respectively, used in calibration of the infrared channels.

Channel Central Wavelength Bandwidth
0.55µm 0.555µm 20 nm
0.66µm 0.659µm 20 nm
0.87µm 0.865µm 20 nm
1.6µm 1.61µm 0.3µm
3.75µm 3.70µm 0.3µm
11µm 10.85µm 1.0µm
12µm 12.00µm 1.0µm

Table 2.1: AATSR channel locations and bandwidths

is reflected off a scan mirror onto a paraboloid mirror, afterwhich it is focussed and reflected into the visible

and infrared focal plane assemblies (FPAs). Here the radiance is converted into electrical signals, which are

processed to amplify and digitise them and then sent to data-downlinking systems to be transmitted back to

Earth. The baffles shield the nadir and forward windows from direct sunlight, ensuring radiance picked up

is only from the region being scanned. The FPA for the infrared channels is cooled to about 80 K whilst

that for the visible channels is maintained at ambient temperature.

The viewing geometry of the radiometer is shown on the left ofFigure 2.4. The instantaneous field of

view (IFOV) consists of two curved swathes around 500 km wide: a nadir view, looking straight down, and
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Figure 2.3: Spectral position of AATSR channels

Figure 2.4: (A)ATSR viewing geometry (left) and scan cycle (right)

a forward view inclined at an angle of 55◦ to the normal to the surface. There are 555 pixels across the nadir

swath (with a size of about 1km2 at the centre) and 371 across the forward (with a size of about1.5km2 at

the centre). During each scan cycle the satellite moves 1 km (so 1 nadir pixel) onward with respect to the

Earth’s surface. The scan cycle repeats 6.6 times per second.
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With an altitude of around 800 km, the forward view samples approximately 1,000 km in front of the

nadir at any given time. Thus after around 150 seconds (at 6.6scan cycles per second) the satellite has

moved such that nadir view samples the same region, giving two views of the scene with differing path

lengths. While this time delay means the views are notstrictly simultaneous, it is still valid to treat them

as such because this timescale is short compared with that ofatmospheric processes. Were it not, then the

dual-view approach of the (A)ATSR instruments would not be able to be exploited in this way.

The FPA is occassionally warmed up to outgass. This is because contaminants condense onto the cold

surfaces of the FPA and detectors, degrading instrument operation due to signal attenuation, as well as

increasing the burden on the FPA coolers. These contaminants do not affect signal calibration because they

affect both views of the Earth and of calibration targets. During outgassing, which occurs for around 2 days

at a time each 3 months, no data is collected from the IR or 1.6µm channels. As the aerosol retrieval uses

the 1.6µm channel, aerosol retrievals cannot be performed during outgassing. Data users are notified in

advance of scheduled outgassings.

2.2.3 Instrumental calibration and long-term performance

AATSR is calibrated during each instrument scan cycle, the pattern of which is shown on the right of Figure

2.4. The baffles covering the viewing windows and the black bodies themselves are also visible on the

exterior of the instrument in Figure 2.2. Between taking nadir and forward views, a black-body target is

viewed to calibrate the IR channels. One is maintained at 305K while the other is at the ambient instrument

chamber temperature (256 K). This range encompasses all theexpected brightness temperatures that the

instrument measures. The black bodies are cylindrical, insultating and non-reflective with a temperature

monitoring system. There is also a visible-channel calibration system (VISCAL) which views the sun once

per orbit near sunrise, and uses an opal tile to scatter lightonto the detector at the appropriate time in the

scan.

The performance of the instrument over its life to date was discussed at the recent MERIS/(A)ATSR

workshop by Mutlow et al. [2005]. The instrument was found tobe fulfilling its original specifications.

Some corrections may be needed to account for instrumental drift (Smith [2005]) although these have not

been finalised.
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Figure 2.5: Global mean SST for July 2003, courtesy of Anne O’Carroll (Met Office)

2.3 Non-aerosol uses for AATSR data

2.3.1 Sea surface temperature retrievals

As previously mentioned, the primary objective of AATSR andpredecessors was to provide a continuous,

global record of sea surface temperature (SST) over a long period of time. Satellites make ideal platforms

for such instruments, and offer several advantages over other data sources such as ships and buoys. These

include a much greater coverage, and also the fact that shipsand buoys give measurements which are not

truly of the seasurface skintemperature but instead that of the near-surface bulk sea. The difference be-

tween bulk and skin temperatures can be of the order of tenthsof a degree. As it provides a single data set

AATSR is self-consistent whereas ships and buoys, being many data sets collected in different ways, are not.

It should, however, be noted that ship and buoy measurementsare still useful (for example for validation of

results from satellite data).

Measuring SST accurately is very important in climate research. This is particularly true for the detec-

tion of global warming, where high precision is required so any long-term trend is not hidden by noise. As

a result, the AATSR mission requirements state that the instrument should be able to retrieve SST with an
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accuracy of better than 0.3 K (1σ limit), and up to 0.1 K under favourable conditions. In addition, there are

strict requirements on instrumental calibration, to assess any long-term drift and provide continuity with the

ATSR-1 and ATSR-2 data sets.

Temperature is retrieved using the infrared channels. The visible channels are used for cloud flagging

(1.6µm) and atmospheric correction for aerosol scattering (others), and it is for this reason that AATSR is

suitable for performing aerosol retrievals. At nighttime the visible channels cannot be used so differences

in correlations between thermal channels are used for thesepurposes instead. Similarly, aerosol retrieval

can only be performed during the day. Retrievals are often presented as monthly means (as in Figure 2.5).

These have the advantage that the entire globe will have beensampled several times by the satellite during

this period, so the likelihood of at least one cloud-free retrieval for each pixel is increased.

Some work (such as Good et al. [2005]) has been done into trends in SST from ATSR-2 and AATSR

data. For longer-term trends, however, (A)ATSR data is typically used in conjunction with other data sets

to extend the range of time spanned. SST measurements are also useful in other modelling studies, such as

coupled ocean-atmosphere circulation models or studying periodic oceanic features such as the El Niño/La

Niña Southern Oscillation (Cardon et al. [1998]).

2.3.2 Land remote sensing

A secondary objective of AATSR was to continue ATSR-2’s records of data for land remote sensing. Both

land surface temperature (LST) and vegetation properties such as Normalized Difference Vegetation Index

(NDVI), which provides information about surface type, areroutinely retrieved. LST retrievals are similar

in principle to SST retrievals.

A difficulty associated with remote sensing over land as opposed to the sea is that the land surface

albedo often shows a strong dependence on viewing geometry.In other words, it has a steep bi-directional

reflectance distribution function (BRDF), which makes modelling more difficult. In addition the land sur-

face can be highly heterogeneous over the scale of the instrument’s resolution–adjacent fields of different

crops can have very different albedos. Despite these difficulties, progress in land remote sensing including

retrieval of LST (Sória and Sobrino [2005]) and BRDF has been made with (A)ATSR data, with retrieval of

BRDF often performed simultaneously with aerosol retrieval (North et al. [1999], North [2002]).

Burning vegetation can also be monitored using the same method as retrievals of LST, although the fact

that fire temperatures exceed that of the hot calibration body (305 K) means that the temperatures retrieved
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are not as precise as those for SST or ‘normal’ LST. Still, AATSR has become an important tool in the

monitoring of biomass burning (Huang and Siegert [2004]). The instrument was designed such that strong

signals from fire do not swamp the detector so useful information can still be gleaned from the data.

2.3.3 Retrieval of cloud properties

AOPP and the Rutherford Appleton Laboratory (RAL) at Didcottogether have a scheme for aerosol and

cloud retrievals called ORAC (Oxford-RAL Aerosol and Cloud) which has been used with ATSR-2 and

AATSR data and will be discussed in detail in the next chapter. The principles behind aerosol and cloud

retrievals are similar in that aerosol may be considered to be a very optically thin layer of cloud. One im-

portant difference is that the aerosol retrieval does not currently use AATSR’s infrared channels, while the

cloud retrieval does.

Cloud parameters retrieved by ORAC include optical depth, effective radius, cloud-top temperature, the

fraction of cloud within a pixel or superpixel, and cloud type. Cloud-top temperature may be converted to

height and pressure.

2.4 Other instruments in use for aerosol characterisation

A wide variety of instrumentation is in current or recent useto characterise atmospheric aerosols. These

can be broadly divided into two categories: satellite instruments similar to AATSR for remote sensing, and

terrestrial instruments (either on the ground or aboard ships and aircraft).

2.4.1 Satellite-borne

MERIS

Like AATSR, the MEdium Resolution Imaging Spectrometer MERIS is an instrument aboard Envisat and

the two have several common features and goals. Both are radiometers, with MERIS measuring at 15 wave-

lengths in the visible region. MERIS also has a higher resolution (approximately 300 m) and wider field of

view (68.5◦). MERIS only has one viewing geometry, which gives AATSR an advantage in terms of making

corrections for the aerosol contribution to signal. MERIS is primarily used for ocean colour measurements

and vegetation remote sensing.
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Being jointly aboard ENVISAT offers opportunities for synergy between MERIS and AATSR data and

derived products, which has been discussed recently by Silió and Bricaud [2005]. MERIS is used along

with (A)ATSR and SEVIRI in the GlobAerosol project (discussed by Thomas [2006]), although the retrieval

algorithms differ.

SCIAMACHY and GOME

The SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY) is also

aboard Envisat and is the successor of the Global Ozone Monitoring Experiment (GOME), which flew on

ERS-2 alongside ATSR-2. These instruments are primarily used for retrieval of vertical profiles of various

atmospheric trace gases (such as work by Dils [2006] and Richter [2006]), although they have also been

used to characterise aerosol distribution.

GOME measured in the visible at a nadir geometry, while SCIAMACHY extends the range of wave-

lengths samples into the infrared and is capable of several viewing geometries. Both instruments make

use of the differential optical absorption spectroscopy (DOAS) technique. The horizontal resolution of the

instruments (60 km× 30 km at best) is markedly poorer than that of the ATSR series.SCIAMACHY’s

variable viewing geometries allow for good retrieval of vertical profiles.

MISR

The Multi-angle Imaging SpectroRadiometer (MISR) is located on NASA’s TERRA satellite and run by the

Jet Propulsion Laboratory (JPL) at CalTech. Designed and widely used (Abdou et al. [2005]) for aerosol

retrieval, like AATSR it measures in the visible and infrared (although only over 4 channels) at 9 widely-

spaced angles. It is capable of a very high spatial resolution of 275m (250m at nadir) although in practice

for a more reasonable data transmission rate it tends to workwith a resolution of between 1× 1 km and

4 × 4 km, adjustable for each detector. MISR is currently the only instrument which is routinely used to

produce multi-angle retrievals of aerosol optical depth.

MODIS

An instrument carried on two satellites (NASA’s TERRA and AQUA), the MODerate resolution Imaging

Spectroradiometer (MODIS) measures at 36 bands in the visible and infrared. Resolution varies between

250× 250 m and 1× 1 km dependent on band, and it has a wide swath (55.5◦, giving a 2,330 km overpass).

As well as retrieving aerosol (Abdou et al. [2005]), a primary use of MODIS is land surface classification
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and this land product is used to set thea priori surface albedo used in the AATSR retrieval (described in

Section 3.3.2). Over the ocean MODIS is used for ocean colourand SST measurements.

SEVIRI

Unlike the other satellite instruments mentioned here, theSpinning Enhanced Visible and Infra-Red Im-

ager is in a geostationary orbit. Located above equatorial Africa aboard the Meteosat 8 satellite, it images

the visible portion of the globe every 15 minutes using 4 channels in the visible/near-infrared region at 1

km × 1 km resolution and a further 8 channels in the infrared at 3 kmby 3 km resolution. Launched on 29

January 2004, it is expected to have a lifetime of 7 years. As well as aerosol detection, it is used in remote

sensing of cloud and surface properties.

SEVIRI deserves special mention in that it is used in the GlobAEROSOL project alongside (A)ATSR

and MERIS (Thomas [2006]). The same principles apply to both(A)ATSR and SEVIRI aerosol retrievals,

although as previously mentioned the SEVIRI viewing geometry is different, as are the precise channel

wavelengths and bandwidths.

AVHRR

The Advanced Very High Resolution Radiometers (AVHRR) are aseries of instruments which have flown

on the American satellites TIROS-N and NOAA-6 onwards (withimprovements made since NOAA-15).

They are primarily used for surface temperature and cloud measurements, but have also been used to obtain

aerosol properties (Wetzel and Stowe [1999]). AVHRR measures at 5 bands in the visible and infrared

regions at a resolution adjustable to either 1.1 × 1.1 km or 4× 4 km (which enables global coverage).

OMI

A joint venture between the American NASA, the Netherlands’Agency for Aerospace Programs (NIVR)

and Finnish Meteorological Institute (FMI), the Ozone Monitoring Instrument (OMI) aboard AURA was

designed as a successor to the Total Ozone Mapping Spectrometer (TOMS).

OMI is a nadir viewing radiometer which measures backscattered solar radiation from 0.270 to 0.500µm,

with a spectral resolution of about 0.5 nm. It has a 2600 km swath, resulting in daily global coverage, and

a resolution of 13× 24 km in normal operational mode. In addition to O3, OMI has been used to retrieve

aerosol properties (Braak [2006]).
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CALIPSO

Another joint venture (between NASA and the French CNES), the recently-launched Cloud-Aerosol Li-

dar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite was designed specifically to monitor

cloud and aerosol. Launched on April 28 2006, the mission’s initial data is currently being released.

CALIPSO carries 3 co-aligned instruments measuring at nadir. The Cloud-Aerosol Lidar with Orthog-

onal Polarization (CALIOP) measures backscattered light intensity at 532 nm and 1064 nm. The Imaging

Infrared Radiometer (IIR) measures at 8.7µm, 10.5µm, and 12.0µm and has a 64× 64 km at 1× 1 km

resolution. Finally, the Wide Field Camera (WFC) measures intensity over the 270-620 nm region, de-

signed to overlap with a MODIS band. Together, these instruments will be able to probe cloud and aerosol

properties and vertical structure in the atmosphere.

2.4.2 Terrestrial

AERONET

The AERONET (AErosol RObotic NETwork) is a global system of sun photometers coordinated by NASA

[2006], providing data on aerosol properties and precipitable water. Photometers work by measuring light

intensity, in a similar way to the (A)ATSR instruments. A diverse range of environments are covered, as

shown in Figure 2.6. Data is available from 1993 onwards (although not all sites have been active since

then). It has recently been extended to provide ocean colourproducts at several coastal sites.

Because of the long spatial and temporal coverage, AERONET sites are often chosen to validate satellite

retrievals (for example by Abdou et al. [2005]). Ground-based photometers have an advantage over satellites

in that measurement can be taken continually at a specific location if continuity is required, although as they

are point measurements they are less useful than satellitesfor estimating global coverage. Being physically

located on the ground also makes maintenance of such instrumentation simpler than that of a satellite, and

their calibration is aided by the presence of the Sun as a well-defined light source to sample.

Other land, sea and air campaigns

The literature shows a wealth of one-off or ongoing campaigns of aerosol characterisation based upon data

collected on land (Lu et al. [2006]), at sea (Ramachandran [2005]) and increasingly by aircraft (such as

SAMUM 2005, Inomata et al. [2006], Targino and Noone [2006] and Yoon et al. [2006]), although most of

these are local as opposed to worldwide in scope.
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Figure 2.6: AERONET global coverage. Red squares indicate the presence of an AERONET station.

A variety of techniques are employed ranging from photometry and LIDAR to mass spectrometry. In

one example, the SAharan Mineral DUst ExperiMent (SAMUM 2005) was an international project carried

out largely over Morocco in 2005, and involved several flights in the custom aircraft Falcon. This had a

payload of a nadir-viewing LIDAR system, a photometer and particle counters able to characterise aerosol

microphysical and chemical properties. The goal of the project was to observe the radiative effects of

Saharan dust as it is blown off the desert. Validation studies are being carried out with ground-based LIDAR

andin situmeasurements, as well as data from the MERIS and MISR satellite instruments.



Chapter 3

Theory and Retrieval Algorithm

3.1 The inverse problem

The field of retrieval theory is dedicated to the solution of the inverse problem, defined and investigated

thoroughly by Rodgers [2000]. There are systems in which we are unable to measure directly the quantity

we are interested in, but are able to measure some other quantity somehow related to or resulting from it.

From this measurementy we wish to find out something about the statex the system is in. Giveny = F(x)

for some functionF known as the Forward Function, approximated by the Forward Model (FM) f (x),

solving the inverse problem means being able to find the inverse functionx = f−1(y) and so obtain state

informationx from measurementy.

The premise behind performing an aerosol retrieval is that aerosol in the atmosphere will affect the

light received at the satellite through a combination of absorption and scattering. The radiances AATSR

measures form our measurement vectory and the state information vectorx we wish to retrieve consists

of various atmospheric aerosol and surface properties (namely aerosol optical depth, effective radius, and

surface albedo at 0.55µm for both forward and nadir viewing geometries). Aerosol radiative properties de-

pend on factors such as aerosol particle size, shape, chemical composition and vertical profile so a forward

model must take such factors into account. The use of satellite data in this way is known as remote sensing

(or remote sounding), as the measurements are taken at a distance.

The algorithm developed and used through this project is based on the GlobAEROSOL algorithm for

retrieval of aerosol properties (Thomas et al. [2006]), developed at Oxford and the Rutherford Appleton

Laboratory (RAL), which has itself been developed from an earlier algorithm designed for ATSR-2 (Marsh

et al. [2004]). The scheme is known as the Oxford-RAL retrieval of Aerosol and Clouds (ORAC) and is

34
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applicable to both ATSR-2 and AATSR date. Continuing the chain further back, ORAC was built from the

Enhanced Cloud Processor (ECP) described by Watts et al. [1998], which was designed to retrieve cloud

properties from ATSR measurements.

The main development from the GlobAERSOSOL scheme to the onedescribed here is that the former

only uses the instrument’s nadir view channels, while this scheme makes use of both nadir and forward

views (and hence is known as a dual-view retrieval). This doubles the number of measurements in use, and

returns one more piece of state information (the forward-view surface albedo at 0.55µm).

3.1.1 Retrieved aerosol parameters

A sample of atmostpheric aerosol can be described by its number density, size and shape distribution, verti-

cal profile and chemical make-up (which determines refractive index). Assuming the particles are spherical

allows computation of radiative properties from Mie theory.

Aerosol optical depthτ is the first quantity retrieved in the ORAC scheme, and this isthe parameter

which has the largest impact on observed radiance. Optical depth at 0.55µm is retrieved directly during the

iteration, and later related to optical depth at 0.87µm using lookup tables. Optical depth is defined as:

τ(λ) =

Z ∞

0
βe(z,λ)dz=

Z ∞

0
(βs+βa)(z,λ)dz (3.1)

The total extinction coefficientβe, is defined as the sum of the extinction due to absorption (βa) and

scattering (βs). Radiative characteristics are described by the verticalprofiles ofβa andβs along with the

scattering phase functionP(θ), which determines the spatial distribution of the scattered radiation. Other

useful aerosol optical properties include the single scattering albedoωo, which is the ratioβs/βe, and the

asymmetry parameterg which is the weighted integral ofP(θ) from 0 to 180◦. For a given aerosol shape,

size, and refractive indexβe is proportional to the aerosol concentration whileP(θ) is not.

Mie theory shows that the extinction coefficientβ is given by:

β(z,λ) =
Z ∞

0
Qe(z,m,x)πr2n(z, r)dr (3.2)

Qe is the Mie extinction efficiency factor, dependent on the Miesize parameterx = 2πr/λ and the re-

fractive index of the particles (m= mr + imi). n(r) is the aerosol number size distribution, dependent on

radiusr.
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The most appropriate distribution to use to characterise atmospheric aerosol is the log-normal one

(Davies [1974]). This is described by its modal radius(r i), standard deviation of ln(r) (σ) and total number

density(N). The second parameter retrieved, then, tells us about aerosol particle size. This is the effective

radiusre, defined as the ratio of the 3rd and 2nd moments of the size distribution:

re =

R ∞
0 r3n(r)dr

R ∞
0 r2n(r)dr

(3.3)

Vertical distribution also affects radiative properties,although this is currently not retrieved as the visible

channels do not provide information on it (shown in more detail in Section 3.4.3). As a result the aerosol

height distribution at heighth and for scale heightZ (dependent on aerosol type) is fixed and described as

follows:

N(h) = N(0)e−h/Z (3.4)

No information on aerosol shape distribution is currently retrieved and aerosol is assumed to be spheri-

cal. This is largely due to difficulties in the modelling of radiative characteristics of non-spherical particles,

although some progress has recently been made in this field (such as Dubovik et al. [2005]). Work on this

project to date has been focussed on oceanic scenes, for which aerosol particle sphericity is a reasonably

valid assumption. However, other classes of aerosol (particularly desert dust) tend not to be spherical so the

assumption of sphericity must be taken as a (currently) necessary approximation.

3.1.2 Retrieved surface parameters

A large proportion of the radiance arriving at the satelliteis due to direct reflection of sunlight off the sur-

face, particularly over land. The third and fourth retrieved parameters are the surface albedo at 0.55µm for

the nadir and forward viewing geometries respectively. These are retrieved as independent values, although

a high degree of correlation between them would be expected for many surfaces.

The initial guess at surface albedo (taken from modelleda priori values, discussed in Section 3.3.2) for

each view is used to form a picture of the spectral shape of thesurface by calculating the ratio of the albedo

at wavelengthλ to that at 0.55µm for all four channels. During the retrieval process, the spectral shape (i.e.

ratio between channels) is constrained and only the brightness (i.e. absolute magnitude) is allowed to vary.

This effectively means that instead of needing eight variables to describe the surface (one per measurement

channel used per view) only two are required (one per view forthe 0.55µm channels) provided the correct

surface spectral shape is known.
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3.2 The forward model

The aerosol forward model to compute radiance given the atmospheric state uses a series of lookup tables

rather than perform radiative transfer calculations on-the-fly, as using lookup tables is a computationally

cheaper method. The lookup tables are generated using assumed values of aerosol refractive index, size dis-

tribution, phase function and vertical distribution, as well as assumptions of the absorption of atmospheric

gases. They are generated for a 32 layer plane parallel atmosphere stretching from 0 - 100 km in height,

with a 1 km spacing up to 25 km, stretching to 30 km for the top layer.

The Optical Properties of Aerosols and Clouds (OPAC) database of Hess et al. [1998] provides infor-

mation on physical (e.g. size and vertical distribution) and optical (e.g. wavelength-dependent complex

refractive index) properties, which are used to build up profiles for the characteristic aerosol types. Infor-

mation on various aerosol components is used to generate four aerosol classes: continental clean, desert,

maritime clean and Antarctic. Information on the components can be found in Table 3.1 and details of the

assumed composition of the classes in Table 3.2. Increased relative humidity provides an increase in the

amount of atmospheric water vapour which can condense onto the particles, altering their size and refractive

index. This effect is taken into consideration utilising the method of Ha̋nel [1976].

• The water-insoluble component of aerosol particles consist mostly of soil particles containing organic

material. The water-soluble substances are a mixture of sulphate, nitrate, and organic compounds,

the mixing ratio of which varies with the type of sources (such as biogenic, fossil fuel combustion,

volcanic, biomass burning).

• The term ‘soot’ represents absorbing black carbon that is either a product of direct particle emission

into the atmosphere by combustion processes that form highly absorbing graphitic along with weakly

absorbing organic particles, or a transformation within the atmosphere of combustion related gases to

particles.

• Sea salt particles consist of the various kinds of salt contained in seawater. Two modes are given to

allow for a different wind-speed-dependent increase of particle number for particles of different sizes.

• Desert dust is produced in arid regions and consists of a mixture of quartz and clay minerals. It is

modelled with three modes to allow for increasing relative amounts of large particles with increasing

turbidity. The size of mineral aerosol particles is assumedto be insensitive to relative humidity effects.

• Sulphate derivates, whether from natural or anthropogenicsources, are simply termed ‘sulphate’,

except where they occur in a mixture of different water-soluble substances. Sulphate is found in

Antarctic aerosol and in the stratospheric background aerosol.
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Component r i σ Wet Mode
(µm) Radius

Insoluble 0.47 2.51 indep.
Water-soluble 0.0212 2.24 *

Soot 0.0118 2.00 *
Sea Salt (Accumulation) 0.209 2.03 *

Sea Salt (Coarse) 1.75 2.03
Mineral (Nucleation) 0.07 1.95

Mineral (Accumulation) 0.39 2.00 indep.
Mineral (Coarse) 1.90 2.15

Sulphate 0.0695 2.03 *

Table 3.1: Aerosol components, modal radius, and standard deviation for a log-normal size distribution and
an assumed relative humidity of 0 %. Entries in the fourth column refer to the publications where the values
of the wet mode radii can be obtained: * refers to d’Almeida etal. [1991] or Hess et al. [1998]. The label
regarding the wet mode radius is set to “indep.” if the aerosol component is not hygroscopic.

Mie theory is used to calculate scattering phase function for the central wavelength of each channel

over a range of 20 effective radiire (from 0.02µm to 20µm). The exponentially-decreasing vertical profile

described previously is then used to give a vertical profile of scattering. Phase function generation requires

the following pair of assumptions:

• The radiative properties of the aerosol are constant acrossthe width of each instrument channel.

This is a reasonable assumption because the features of aerosol extinction spectra are very broad in

comparison with gas absorption or emission features.

• The aerosol size distribution is, as previously mentioned,assumed log-normal. Changes in effective

radius are achieved by adjusting the proportions of the differently-sized aerosol modes. If effective

radius for an aerosol type equals that of the smallest or largest component in it, then the type becomes

a single-component aerosol. If the size lies outside this range then the modal radius is shifted (keep-

ing the distribution width constant)–in such situations the validity of the assumed size distribution

becomes poorer. However, for very small aerosol particles optical properties become less important

as effects become dominated by Rayleigh scattering.

For each layer at which the aerosol distribution is defined, the extinction coefficientβe, single scattering

albedoωa and the coefficients of a Legendre expansion of the scattering phase function are calculated for

each channel and effective radius.
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Type Components Mix. Ratios (1/cm−3)
Continental total 2,600

clean water-soluble 2,600
insoluble 0.15

Desert total 2,300
water-soluble 2,000

mineral (nucleation) 269.5
mineral (accumulation) 30.5

mineral (coarse) 0.142
Maritime total 1,520

clean water-soluble 1,500
sea salt (accumulation) 20

sea salt (coarse) 0.0032
Antarctic total 43

sulphate 42.9
sea salt (accumulation) 0.047

soot 0.0053

Table 3.2: Composition of aerosol classes used in the retrieval. A 50% relative humidity is be considered
for the hygroscopic components. Mixing ratio values are found in Table 4 of Hess et al. [1998].

3.2.1 Modelling atmospheric gas absorption

Following on from aerosol scattering properties, gas absorption over the instrument band passes is cal-

culated and convolved with the instrument filter transmission functions using the MODTRAN database

(version 3.5-v1.1) outlined by Brown et al. [2004]. This database provides tropical, mid-latitude summer

and winter, subarctic summer and winter, and US Standard Atmosphere climatological atmospheres for

H2O, CO2, O3, N2O, CO, CH4, plus single profiles for HNO3, NO, NO2, SO2, O2, N2, NH3 and CFCs.

ORAC lookup tables are generated using the mid-latitude summer atmosphere only. This simplification

can be made as gas absorption is weak compared to aerosol extinction in the visible and the instrumental

channels are free from strong absorption features of gases which show large spatial and temporal variability

(most notably H2O).

3.2.2 Modelling atmospheric transmission and reflectance

To conclude lookup table generation, atmospheric transmission and bidirectional reflectance values are

computed from aerosol phase function and gas absorption previously calculated. The DIscrete Ordinates

Radiative Transfer (DISORT) software package (Olesen [2005]) is used for this purpose. DISORT is a
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well-documented and often used general purpose algorithm for time-independent multiple-scatter transfer

calculations. It solves the equation for the transfer of monochromatic light at wavelengthλ as described by:

µ
dLλ(τλ,µ,φ)

dτ
= Lλ(τλ,µ,φ)−LS

λ(τλ,µ,φ) (3.5)

In equation 3.5,Lλ(τλ,µ,φ) is the intensity along direction (µ,φ), whereµ is the cosine of the zenith

angle andφ is azimuth angle, at optical depthτλ, measured perpendicular to the surface of the medium.

LS
λ(τλ,µ,φ) is the source function.

The surface albedo is set to zero for lookup table creation. The equation is solved forL to give tabulated

transmission or reflectance (depending on the file) for optical depthsτ at 0.55µm for each of the 20 effective

radii, 9 logarithmically-spaced 0.55 µm optical depths and sun/satellite geometry (specified by 20equally

spaced zenith angles and 11 equally spaced azimuth angles).Linear interpolation is used for values falling

in between the points. Five lookup tables, known as Static Application Data (SAD) files, for each aerosol

type/instrument channel combination are produced:

• Bidirectional reflectance of the aerosol layer,RBD

• Reflectance of the aerosol layer to diffuse radiance,RFD

• Diffuse transmission of the incident beam,TBD

• Direct transmission of the beam,TDB

• Transmission of diffuse incident radiance,TD

Molecular absorption and Rayleigh scattering in the aerosol layer

The effects of molecular absorption and Rayleigh scattering are included in DISORT by an adjustment of

the aerosol layer’s optical depth, the particle’s single scattering albedo and phase function in the following

manner:

τ = τa+ τR+ τg (3.6)

ω =
τR+ωa τa

τg+ τR+ τa
(3.7)

P(θ) =
τaωaPa(θ)+ τRPR(θ)

τaωa + τR
(3.8)
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Hereτa, τR andτg are the contributions to the total optical depthτ from aerosol scattering, Rayleigh

scattering and gaseous absorption within each layer respectively. The aerosol single scattering albedo is

denotedωa. For each layer bounded by lower and upper pressure levelspl andpu respectively and ground

level pressurep0, τR is calculated as:

τR =
τRT[pu− pl ]

p0
(3.9)

τRT, the wavelength-dependent Rayleigh scattering optical depth for a column of atmosphere extending

from the ground surface to the top of the atmosphere (TOA) is obtained fromJustus and Paris [1985]:

τRT(λ) =
p0

ps
× 1

117.03λ4−1.316λ2 (3.10)

This takes the value ofps (standard pressure) as 1013.25 mbar, and requires the ground pressurep0 in

mbar and wavelengthλ in µm.

3.2.3 Computing top of atmosphere radiances

The forward model uses the lookup tables to predict a top of atmosphere (TOA) radiance using a three layer

radiative transfer model, shown diagrammatically in Figure 3.1. The solar beam is incident on the aerosol

layer (described by many layers in DISORT).

F = 1

TB(θ0)
TB(θ0)Rs

TB(θ0)RsTD(θv)

TB(θ0)RsRFD

TB(θ0)R2
sRFD

TB(θ0)R2
sTD(θv)RFD

τ

Rs

RBD(θ0,θv,φ)

Figure 3.1: Aerosol layer - surface interactions.

The first contribution to the TOA radiance received at the satellite is the direct bidirectional reflectance

(RBD) of the aerosol layer. Transmission through the layer is partly by direct transmission of the beam

(TDB) and partly by diffuse transmission of scattered radiance (TBD). These can be combined to give the

total downward transmission through the aerosol layerTB = TBD+TDB, as a Lambertian surface is assumed

(meaning any directionality in the radiance is lost on reflection). The reflected radiance is assumed to be
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diffuse and is partially transmitted (TD) by the aerosol layer into the view direction, thereby giving the

second term in the solar component. The aerosol layer also reflects downwards, giving rise to a series of

multiple reflections and transmissions giving with rapidlydecreasing contributions to the TOA reflectance.

This multiple-scattering process is represented as follows:

R= RBD(θ0,θv,φ)

+TB(θ0)RsTD(θv)

+TB(θ0)R
2
sTD(θv)RFD

+TB(θ0)R
3
sTD(θv)R

2
FD

+ · · · (3.11)

Hereθ0 is the solar zenith angle,θv is the satellite (instrumental view) zenith angle andφ is the relative

(solar to satellite) azimuth angle. This expression can be simplified to give:

R= RBD(θ0,θv,φ)+TB(θ0)TD(θv)Rs(1+RsRFD +R2
SR2

FD + · · ·) (3.12)

Further simplification as a geometric series limit gives theequation used to calculate TOA radiance seen

by the satellite:

R= RBD(θ0,θv,φ)+
TB(θ0)TD(θv)Rs

(1−RsRFD)
(3.13)

An example of TOA radiance predicted by the forward model as afunction ofτ andre is shown forθ0 =

60◦ andθv = 55◦ as Figure 3.2. TOA radiance is given in normalised units to the satellite’s detectors. The

range of optical depth and effective radii scanned was chosen to encompass the most commonly encountered

values for this aerosol type (maritime clean). The measurements give us the most information when contours

on different channels are orthogonal, and as Figure 3.2 shows, over this range ofτ andre the contours tend

not to be parallel. Similar patterns are encountered for other geometries.

Forward model radiance gradient

The gradient version of the forward model(∂y/∂x) is required for two purposes:

1. The gradient with respect to the retrieved state parameters x is needed for the inversion of the non-

linear reflectance model by the Levenberg – Marquardt algorithm, which will be discussed later.
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Figure 3.2: TOA radiance arriving at satellite nadir view channels as predicted by the forward model for
θ0 = 60◦, θv = 55◦, a surface albedo of 0.02 at all wavelengths and the maritimeaerosol class.

2. The gradient with respect to non-retrieved model parameters (such as surface reflectance spectral

shape) is used to judge the sensitivity to these parameters,and thus estimate their contribution to the

retrieval error.

Equation 3.13 can be rewritten as follows:

R= RBD +S (3.14)

From this it can be stated that the gradient of the model with respect to aerosol optical depthτ is given

by:

∂R
∂τ

= R′
BD+S

[

TDT ′
B +T ′

DTB

TBTD
+

RSR′
FD

1−RSRFD

]

(3.15)
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Here all′ indicate∂/∂τ. The gradient of the model with respect to aerosol particle radiusre is given by

an analogous expression where all′ indicate∂/∂re. The gradient of the model with respect to the surface

reflectance also follows directly from equation 3.13:

∂R
∂Rs

=
S

Rs(1−RsRFD)
(3.16)

3.3 A priori information

The retrieval algorithm makes use ofa priori information on the retrieved state parametersx. This serves

a dual purpose: firstly, to provide an initial guess at the values ofx for the iteration, and secondly to act

as a constraint on the retrieval and so make the process less likely to retrieve unphysical values forx. The

precise treatment of thea priori information by the retrieval algorithm is discussed in Section 3.6.

3.3.1 Aerosol properties

Each different aerosol class in the retrieval has its own associateda priori optical depthτ and effective radius

re, with associated errors, dependent on its composition. Forthe aerosol classes used in the GlobAEROSOL

project these are listed in Table 3.3.

3.3.2 Surface albedo

Creating ana priori model of the surface for a pixel depends on whether it is a landor sea pixel. In both

cases an effective Lambertian reflectance is calculated forcompatability with the ORAC forward model.

Over land, the MODIS land surface bidirectional reflectanceproduct described by Scatterfield et al. [2004]

is used (for both viewing geometries). If a pixel is missing it is filled by nearest neighbour sampling; if a

large chunk is missing it is set to a default value. The product is interpolated onto a sinusoidal grid and

Aerosol Class ORAC Log optical depth Error on Log effective radius Error on
label log(τ) log(τ) log(re), µm log(re)

Continental clean A00 -1.2 1.0 -0.64 0.5
Desert A03 -0.54 1.5 0.14 0.5

Maritime clean A05 -1.0 1.0 -0.08 0.5
Antarctic A09 -0.19 2.0 -0.82 0.5

Table 3.3:A priori information for the aerosol classes used in the retrieval scheme. Quantities are logarith-
mic as this is the form in which the retrieval code deals with them.
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averaged to the retrieval resolution.

Over water the situation is slightly more complicated. Surface albedo is modelled using the method of

Sidran [1981], which involves specular reflections from thewind-roughened surface (as modelled using the

Fresnel equations and Cox and Munk [1954a] statistics. The wind speed at the pixel is obtained from data

from the European Centre for Medium-Range Weather Forecasts (ECMWF [2006]). The formulation of a

more accurate sea surface model is one of the goals for the next two years of work.

Sun-glint

The specular reflection of sunlight from the ocean surface (sun-glint) poses a problem for nadir measure-

ments over the ocean. In some areas the surface contributionto TOA-observed radiance becomes completely

dominant and masks any aerosol signal past the limits of detection of the retrieval scheme. As a result, no

retrieval is attempted on pixels in the sun-glint region of the scene. The criterion for determining whether a

pixel lies in the sun-glint region is a simple threshold based on the Cox and Munk-predicted radiance. This

flagging of pixels for sun-glint contamination occurs during the creation of thea priori surface for the pixel.

Sun-glint is less of an issue for the forward viewing geometry, for two reasons:

• The forward geometry has a longer atmospheric path length, so the relative aerosol contribution to

the signal is magnified.

• Because the instrument orbits at a local time of around 10am,the sun’s position in relation to the

instrument is always less favourable for the nadir view thanthe forward view. In other words, the

forward view is less likely to be affected by sun-glint because it is not pointing at the sun-glint region.

The above means that while nadir measurements for a pixel maybe unusable the forward measurements

might still be. Nevertheless no retrieval is carried out in these regions, as using just the forward view’s data

in the retrieval might introduce a bias into the results due to imperfections in the forward model.

3.4 Discussion of forward model errors

It is not feasible to accurately model the full range of variation in aerosol composition, size, shape and verti-

cal distributions, atmospheric composition and surface properties which affect the TOA-observed radiance.

Even if all factors could be modelled the measurements do notprovide enough information to retrieve them

all: mathematically, the problem is ill-posed. The resulting approximations and assumptions in the forward
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model will result in errors in the retrieved state parameters and it is important that the most important of

these errors be quantified.

Discussion in this section is based upon the results found inthe GlobAEROSOL single-view retrieval

by Thomas et al. [2006]. The conclusions reached, however, should hold for the dual-view retrieval.

3.4.1 Surface albedo

Except in circumstances of extremely high aerosol loading (or cloud), a large portion of the instrumental

signal will be dominated by surface features, with the aerosol signature essentially adding a perturbation.

The forward view has a longer path length (hence aerosol contribution) than nadir although the surface

is still a large effect. As a result the accuracy of the surface albedo is of key importance in determining

the overall accuracy of the retrieval. Although surface albedo is a retrieved quantity the spectral shape is

constrained by thea priori data for each pixel, so it is this spectral shape which is of greatest importance to

model correctly. Several points can be made about surface modelling:

• Snow and ice surfaces have a very high albedo, making the surface contribution to radiance even

greater. As a result retrieval of aerosol properties becomes more difficult as the aerosol signal becomes

very small.

• Although the MODIS surface reflectance product is used over all land surfaces, it in turn depends on

the MODIS aerosol products, which are considered inaccurate over desert regions. This can result

in problems with the ORAC aerosol retrieval over desert regions (particularly the Sahara, Arabian

peninsular, Tibetan high plateau and Gobi desert).

• Ocean colour varies across the world, although in this retrieval the same optical properties are used

globally to set thea priori. This introduces some error in regions where high surface roughness

produces a large amount of foam, or where there are large plankton blooms (both of which will

change the spectral shape of the ocean).

3.4.2 Aerosol size distribution

Figure 3.4.2 gives an example of the difference between the scattering phase functions that correspond to

two grossly different size distributions, which have the same effective radiusre. Even in this extreme case

the scattering phase function for the two distributions is remarkably similar and the single scatter albedoωa

(which is the other aerosol parameter used by DISORT to calculate TOA radiances) for each distribution
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Figure 3.3: Comparison of the phase functions at 0.55 µm (left) of two size distributions (right), both with
an effective radius of 10.3 µm. The first distribution (solid line) consists of the accumulation mode and
coarse mode sea salt components from the OPAC database (Hesset al. [1998]) at 0% relative humidity,
while the second distribution (dashed line) is the accumulation mode alone, with modal radius increased by
a factor of 14 to give it the same effective radius as the combined distribution. Taken from Thomas et al.
[2006].

is almost identical. It is likely, therefore, that this method of setting the effective radius does not introduce

significant errors in the modelled radiances.

3.4.3 Sensitivity to vertical profiles of aerosol parameters

A simple 5-layer forward model from the ground to 2 km has beenused to test whether the TOA radiance

varies as a function of the aerosol number distribution,ω0 andg. Note that this analysis was done using a

previous version of the lookup table generation that used the asymmetry parameterg to describe the angular

distribution of the aerosol scattering, rather than a Legendre expansion of the phase function. The TOA

radiance was investigated for a model with constantω0 = 0.8 andg = 0.61 for all layers. Surface albedo

was set to 0.0. The following four vertical profiles were tested:

• Exponentially increasing with height

• Exponentially decreasing with height

• Linearly increasing with height

• Linearly decreasing with height
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Figure 3.4: TOA radiance values for each of the four verticalaerosolN distributions atλ = 0.67µm. Taken
from Thomas et al. [2006].

The TOA radiances for the vertical profiles are shown in Figure 3.4. This figure shows that the radiance

values for all profiles are identical–ifω0 andg were kept constant with height, the forward model would

not be sensitive to the aerosol profile. Keeping all parameters constant and varyingω0 produces the set of

graphs in Figure 3.5. It can be seen that there is very little difference between the four plots whenτ < 0.1;

however, forτ > 0.1 the TOA radiance is dependent on whetherω0 increases or decreases with height. This

can be explained by more of the incoming radiation being absorbed high in the model atmosphere when

ω0 decreases with height. For the set of graphs in Figure 3.6 theonly parameter which is permitted to vary

with height is the aerosol asymmetry parameterg. Again it can be seen that the TOA radiance varies with

its vertical distribution.

The conclusion to be drawn from these tests is that the forward model is sensitive to the vertical dis-

tribution of aerosol–although it is not directly sensitiveto the vertical number distributionN it is sensitive

to the vertical profiles ofω0 andg. Equations 3.6, 3.7 and 3.8 show that values forτ, ω0 andg within the

layers of the forward model are dependent onτa and hence onN.

Due to an absence of information about vertical aerosol distribution at a given place and time this depen-

dence cannot be accounted for in somea priori, and the measurements do not provide enough information to

allow the retrieval of the vertical distribution and the other retrieved parameters. As a result this dependence

adds a forward model error into the retrieval because the model does not take it into account.
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Figure 3.5: TOA radiance values for each of the four verticalaerosolω0 distributions atλ = 0.67µm. Taken
from Thomas et al. [2006].

Figure 3.6: TOA radiance values for each of the four verticalaerosolg distributions atλ = 0.67µm. Taken
from Thomas et al. [2006].

3.5 Data preprocessing

The ORAC processor expects all input data to be presented in unformatted binary files. Since such files

are an exact reproduction of a computer’s internal binary representation of data, the format of these files is
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architecture dependant and thus ORAC input files are not portable between different systems. The primary

role of the preprocessing is to read in the required data in it’s own format (generally more portable stan-

dards), manipulate it and output it in unformatted form. Theuse of preprocessing code in this way enables

the FORTRAN retrieval code to be treated almost as a ‘black box’, while the preprocessing code can be

written in a higher level language (here Interactive Data Language, IDL, by RSI [2006]) which is much

better suited to the quick development of new routines for reading different data. This provides a stable,

highly optimised retrieval scheme, while maintaining the flexibility needed to allow the easy application of

the scheme to new input and ancillary data.

IDL was selected as the language for the majority of the preprocessing code as there are readily available

I/O routines for most scientific data formats and because of its inbuilt routines for data manipulation. The

interactive nature of IDL is also a considerable advantage in the development and debugging of code, while

the freely available run-time only version of IDL (IDL Virtual Machine) makes it economical to implement

the ORAC processing chain on multi-processor computational clusters. Analysis of output data is also

typically performed using IDL routines. The preprocessingadditionally performs some important functions

required by the retrieval:

Land flagging

The ORAC land flagging scheme uses the CIA coastline database. It consists of vector descriptions of land

outlines rivers and political boundaries at approximately1km resolution. The database was modified at

RAL for use with ERS-2 and Envisat satellite instruments. The modified database is coded in hierarchical

format which makes searching for the correct land surface flag fast and efficient.

Setting surface albedo

As mentioned in Section 3.3.2,a priori land surface reflectance is set using the MODIS surface albedo

product for the appropriate date. Sea surface albedo and anyresulting sun-glint are also calculated using

the Cox and Munk algorithm.

Cloud flagging

Retrievals are only performed on cloud-free pixels. The ESAcloud flag product (produced in the ESA SST

retrieval) is used to flag cloud over the oceans. Over land, the Stevens cloud flag developed at RAL is used.

This is based on a NDVI technique looking at ratios between the visible channels, as shown in Equation

3.17. It is a simple threshold technique, with different thresholds for different surfaces (desert, clean water,
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dirty water, ice, green vegetation, other vegetation, cloud, unclassified) based on test data sets. Thresholds

are set conservatively to identify the maximum possible cloud contamination.

V.87µm−V.67µm
V.87µm+V.67µm

(vs)
V.67µm−V.55µm
V.67µm+V.55µm

(3.17)

Cloud flagging is performed at the full instrumental resolution regardless of the spatial resolution re-

quired by the retrieval, which minimises errors in cloud flagging due to sub-pixel clouds. Cloud flags in

forward and nadir views may differ (due to both cloud movement in the time between views and differences

in apparent height due to viewing geometry) and a pixel is only flagged as cloud-free if both forward and

nadir views register as cloud-free.

Superpixelling

As well as running at full instrumental resolution of 1 km×1 km the retrieval allows spatial averaging of

data (‘superpixelling’). If run at reduced resolution, radiances are averaged to give a mean and variance for

use during the retrieval. The fraction of pixels within eachsuperpixel containing cloud is also calculated, to

give a cloud fraction product. An advantage of running at reduced resolution is that it cuts computational

time by a factor of aboutn2 for ann km× n km superpixelling as compared to running at full resolution. It

also decreases the variance on the measurement by a factor ofthe number of cloud-free pixels within the su-

perpixel, hence providing a way to compensate for measurement noise. However, very large superpixelling

may impact the accuracy of the retrieval, given factors suchas geometry and surface conditions varying

between individual pixels.

Driver file generation

The behaviour of the ORAC retrieval code is controlled by a driver, generated in IDL preprocessing. It is a

text file which passes various pieces of information to the FORTRAN code such as file paths,a priori and

first guess settings, convergence criteria, and active instrumental channels.

3.6 The retrieval algorithm

The ORAC retrieval scheme is an optimal estimation (OE) scheme which uses the Levenburg-Marquardt

algorithm. The basic principle of optimal estimation is to maximise the probability of the retrieved state

based on the value of the measurements anda priori information. Formally, it is required to maximise the

conditional probabilityP = P(x|y,xb,b) with respect to the values of the state vectorx, wherexb is thea
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priori value of the state vector andb are all other parameters not modelled by the forward model. The full

state vectorx is formally defined as follows:

x = [τ0.55, re,Rs(0.55,FORWARD),Rs(0.55,NADIR)]

The terms, as previously mentioned, are the optical depth at0.55 µm, effective radius, and surface

albedo at 0.55µm for forward and nadir viewing geometries. The GlobAEROSOLretrieval lacked the

forward view, and so the term involving the forward view surface albedo was not present inx.

3.6.1 Definition of retrieval costJ and method of minimisation

The assumption is made that errors in the measurements,a priori and model parameters are Normally dis-

tributed with zero mean and variance given bySy, Sx andSb respectively. Then, the conditional probability

takes on the quadratic form:

P(x) ∝ exp[−(y(x)−ym)S−1
y (y(x)−ym)T ]

×exp[−(x−xb)S
−1
x (x−xb)

T ]

×exp[−(bt −b)S−1
y (bt −b)T ] (3.18)

The three terms present in the equation represent weighted deviations from measurements, thea priori

state and the model parameters respectively.bt has been written for the (unknown) true values of the model

parameters. Maximising probability is equivalent to minimising the negative logarithm, so that the quantity

J is equivalently minimised where:

J(x) = (y(x)−ym)S−1
y (y(x)−ym)T

+(x−xb)S
−1
x (x−xb)

T

+(bt −b)S−1
b (bt −b)T (3.19)

The minimisation is done with respect to the state variablex, so that the derivative ofJ is independent

of the third term andb therefore cannot be part of the solution. There are many techniques used in the

minimisation ofJ. Essentially any method of finding the minimum is acceptable, with the caveat that in an

operational context it must be robust and fast. The particular characteristics of this problem are that:

1. First and second derivatives ofJ (with respect tox) exist and are continuous.
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2. Multiple minima are unlikely.

3. J is likely to be approximately quadratic in the region of the solution and far from quadratic elsewhere.

Characteristic 1 implies descent algorithms that make use of the local gradient are possible, and these

are generally faster than methods that do not. 2 implies thatexcessive domain searches to avoid minor

minima are probably not required. 3 is a result of the non-linear nature of the forward model, and means

that quick convergence from a poor starting position is unlikely.

The cost function to be minimised is a reduced form of equation 3.19 since there is no explicit depen-

dence onb:

J(x) = (y(x)−ym)S−1
y (y(x)−ym)T

+(x−xb)S
−1
x (x−xb)

T (3.20)

The first and second derivatives ofJ with respect tox are given by:

J′ =
∂J
∂x

= KT
x S−1

y (y(x)−ym)+S−1
x (x−xb)

J′′ =
∂2J
∂x2 = KT

x S−1
y Kx +S−1

x (3.21)

The expression forJ′′ is a commonly-used approximation in thatKx is assumed to be independent of

x, i.e. the radiative transfer is linear inx. This is only strictly true near the solution (in the region whereJ

is quadratic) but sinceJ′′ is only employed near the solution (as will be discussed in the next section) the

approximation is acceptable.

Levenburg-Marquardt algorithm

The minimum is found by starting at some ‘first guess’ statex0 (here set equal to thea priori value) and

then proceeding to make stepsδxn, based on some algorithm. Assuming the value ofJ decreases at each

step, the updatedx vector is taking the process towards the cost function minimum. To be consistent with

the three points made above, ORAC uses the Levenburg-Marquardt algorithm to define the value ofδxn.

This algorithm uses a weighted combination of steepest descent and Newtonian descent according to the

characteristic of the cost function.
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When the cost function is near quadratic (generally near thesolution) the efficiency of the Newtonian

scheme is employed, while when the cost function is far from quadratic (generally when far from the solu-

tion) the robustness of the steepest descent algorithm is favoured.

The steepest descent algorithm is intuitively the simplest. The vector−J′ defines the ‘downward’ di-

rection of the local steepest gradient. A moveδx = −J′ is almost certainly at least approximately in the

direction of the minimum (although it may be too far or hardlyfar enough). The step is therefore usually

scaled,δx = −αJ′ for some variableα. If J is found to be decreasing (so the step is not far enough)α can

be increased to move faster; ifJ increases (meaning the step was too far in this direction) thenα is reduced

until J decreases.J must eventually decrease with this method otherwise there is an error in the calculation

of ∂J/∂x.

Steepest descent can be very slow to converge, especially near the solution where the gradient necessar-

ily becomes small. It is, however, very robust. In contrast,Newtonian descent is very fast near the solution

because it will find it in one iteration ifJ is quadratic. Newton’s method finds the root of an equation

and is therefore applied here in the form to find the root ofJ′ = 0. the Newton step is therefore defined

asδx = −J′/J′′. The problem with Newtonian descent is that away from the solution J can be very non-

quadratic; theJ′′ can easily be the ‘wrong’ sign leading the step taken be away from the solution. This is

not a problem scaling can solve.

A combination of both methods as used in this retrieval achieves the best results. Before each step is

taken, the resulting cost is checked to see whether it decreases. If so it is taken and the next step is adjusted

to be more Newtonian. If insteadJ increased, the step is not made and an adjustment is made towards

more steepest descent. The resulting Levenburg-Marquadt procedure becomes steepest descent far from the

solution, and Newtonian iteration close to it. It can be described formally be equation 3.22. HereI is the

unit matrix (sizex× x) andα the control variable described. Whenα is large (compared toJ′′) the step

tends to steepest descent; when small the step approximatesNewtonian.

δx = −(J′′+αI)−1J′ (3.22)

For the initial step,α is set proportional to the average of the diagonals ofJ′′ to obtain a reasonable

value:

α0 = MQstart×Trace(J′′) (3.23)
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After a successful step with decreasingJ, α is decreased as follows:

αn+1 = αn÷MQstep (3.24)

Following an unsuccessful step attemptα is increased:

αn+1 = αn×MQstep (3.25)

In the ORAC retrieval the control parametersMQstart andMQstephave default values of 0.001 and 10

respectively. These are defined by the driver file and easily changed in the IDL preprocessing code.

Boundaries

The state space in which the solution is to be found is typically bounded by physical constraints and the

retrieval needs to ensure that values are not retrieved outside of these boundaries. These bounds are optical

depthsτ of between 0.01 and 2, effective radiire between 0.01µm and 10µm, and surface albedoes of

between 0 and 1 (for both views).

Convergence criteria

The iteration process proceeds until the decrease inJ between consecutive iterations(δJn) is so small as

to be considered negligible. This is determined as being smaller than a preset value (the default is 0.05).

This prevents a parameter which is not well constrained fromoscillating or becoming unstable (because the

cost function is ‘flat’ in that direction). Such an instability makes it appear that the solution is not yet found

whereas, in fact, the cost is minimal and cannot decrease further. The use of a convergence criterion onδJn

avoids this problem. If convergence has not occurred after 25 iterative steps, the retrieval is stopped.

3.6.2 Quality control information

This is a very important aspect of any retrieval as there needs to be an effective way of checking the validity

of the result. Fortunately, OE provides diagnostics which allow a reasonably strict quality control to be

applied. There are three principal diagnostics directly available from the inversion method:

• A check of the ‘goodness of fit’ of the solution to its constraints. This should identify situations where

the scene is not well-modelled by the radiative transfer mixed aerosol layer.

• The error field for the retrieval. Scenes that are modelled successfully but have larger than expected

errors can indicate problems with the scene, e.g. missing channels.
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• The number of iterations taken to reach the solution. A very high number of iterations may indicate a

’false’ convergence (to unrealistic values), or no convergence at all (in the case of over 25 steps).

Model fit

The value ofJ at the solution indicates whether the solution is good to within the statistical accuracies as-

sumed for measurements anda priori data. If, at the solution, none of the measurements deviate from the

calculated values (i.e.y(x)− ym) by significantly more than their expected noise values (Sy) and no state

variables deviate from theira priori values (i.e.x− xb) by significantly more than thea priori error (Sx),

thenJ will be of orderny +nx (whereny is the number of measurements used andnx is the number of state

variables retrieved).

Because of the general lack ofa priori and the bounded state variables there are actually fewer degrees

of freedom thanny +nx. A bounded fraction (0−1) cannot contribute anywhere near its expectedSx value

(∼ ∞) to J. Therefore it can be stated that if there arenb state variables that are bounded but without signif-

icanta priori then an acceptable solution will haveJ of orderny +nx−nb.

The largest contribution toJ is likely to be from measurement fit, meaning it is the finaly(x)−ym that

will most often indicate a problem with the solution. The retrieval keeps track ofJy andJx separately (where

the total cost is, from equation 3.20J = Jx +Jy). The general procedure to track down the reason for a high

cost would be to checkJx andJy for measurement ora priori misfit and then eithery(x)−ym or x−xb for

the offending measurement or state variable.

Because the value ofJ depends on the estimation of values forSy andSx it is likely thatJ will not initially

be of orderny + nx−nb as expected. Values too low imply an overestimation of (probably) measurement

error; values too high imply either underestimation of noise levels or convergence criteria that are too loose.

3.6.3 Linear error analysis

OE allows rigorous error analysis of the retrieved state vector x̂. It is based on the assumption that in the

vicinity of the solution the radiative transfer model is linear. In this case, it can be shown that the solution

for the minimum of the cost function (equation 3.19) is foundfor:

x̂ = (S−1
x +KT

x S−1
y Kx)

−1(S−1
x xb +KT

x S−1
y ym) (3.26)

We can define an ’inversion operator’Dy = ∂/∂ym at the solution, which will be given by:
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Dy = (S−1
x +KT

x S−1
y Kx)

−1KT
x S−1

y (3.27)

From Rodgers [2000], three error sources can be identified. These are known as ‘null space’ (ora priori

smoothing) error, measurement error and model parameter error and areexpressed as covariancesSN, SM,

andSS respectively.

Null space error

This expresses error arising from a lack of information in the measurement system (hence the term ’null

space’). It is calculable as follows:

SN = (DyKx− I)Sx(DyKx− I)T (3.28)

Measurement error

This expresses the mapping of the errors in the measurementsonto the solution and is defined by:

SM = DySyD
T
y . (3.29)

Model parameter error

This expresses the mapping of the errors in the forward modelparameters onto the solution. The term is

frequently neglected from error analyses on the grounds that Sb is either small (all parameters are well-

known) or that all uncertain parameters are included in the state vectorx, and errors are therefore manifest

throughSN andSM. It is also common to include the forward model error intoSy.

SS = (DyKb)Sb(DyKb)
T (3.30)

The total of the null space and measurement errors gives the familiar total error:

ŜT = (S−1
x +KT

x S−1
y Kx)

−1 (3.31)

All error terms are covariances and the correlations implied by the off-diagonal terms are important

for interpreting the information content of the measurements. However, it is unrealistic to output the full

covariances for all three error sources in an operational code environment and these are only available as

special breakpoint variables for diagnosis. The ORAC nominal output contains only the square root of the
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diagonals for the total error,ST (or optionallyST + SS). The folllowing points are worth noting about the

error estimate:

1. It applies to each state parameter separately–a high expected error in one parameter does not neces-

sarily imply a high error in another.

2. It is conditional upon the correct solution being found.

3. It is conditional upon atmospheric and aerosol conditions corresponding to the model assumed.

3.6.4 Defining the statistical constraints

The statistical constraints on the solution ˆx are the error covariance matricesSx andSy, i.e the quality of the

measurements anda priori values of the state. The error covariance matrixSb defines the contribution of

the model parameter error to the retrieval error and does notaffect the behaviour of the retrieval.

3.7 Speciation and calculation of the̊Angstrøm coefficient

As described the ORAC retrieval scheme determines the optical depth at two wavelengths and effective

radius for a given aerosol model (plus surface albedo information) which best reproduce the observed ra-

diance. The GlobAEROSOL project requires two additional products, which are also calculated by this

retrieval: theÅngstrøm coefficient and speciation of the aerosol. TheÅngstrøm coefficient is defined by:

d log[τ(λ)]

d log[λ]
(3.32)

By assuming thatτ varies linearly withλ in the visible, it can be directly calculated from the two

retrieved optical depths:

Å0.55,0.865 =
log[τ0.865/τ0.55]

log[0.865/0.55]
(3.33)

For GlobAEROSOL a retrieval is performed for each of the aerosol classes, and speciation is determined

by the class which provides the best fit to the observed radiances. For single-view retrievals there has been

concern (Marsh et al. [2004]) about large errors arising from insufficient information content from the

measurements, particularly due to uncertainties in the surface spectral shape. It may be possible to provide

some constraint to the variation of speciation across adjacent pixels, especially over the ocean (where both

aerosol properties and the surface reflectance can be expected to be reasonably homogeneous over a few

tens of kilometers). This has not currently been investigated.
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Progress and Results To Date

4.1 Development of the forward-view retrieval

As has been previously mentioned, the aerosol retrieval present in the GlobAEROSOL scheme makes use

of only the nadir view channels on the ATSR-2 and AATSR instruments. The initial work performed in the

research project involved adapting the code to allow it to make use of data from the forward view of the

dual-viewing geometry, which involved making changes to the IDL preprocessing steps of the scheme.

A pair of scenes were analysed to reveal similarities and differences in the retrieved data. The first uses

data from the orbit on September 5th 2004 between 28o−64o north and 16o−42o west, and the second

August 28th 2004 from 8o−40o south and 108o−120o east. Figure 4.1 shows the geographical location of

these two scenes, as well as radiances received at 0.55µm at the nadir view.

Due to these locations being mostly at sea, the marine aerosol class lookup tables were used during the

retrievals. Retrievals were run with pixel latitude and longitude dimensions of 10 km to provide a reasonable

number of data points and decrease the measurement noise through superpixelling, but without requiring

excessive computational time to run. The scenes were chosenfor the following reasons:

• They are comparatively cloud-free, yielding a high number of pixels to perform the retrieval on.

• They are largely over the ocean. Being comparatively homogeneous, the ocean surface is in principle

easier to describe than the land. Therefore by attempting retrievals above the ocean we know our

description of each pixel is of a similar quality.

• One is in the northern hemisphere (the Atlantic Ocean, to thenorthwest of the United Kingdom)

while the other is in the southern (clipping over western Australia and Indonesia). This provides two

59
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Figure 4.1: Radiances received at 0.55µm at nadir view for the two scenes compared. The satellite’s native
units are of apparant albedo. Missing data points from the swathe are due to cloud-flagging. Note the bright
streak in the southwest of test scene 1; this is the sun-glintregion.

geometrically different locations to probe.

Retrieved aerosol optical properties for forward and nadirviews would be expected to match within er-

ror bars, assuming the state of the atmosphere does not change much in the few minutes between recording

of forward and nadir view data. Some discrepancy would be encountered because the aerosol is in the at-

mosphere and not flat on the surface (so as a result will appearin slightly different locations in the different

views), though if the bulk of the aerosol is low in the atmosphere, and variability on horizontal scales of

several kilometres is not too great, then this discrepancy will be minimal. The forward viewing geometry

would be expected to give smaller error bars on retrieved aerosol properties, as its longer atmospheric path

length means that it has a greater signal from aerosol than the nadir view.

Retrieved surface albedo would be expected to differ because true surfaces tend not to be Lambertian.

One would, however, expect strong correlations in retrieved albedo: a comparatively bright surface is likely

to be bright at both viewing geometries.

Data points were filtered to consider for the analysis only those meeting the following criteria:

• The retrieval converged, with a cost less than 20 (so represents a good fit).

• The pixel is a sea pixel.

• Retrieved quantities do not lie exactly on state boundaries.
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A note on cost

In the GlobAEROSOL retrieval scheme, retrieval cost is divided by the number of active channels (4 for

their single-view nadir retrievals) to provide an effective cost-per-channel measure of the success of the

retrieval. Convergence criteria are scaled by a corresponding amount. That convention has been adhered

to here so should be borne in mind when discussing results. Itdoes not impact much when comparing

single-view retrievals, as both have the same number of datapoints and retrieved parameters, but will be an

issue when comparing single-view with dual-view retrievals.

4.1.1 Retrieved aerosol properties

Comparative optical depths and effective radii for the two test scenes are shown in Figures 4.2 and 4.3

respectively. The correlations between values, especially for optical depth in the second scene, are un-

favourable although this is not necessarily indicative of poor agreement. The ranges ofτ andre retrieved

are fairly small, and error bars significant within this range, so a low correlation on these scales is not too

surprising.

The bottom pair of each set of four graphs considers the ratioof the difference in the retrieved parame-

ters to the total uncertainty on them (i.e. the ratio ofτ f −τn to Sτ, f +Sτ,n for retrievedτ with errorSf for the

forward view andSn for the nadir). This provides a useful measure of how frequently the retrieved quantities

agree with each other: this error-normalised difference being less than 1 implies that, within error bounds,

the retrievals agree. This simple measure makes the approximation that any errors in retrieved optical depth

on the forward and nadir views will not be correlated.

For both scenes and parameters (though more so in the second test scene), a large proportion of pixels

have a normalised difference score of less than 1 as shown by the red lines in the figures. We can say,

then, that there is reasonable agreement between the forward and nadir view retrieved aerosol properties.

On the flip side, this is perhaps due more to the size of the error bars than any to strong correlation in the

results (particularly noticeable with effective radius),and there are some clear discrepancies. The salient

points are that the range of retrieved values is not large and, although the agreement between the views is

questionable on an individual pixel basis, both views retrieve aerosol properties in similar ranges and with

similar precision.
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Figure 4.2: Retrieved optical depthsτ at 0.55 µm for forward and nadir views for the first (left two graphs)
and second (right two) test scenes.Top: τ compared pixel-by-pixel. Coloured lines are error bars. Yellow
indicates costJ < 1, orange 1< J < 5 and red 5< J < 10. The Spearman correlation coefficientr is
0.524699 for the left and -0.085780 for the right.Bottom:Difference between forward and nadir retrieved
τ divided by the sum of their estimated errors.

4.1.2 Retrieved surface albedo

Retrieved surface albedo at 0.55 µm is compared in Figure 4.4. The normalised difference scoredescribed

for aerosol optical properties was not calculated as one would not expect the surface albedo to match be-

tween the views’ differing geometries. The correlation between the views is small but again reasonable

considering the magnitude of the error bars. Most retrievedvalues for sea albedo are from around 0.1% to

1-2%, which seems fairly low compared to model estimates of sea surface albedo which will be discussed

in Section 4.4.
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Figure 4.3: Retrieved effective radiusre for forward and nadir views for the first (left two graphs) andsecond
(right two) test scenes.Top: re compared pixel-by-pixel. Coloured lines are error bars. Yellow indicates
costJ < 1, orange 1< J < 5 and red 5< J < 10. The Spearman correlation coefficientr is 0.546713 for
the left and 0.257511 for the right.Bottom: Difference between forward and nadir retrievedre divided by
the sum of their estimated errors.

4.1.3 Retrieval costs

Figure 4.5 shows that while the forward view performs betterin the first test scene, the nadir performs better

in the second. As previously mentioned, the forward view’s longer path means the forward view would be

expected to perform better. This suggests perhaps some problem with the forward model under certain

geometric conditions. It is interesting to note that thea priori contribution to cost remains in the region

of 1-1.5 where the total cost is greater than this, for both views in both scenes. This suggests that future

improvements to thea priori information, particularly the surface albedo (which is treated as having the

smallesta priori error) could mean a lower overall cost.
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Figure 4.4: Retrieved surface albedoRs at 0.55µm for forward and nadir views for the first (left) and second
(right) test scenes. Coloured lines are error bars. Yellow indicates costJ < 1, orange 1< J < 5 and red
5 < J < 10. The Spearman correlation coefficientrs is 0.709167 for the left and -0.190553 for the right.

4.1.4 Constraining surface albedo

The surface albedo can be effectively constrained in a retrieval, by simply setting the uncertainty on thea

priori value to be very small. This essentially forces the retrieval to use thea priori information, as iterat-

ing away from this value for surface albedo will yield a step of prohibitively high cost which will then be

rejected.

If the surface model were correct then decreasing thea priori error in this way would enable a more ac-

curate elucidation of the aerosol contribution to observedradiance, and decrease the uncertainty on retrieved

parameters. With an imperfect surface model, however, we might expect an increase in cost as the retrieval

becomes unable to find a solution matching the observed radiance by merely changing optical depth and

effective radius.

Retrievals have been performed for both test scenes in whichsurface albedo was tightly constrained

to thea priori value (with an error of 10−4 instead of the standard 10−2). For the majority of pixels the

cost was found to increase, and the agreement between nadir and forward-view retrievals worsened. These

results are not presented here for brevity. This is an indication that a better model of the sea surface is

required to improve the quality of the retrieval.
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Figure 4.5: Retrieval costsJ for the first (left three graphs) and second (right three graphs) test scenes.Top:
Thea priori contribution to total cost for forward view retrievals.Middle: Thea priori contribution to total
cost for nadir view retrievals.Bottom:Comparative forward and nadir retrieval costs.
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4.2 Development of the dual-view retrieval

The second stage of progress so far has consisted of developing the retrieval code so that data from both

the forward and nadir views may be utilised, involving modifications to both the IDL preprocessing code

and the ORAC code written in FORTRAN. This means that insteadof using 4 measurements and retriev-

ing 3 parameters, the retrieval now works as described in thepreceding chapter and uses 8 measurements

to retrieve 4 parameters. In principle, this increased number of measurements should mean smaller errors

on retrieved quantities. One would also expect the retrieved quantities themselves to lie somewhere in be-

tween those values returned from single-view retrievals, with a bias toward whichever single-view retrieval

performed better. Both test scenes previously compared were run with the dual-view retrieval code and

analysed with the same constraints on pixel quality.

4.2.1 Retrieved aerosol properties

Figure 4.6 compares retrieved optical depthτ and effective radiusre between single and dual-view retrievals.

The left-hand portions of the figure compare the differencesbetween dual-view and both single-view re-

trievals: so if the retrieved parameter for the dual view lies in between that of the single-view retrieved

values, points in the graph will fall in the top-left and bottom-right quadrants.

Although there are points in these regions there are a considerable number in other portions of the

graphs. This is not necessarily indicative of a problem in the dual-view retrieval as many points lie close to

the linesx = 0 or y = 0 and so, within error bars, could lie in the expected quadrants. There are very few

points where dual-view retrieved properties differ considerably from both single-view retrieved estimates.

The very different distribution of points among the graphs from the two test scenes further indicate possible

geometric effects leading to particular biases either in the forward model or surface spectral shape.

Error estimates are also shown on the right of Figure 4.6. In all cases, the dual-view retrieval tends to

show smaller error bars than the nadir retrieval. In many cases (although not with such a majority) the same

is true when comparing dual-view and forward retrievals. Smaller error bars would be expected due to the

larger number of measurements used in the dual-view retrieval, so larger errors on the dual-view retrieval

indicate a worse fitting of the data. This is not entirely unexpected: Section 4.1 showed that forward and

nadir retrievals did not always retrieve values which agreed within error bars, so in these cases the dual-

view retrieval might be expected to find some compromise solution fitting both views’ sets of measurements

reasonably, as opposed to one very well and the other poorly.
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Figure 4.6: Comparative aerosol properties for the first (top four) and second (bottom four) test scenes.Left:
Differences between dual-view and single-viewτ (top) andre (bottom). Right: errors on retrievedτ (top)
andre (bottom), with dual/nadir comparisons in black and dual/forward in green.
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4.2.2 Retrieved surface albedo

In contrast to aerosol properties, the surface albedo is considered to be independent betweem viewing

geometries so one would expect a strong correlation betweenestimates from single-view and dual-view

retrievals. Differences in retrieved values would be due tothe retrievals’ differing estimates of aerosol prop-

erties. Figure 4.7 shows that such strong correlations are indeed observed. There do not appear to be any

particularly strong biases evident in the retrievals (saveperhaps the dual-view forward albedo being higher

than the single-view for the first test scene), although thisdoes not necessarily tell us much as the data were

expected to be in good agreement.

Comparative error estimates are also favourable, with the dual-view retrieval performing considerably

better than the nadir-only retrieval and slightly better than the forward-only. Errors are still not always small

compared to the magnitude of the albedo, being of the order of10−4 to 10−2 for albedos on the order of

10−3 to 10−1.

4.2.3 Retrieval costs

As previously mentioned, the GlobAEROSOL retrieval divides total cost by the number of active chan-

nels to provide a cost-per-channel measurement. When comparing single and dual-view retrievals this is

no longer appropriate, as there both the number of measurements being used and number of retrieved pa-

rameters differ. In this situationχ2 provides a more useful comparative measure of cost. This is found

by dividing the costJ by the number of degrees of freedom (number of measurements -number of state

parameters retrieved) instead of the number of measurements. To convert from the per-measurement cost to

χ2, then, single-view costs increase by a factor of 4 (multiplyby 4 measurements and divide by 1 degree of

freedom) while dual-view retrieval costs increase by a factor of 2 (multiply by 8 measurements and divide

by 8−4 = 4 degrees of freedom). Theχ2 measure of cost will be used in discussion here.

Figure 4.8 shows that the performance of the dual-view retrieval is comparable to that of the single-view

retrievals in terms of how well it fits the data. In the first test scene it tends to perform better than the nadir

retrieval and comparably to the forward, while in the secondthis trend is reversed. It is worth noting that if

the cost-per-measurement valueJ were applied, the dual-view retrieval would in fact seem to be performing

poorly compared to the single-view retrievals, meaning it fits the data less well, which might be expected

due to the disagreement between forward and nadir view retrievals.

The comparable performance of the dual and single-view retrievals in terms ofχ2 is encouraging, in
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Figure 4.7: Comparative retrieved 0.55 µm surface albedo for the first (top four) and second (bottom four)
test scenes.Left: Dual view retrieval against single view retrieval for nadir(top) and forward (bottom)
geometries. For the first scene, Spearman correlation coefficients are 0.879977 (nadir/dual) and 0.969733
(forward/dual). For the second they are 0.941172 (nadir/dual) and 0.960581 (forward/dual).Right: Com-
parative error estimates for these retrievals.
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that it means that if sources of error can be identified and eliminated which lead to single-view forward

and nadir retrievals being in better agreement, the dual-view retrieval will benefit comparably more because

of its larger number of measurements. Finally, it is worth noting that thea priori contribution to cost is

comparable to the proportion found for single-view retrievals (Figure 4.5).

Figure 4.8: Comparativeχ2 costs (see text) for the first (left) and second (right) test scenes.Top: Dual-view
cost against single-view cost for nadir (black) and forward-view (green) retrievals.Bottom: The a priori
contribution to cost for the dual-view retrieval.

4.3 Discussion of residuals in forward model-predicted radiance

Analysis of the distribution of residuals can provide important insights into the performance of the forward

model and retrieval algorithm. In the case of no forward model error (so all error coming from the instru-

mental noise), one would expect the residuals in the data to have Normal distributions with a mean of 0 and

a standard deviation equal to the instrument’s noise. A non-Normal distribution would indicate the retrieval
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is not finding solutions (or the convergence criteria are tooloose); an excessive width, that there is large

error in the modelling; and a persistent bias, that there is some persistent bias in the modelling.

Residuals for the two test scenes for single-view and dual-view retrievals for both viewing geometries

are shown in Figures 4.9, 4.10, 4.11 and 4.12. Several pointsare worth noting about these distributions:

• Distributions are, by and large, Normal with only one modal value. This is encouraging and gives

confidence that the retrieval algorithm is working and finding a solution.

• In all cases the standard deviation of the distribution of residuals is considerably smaller than the

noise on the instrumental channel, indicated by red lines. This is due to superpixelling reducing the

measurement error as described in Section 3.5, up to tenfoldfor a completely cloud-free pixel.

• Although less evident for the forward view in Figure 4.9, residuals tend to show biases consistent

between views and scenes. Specifically, the 0.55 µm and 0.67 µm channels tend to have noticeable

negative and positive residuals respectfully. This is indicative of some problem in either the forward

model or sea surface spectral shape.

• The dual-view residuals look worse than single-view residuals (in terms of distribution shape and

spread): this is to be expected due to disagreements betweenthe results of forward and nadir single-

view retrievals.
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Figure 4.9: Residuals on radiance for the instrumental channels used, for single-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the first test scene. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and below these ranges is noted in each graph’s title.
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Figure 4.10: Residuals on radiance for the instrumental channels used, for single-view nadir (top four
graphs) and forward (bottom four graphs) retrievals for thesecond test scene. Red lines indicate the chan-
nel’s noise sensitivity. The number of points falling aboveand below these ranges is noted in each graph’s
title.
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Figure 4.11: Residuals on radiance for the instrumental channels used, for dual-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the first test scene. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and below these ranges is noted in each graph’s title.
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Figure 4.12: Residuals on radiance for the instrumental channels used, for dual-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the second test scene. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and below these ranges is noted in each graph’s title.
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4.4 Sea surface models

There is scope for development of new models of the sea surface to try to obtain a more accurate spectral

shape, and thus hopefully remove one source of bias affecting the residuals. There is some concern over

the fact that some very low values for the sea albedo at 0.55µm are being retrieved (of the order of 10−4 or

lower), when it has been well documented (e.g. from Cox and Munk [1954a] onwards) that typical values

are of the order of a few percent or higher.

4.4.1 Reflection from a smooth surface: the Fresnel equation

Perhaps the simplest model of the spectral shape of the oceansurface (aside from assuming it reflects

in equal proportions at all wavelengths) can be obtained from the Fresnel equations. These describe the

intensity of light seen by an observer resulting from reflection at the boundary between two uniform and flat

surfaces receiving diffuse illumination. This depends on the angle of incident lightθi (equal and opposite

to the observer’s viewing angleθr ), the angleθt which the incident wave is refracted to in the water and

the real parts of the refractive indicesnair andnwater of our two mediums. Assuming the incident light is

unpolarised, the fraction of reflected light (i.e. the albedo of the surface) is given as follows:

R=
1
2

(

[

sin(θi −θt)

sin(θi +θt)

]2

+

[

tan(θi −θt)

tan(θi +θt)

]2
)

(4.1)

The angleθt of the refracted beam transmitted through the water can be obtained using Snell’s Law, that

nairsinθt = nwatersinθi . As refractive index depends on wavelength, we obtain different variation of albedo

with geometry at different wavelengths (and hence a spectral shape changing with viewing geometry) as

shown in the top half of Figure 4.13.

According to the Fresnel model, there is little change in albedo or spectral shape at nadir satellite zenith

angles (up to about 22o). Albedo here is of the order of 2%, which provides a rough estimate of the magni-

tude of the value we would expect to retrieve. At the forward viewing geometry (nearθr = 55o) the albedo

is slightly higher and the spectral shape different. This result shows that, even in a simple model, it is im-

portant to consider the effects of viewing geometry on spectral shape. Predictions of a higher albedo in the

forward view tally with observed retrieved quantities (forexample in Figures 4.4 and 4.7).

Sidran [1981] used a model based on the Fresnel equations which makes use of the imaginary parts

of the complex refractive index. For a flat surface, this gives the albedos and spectral shape shown in the

bottom half of Figure 4.13. These show the same overall pattern of variation of albedo with angle, although
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Figure 4.13:Left: Predicted sea surface albedo according to the Fresnel (top)and Sidran (bottom) models
for a flat surface.Right: Ratios of channel albedo to 0.55 µm albedo for Fresnel (top) and Sidran (bottom)
models. In all graphs, 0.55µm values are in black, 0.66µm in red, 0.87µm in green and 1.6 µm in blue.

the increase is noticeably steeper and spectral shape varies more dramatically. Retrieved forward surface

albedo is not as high as predicted by this model.

Retrievals have been performed using both the flat Fresnel and Sidran models to set thea priori surface

albedo and constrain spectral shape. In terms of the overallcostJ and the distribution of residuals, both

of these models performed less well than the model currentlyapplied in the retrieval scheme, described in

Section 3.3.2. A more complex model, then, is needed to describe the sea surface accurately.

4.4.2 Wind-ruffled surfaces

In their 1994 paper Sathe and Vaithiyanathan [1994] used thestatistics derived by Cox and Munk to relate

wind speed to sea slopes (1954a, 1954b) in combination with the Fresnel equations to develop a model for

surface albedo, taking into account both reflection from slopes (which would make a different angle from

their normal to an observer than a flat sea, effectively changing θi andθr ) and foam generated as a result of

that wind.
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Fresnel albedo is calculated for a range of effective viewing angles, and related to the overall albedo seen

by considering the probability of a certain slope angle given the wind speed at the location. For an area, as

opposed to a single point on the surface, this probability isrelated to the fractional cover of that slope angle

in the area. A small additional term due to foam reflectivity is added, though it was noted that estimates

both of foam reflectivity and dependence of foam cover with wind speed were still uncertain. Albedos and

spectral shapes for this model over a range of representative wind speeds are shown in Figure 4.14.

Note that the graph in Figure 4.14 corresponding to a wind speed of 0 ms−1 shows subtle differences to

the flat surface in the top portion of Figure 4.13. This is because even with no local wind there is assumed

to be some small residual wave motion due to winds at other locations.

The addition of wind effects has changed the predicted albedo and spectral shape in several important

ways. Firstly, the absolute albedo at small viewing angles increases slightly, more noticeably at higher wind

speeds. Secondly, the albedo at larger angles decreases significantly. As wind speed increases, the spectral

shape varies less with viewing angle, as does the albedo itself.

Figure 4.14 also indicates we would not expect to see very lowsurface albedoes: they are of the order

of several percent for nadir viewing angles. When applied tothe retrieval scheme, however, this model has

several problems. Firstly, in the nadir geometry the sunglint region is not flagged (as the model predicts

a below-threshold surface albedo) although the effects of sun-glint are clearly visible in the results, shown

in Figure 4.15, in the form of streaks of high optical depth and effective radius on the right-hand side. In

contrast the entirety of the forward view becomes flagged as sun-glint and hence unusable. This behaviour

may be due to the fact that the model assumes diffuse illumination, which is not the case for a cloudless sky.

4.4.3 Use of the sun-glint region as a guide to surface spectral shape

Retrievals are not performed in the sun-glint region of a scene because the signal is dominated by the surface

term, which essentially masks any aerosol perturbation. Although it is not good practice to obtain one’sa

priori from data (as this stops data anda priori being independent), consideration of the spectral shape of

radiance received in the sun-glint region could provide a ballpark for approximate values and ranges one

might expect from a model of the surface.

Figure 4.16 shows received radiance and its spectral shape in the sun-glint region of the first test scene

(see Figure 4.1) for both viewing geometries. As the nadir view has a shorter path length, we would expect
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Figure 4.14:Top four graphs:Sea surface albedo for a wind-ruffled surface according to the model of Sathe
and Vaithiyanathan [1994], for a range of typical wind speeds. Bottom four graphs:Ratios of channel
albedo to 0.55 µm albedo for this model at these same wind speeds. In all graphs, 0.55 µm values are in
black, 0.66µm in red, 0.87µm in green and 1.6 µm in blue.
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Figure 4.15: Nadir view retrieved optical depth at 0.55µm and effective radius for the first test scene, using
the model of Sathe and Vaithiyanathan [1994] fora priori sea surface albedo.

Figure 4.16:Left: Radiance received in the sun-glint region at nadir (top) andforward (bottom) viewing
geometries, plotted against viewing angle for consistencywith previous figures.Right: Ratios of channel
received radiance to 0.55 µm radiance for nadir (top) and forward (bottom) viewing geometries in the sun-
glint region. In all graphs, 0.55 µm values are in black, 0.66 µm in red, 0.87 µm in green and 1.6 µm in
blue.
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this spectral shape to be the best match for the true surface spectral shape. The following observations can

be made from these graphs:

• Higher radiance is, in general, observed at the nadir view than the forward. This can be explained

by the fact that the nadir view is looking at the sun-glint region, while the forward is less affected by

glint.

• The same wavelength dependence is observed in radiance as inthe sea surface models: longer wave-

lengths are duller.

• The relative flatness of spectral shape throughout viewing angles sampled by the nadir view predicted

by the smooth Fresnel surface and wind-roughened Sathe and Vaithiyanathan [1994] models is also

seen in the radiance.

• Although the overall shape is similar, the magnitudes of theratios differ considerably. Radiance

observed is much less spectrally flat than the surface spectral shape predicted by the models. This may

indicate that there is a stronger dependence on refractive index, or some other wavelength-dependent

factor, than is accounted for by the models. However, it mustnot be forgotten that because of the

presence of aerosol (particularly with the forward view’s longer path and lower susceptibility to sun-

glint) we are not truly looking at the surface, thus we do not know how much of the discrepancy is

due to the aerosol and how much the surface spectral shape.

4.4.4 Temporal and spatial variation of the refractive index of water

The refractive index of water is dependent on its composition, which may be non-uniform in space or time

because of factors including pollutants and the levels of organic matter from phytoplankton, zooplankton

and products of their life cycles. Currently, one value is used for refractive index at each wavelength. This

is a problem because bodies of water the world over are not uniform. Indeed, there is a wide field devoted

to the analysis of diverse ocean colour (Morel [1988], Lee and Hu [2006]).

Spatial variations in refractive index affecting how well abody of water is described by the calculated

spectral shape could explain the differing qualities of fit and trends observed in the test scenes. Another

possibility would be to perform retrievals over the same expanse of ocean and see how the quality of fit

or distribution of residuals varies annually, as this couldbe an indicator of a changing sea spectral shape.

Alternatively, both spatial and temporal differences in quality of retrieval fit could simply be due to different

aerosol being present, as well as the changing solar and observation angles, and described by the forward
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model to a different degree of success. Because of the known non-uniformity in ocean colour, however, it

seems that changing refractive indices must play at least some role.

4.5 Consequences of a lowa priori sea surface albedo

For both single and dual-view retrievals, retrieved sea surface albedo at 0.55µm is in many cases lower

than expected, despite the retrieval cost being low and the residuals small (thus indicating a good fit). One

cause for a low retrieved albedo is a lowa priori albedo. A lower than expected retrieved albedo means that

less radiance is being attributed to the sea surface, meaning more in turn must come from the aerosol. This

may have the effect of decreasing the apparant effective radius: as discussed in Section 1.3.2, small particles

scatter more light backward than larger ones, so would increase the radiance seen by the satellite. Therefore,

with an apparantly dull surface the retrieval may consequently produce a small value forre. In many cases

in the test scenes described, the effective radius lies close to the lower limit of the state. Conversely, with a

low surface albedo we might expect optical depth to be overestimated compared to the true case.

4.6 Transferable skills developed

In the course of my work so far in AOPP I have had the opportunity to acquire and advance some transfer-

able skills which are applicable to for my doctoral studies and beyond. These include most notably learning

how to program with the computer languages IDL and FORTRAN 90, as well as use of the LATEX typesetting

language and BibTEX bibliography format. Attendance of numerous seminars andgroup meetings, as well

as several conferences and workshops, has improved my ability to assimilate information while working as

part of a larger group.

I have also attended several IT short courses at OUCS (OxfordUniversity Computing Service): Pow-

erpoint as a tool for presentations and posters; CSS for web development; and XHTML. The latter two

courses have led to my assuming responsibilities for maintenance of the webpage of the Earth Observation

research group, as well as the Trinity College graduate website.
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Future Work

Although the final state of the scope of the research project has not been finalised (as it is difficult to predict

precisely how much will be achieved in the available time) several areas have been highlighted for particular

attention. These are discussed below.

5.1 Algorithm improvements

5.1.1 A priori surface albedo improvements

Sea surface albedo

Further work into sea surface models will provide a more accuratea priori model, as well as information

as to whether the low values currently retrieved are unphysical. As well as modelling the effects of wind,

a possible approach to the problem would include information on the spatial and temporal variation of pig-

ment concentrations and their effects on ocean colour. Pigments are thought to be most important for the

0.55 µm channel, as this is an absorption wavelength of chlorophyll. Models such as Gordon et al. [1988]

have been developed to take pigments into account, and the classification scheme of Morel [1988] has been

widely adopted (used for example recently by Lee and Hu [2006]) to describe global variation. The SeaW-

IFS instrument often used for such measurements does not measure as far as the 1.6 µm channel used by

the (A)ATSR instruments and so the ocean colour product fromit may not be directly used.

It is hoped that the current model’s basic suitability for wind speed effects can be assessed and, if

necessary, improved within a few months. The time required to investigate the effects of ocean colour on

the instrument channels used and make any adjustments to thealgorithm is uncertain.

83
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Land surface albedo

As described in Section 3.3.2, the same MODIS land data is used for thea priori surface albedo for both

instrument viewing geometries. In principle as surface albedo is retrieved this is not a large source of error,

although it carries with it the inbuilt assumption that the spectral shape of the surface is the same for both

nadir and forward views. This may not be the case, and so a fullBRDF will be developed from this product

to more accurately describe the surface albedo.

It is also possible that constraining the forward and nadir view surface albedo to some fixed ratio, fol-

lowing the method of North et al. [1999] (validated in North [2002]) over land, would improve results.

This area of work is prioritised lower than improvinga priori sea surface albedo, as the focus of this

project (as described in Section 5.2.1) will be mostly over the ocean. As the Grape and GlobAEROSOL

projects are global in scope, however, the improvements will eventually be made to the ORAC algorithm.

5.1.2 Introduction of infrared channels

Current work in the research group involves the production of a forward model for the infrared channels of

(A)ATSR and SEVIRI (located at 3.6, 11 and 12µm as shown in Table 2.1) for use with the GlobAEROSOL

project. Information from these channels should allow the retrieval of aerosol layer effective height, as well

as something about surface emissivity (at the infrared wavelengths). Infrared wavelengths should also be

more sensitive to effective radius than the visible, improving the retrieval of this parameter. When this

forward model is complete, lookup tables will be generated allowing its incorporation into the retrieval

schemes. The forward model is tentatively hoped to be finished around December 2006, after which imple-

mentation into the retrieval scheme and testing should takean additional few months.

5.1.3 Instrument channel drift correction

One reason for the need for calibration is that instruments decay over time. Over the course of its lifetime,

the degradation of the ATSR-2 visible channels was monitored using stable terrestrial sites by Smith et al.

[2002], and corrections for the long-term drift in gain applied. Current work by Smith [2005] is investi-

gating the need for similar corrections for AATSR data, although as yet no finalised algorithm has been

published. The 0.55 µm channel is thought to be the one most affected by any possible correction, as in

both ATSR-2 and current AATSR data it drifts visibly faster than the others.



CHAPTER 5. FUTURE WORK 85

If not applied to the raw data, any correction algorithm published will be applied during the preprocess-

ing stage. The timing of the publication of a correction method is uncertain, but when available it should

not take long to apply. If progress appears slow on this frontthen one possibility is to treat the measurement

errors as larger than the official values (particularly for the 0.55µm channel) and see how this affects results

in the interim.

5.2 Areas of focus of study

5.2.1 Transport of Saharan dust

Saharan dust is known to be blown long distances from the desert by wind (see, for example, Dulac et al.

[2001], Hamonou and Chazette [1998] or Borbély-Kiss et al.[2004]), sometimes even reaching South Amer-

ica (Formenti et al. [2001]) where it may fertilise the Amazon basin. It is hoped that this desert dust can be

observed blowing from Africa, and the mass flux, as well as thefinal location of the dust can be estimated.

This would be an important step in the quantification of global aerosol transport.

Focussing on this part of the world means the ocean surface isparticularly important to model, as this

will be the background surface for most of the scenes of interest. Also important is that the aerosol model

used for desert dust is accurate, which is something that could be addressed byin situmeasurements. In par-

ticular, the model could be extended to account for non-spherical particles following the method of Dubovik

et al. [2005]. Addition of the infrared channels to the retrieval will improve the performance of the retrieval

over desert, as the contrast between blown desert dust and the desert surface will be greater in the infrared

(where airborne dust will be cooler) then the visible. The cloud detection algorithm will also be investi-

gated, as it is suspected that large dust particles may be sometimes incorrectly flagged as cloud.

It should be possible to have preliminary estimates of mass flux by the end of 2006, which can be refined

as the algorithm is improved.

5.2.2 Validation exercises

It is important that the retrieval algorithm developed during the project be validated against independent

data to test its performance and make clear any shortcomings. Three distinct avenues for validation exist

using the aerosol instrumentation described in Section 2.4:

• Particular targets for validation with satellite instruments might be MERIS (being jointly aboard En-

visat should offer a lot of data for comparison) and SEVIRI (as it is located above the area of particular
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interest). As SEVIRI also uses the ORAC retrieval algorithmthe data retrieved will not be completely

independent. It will provide a useful check on the retrievedvalues, and monitor discrepancies arising

from differences in raw measurements, but would not bring tolight any problems (such as a bias or

offset in retrieved quantities) with the algorithm specifically.

• AERONET stations have been widely used in satellite validation and it is anticipated that they will be

used for validation of the dual-view algorithm.

• Campaigns have been carried out specifically monitoring dust over the Sahara, such as aircraft mea-

surements taken as part of SAMUM (2005). Having similar goals to this project, they would provide

ideal validation opportunities.

Validation is expected to be an ongoing exercise over the next two years. As better descriptions of

aerosol properties are obtained using the retrieval algorithm they can be validated, and any issues with the

algorithm coming to light as a result of this validation can be described and, hopefully, minimised.
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