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Abstract

The aim of this document is to describe the work | have beenglover the past year, and show how it
will be built upon over the next two years to create a viabletd@te thesis. In this report | provide a brief
overview of atmospheric aerosol (Chapter 1) and how we carpusbe this aerosol in the atmosphere, fo-
cussing on the AATSR instrument in particular (Chapter 2)eh (Chapter 3) discuss the basics of retrieval
theory—how we can use measurements of a property of a systgiean information on its state—before
describing the results | have obtained to date (Chapter éhallf, | outline plans for further work and a
rough timetable of how long | anticipate the various areastadly to take (Chapter 5).

| am grateful to Anu Dudhia, Don Grainger, Chris Mutlow andr&h Thomas for the time they have
spent helping me get to grips with the department and thegtrojer the past year. The project studentship
is funded by the Natural Environment Research Council (NERC



Chapter 1

Atmospheric Aerosol

1.1 Whatis atmospheric aerosol?

Formally defined, aerosols are particles composed of solidjoid matter, suspended in the atmosphere
with dimensions on length scales in the region of 4én to 106 m. This definition encompasses a broad
array of different substances with wildly varying shap&es, sources and sinks, and physical and chemical
properties. Their large temporal and spatial variabilig Imade global studies difficult, although over the
past few decades the importance of aerosols in climate aatheresystems has been realised, leading to
many attempts—such as the one described in this reportattiuand classify them.

The study of aerosols began with John Aitken’s experimeiitts @ust in the 1880s. He built apparatus
to count particles in suspension by expanding and thenmpaiamples of air. Water condensed on the
particles, allowing the resulting drops to be counted withcd a microscope. Aitken used this apparatus to
measure a wide variety of samples, including sea salt pextitrom air blowing over the ocean. C. T. R.
Wilson performed important work from 1897 onwards investiigg the growth of water and dust particles,
which resulted in the invention of the cloud chamber. Fromm1f20s to the 1950s work by Kohler, Howell
and then Twomey established aerosols as cloud condensaiibtei (CCN) which led to the study of their
implications for weather and climate.

It is usual practice to group aerosols by their origins: éhpsoduced as a result of naturally-occurring
geological processes; those produced by biological pseseSbiogenic’); and those produced as a result
of human activity (‘fanthropogenic’). Distinction is alséien made between tropospheric and stratospheric
aerosol, as these often share different sources and hdeeedifradiative effects. A wide variety of litera-
ture, including many overviews of particular aspects (sasl®ndreae and Crutzen [1997], Charlson et al.
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[1992], Pueschel [1996] and Schwartz [1996]), surroungsfibld. An in-depth treatment of most aspects
of atmospheric aerosol-albeit before the era of modertiisadewas given by Twomey [1977].

1.2 Production to removal

1.2.1 Aerosol sources

Definition and quantification of aerosol emission is lessemut than that of greenhouse gases or other
pollutants. One source may produce particles of a wide tyamiesizes or compositions, and so very differ-
ent properties. Primary aerosols are those substanceeeémiitectly as aerosols, while secondary aerosol
forms in the atmosphere from various precursor substa@msbination of aerosol particles may also lead
to new particles with different chemical and physical pmbes from those from which they were made, so
it is important to consider not just aerosol sources but Hweé aerosols interact with each other and the
atmosphere during their lifetime. The Intergovernmentaid? for Climate Change (IPCC) have collated
and documented estimates for global annual emissions o$alesind 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 aerosahéwn in Figure 1.1 (f), mineral dust aerosol is
particularly prevalent in tropical and sub-tropical reaggavhere it is kicked up by wind (or human activity)
over deserts or vegetation-sparse land. Dust storm fregues also been linked to climate cycles, such as
the EI Nifio and North Atlantic Oscillation events. Wind biog over the oceans results in the generation

Aerosol Northern | Southern | Global | Range of

precursor | hemisphere hemispherg total | estimates
NOx 32 9 41 -
NH3 41 13 54 41-70
SO 76 12 88 67-130

DMS/H,S 11.6 13.4 25.0 12-42
VOCs 171 65 236 | 100-500

Table 1.1: Emissions of aerosol precursors, adapted fr@&@@€IR001]. Figures indicate the mass of N, C
or Sin Tg per year as appropriate for the precursor moleMCs are volatile organic compounds. DMS
is dimtethyl sulphide, CE5CH;. NOy, NH3 and SQ are dominated by anthropogenic activities, while
DMS/H,S is primarily biogenic and VOCs are evenly split.
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Figure 1.1: Annual average source strength in kg ki~ for the aerosol types considered by the IPCC
(a to g) with total aerosol optical depth (h). Taken from IP2001]. Shown are (a) the column average
H>SO4 production rate from anthropogenic sources, (b) the colawarage HSO, production rate from
natural sources (DMS and volcanic §QXc) anthropogenic sources of organic matter, (d) nasgaices of
organic matter, (e) anthropogenic sources of black carfbpdust sources for dust with diameters less than
2 um, (g) sea salt sources for sea salt with diameters less thiam &nd (h) total optical depth according to
a model considered by the IPCC.
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Aerosol Northern | Southern | Global| Range of
type hemisphere hemispherg total | estimates
Carbonaceous aerosols
Organic matter (0-2m):
Biomass burning 28 26 54 45-80
Fossil fuel 28 0.4 28 10-30
Biogenic (> 1 um) - - 56 0-90
Black carbon (0-2um):
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 um - - 100 40-130
Sea salt
<l1lpm 23 31 54 18-100
1-16pum 1420 1870 3290 | 1000-6000
Total 1440 1900 3340 | 1000-6000
Mineral (soil) dust
<1pm 90 70 110 -
1-2pm 240 50 290 -
2-20um 1470 282 1750 -
Total 1800 349 2150 | 1000-3000

Table 1.2: Emissions of primary aerosol particles for therg900, adapted from IPCC [2001]. Figures are
Tg per year.

Aerosol Northern | Southern | Global | Range of
source hemisphere hemisphere total | estimates
Sulphate (atNH4.H2SOy): 145 55 200 | 107-374
Anthropogenic 106 15 122 69-214
Biogenic 25 32 57 28-118
Volcanic 14 7 21 9-48
Nitrate (asNOy):
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 aerosotesuadapted from IPCC [2001]. Figures are Tg
per year.
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of sea salt aerosol. Global distribution is shown in Figufe(fj). Dependence on wind speed means these
aerosol types show strong temporal variability.

Industrial dust and ash

The Industrial Revolution marked the beginning of the tinteew humans put significant amounts of dust
and ash into the atmosphere. This is as the result of emg&iom power stations, waste combustion,

transportation, and factories. Due to the visible pollutiwhich became commonplace in urban areas,
tighter industrial regulations over the years have meaattdhst emissions have decreased significantly in
developed countries. Industrial dust is a primary anthgepac aerosol. Volcanic ash, a primary geological
aerosol, is ejected into the atmosphere by volcanic emptibhe most powerful result in this ash reaching
the stratosphere.

Organic carbon

Organic carbon aerosol is carbon emitted in volatile organmpounds (VOCs), distributed as shown in
Figure 1.1 (c) and (d). Some is directly emitted into the apiere, either as products from incomplete
combustion from industry or biomass burning or as compoyads terpenes) emitted by plants, while
some secondary organic aerosol (SOA) is produced by matitiicéypically oxidation) of these VOCs.
As a result, organic carbon can be both a primary and a sepgrdavell as an anthropogenic or biogenic,
aerosol. Many of these compounds contain polar groups (@sid¢tydroxyl or carboxylic acids) meaning
they are water soluble, and so readily take part in cloud &on, as discussed in Section 1.2.5.

An important point to note is that although organic carbgorauced both naturally and anthropogeni-
cally, its oxidation depends on compounds such ag,NdQ and the hydroxy radical OHLevels of these,
and hence the rate of SOA production, are strongly influebgdtiman activities creating these pollutants.

Black carbon

Black carbon consists of soot and tarry molecules, and isaedcbecause it is strongly light absorbing.
Quantification of carbon aerosol is important because oféng different effects of black carbon (primarily
absorbing) and organic carbon (primarily scattering). #nary aerosol, black carbon tends to be insoluble
and is produced as the result of incomplete combustionidtslalition is shown in Figure 1.1 (e).
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Other primary biogenic aerosol

Other sources of primary biogenic aerosol include airbeimes and bacteria, as well as pollen and spores
and other debris (such as leaf fragments and decaying mattgtle is known about precise spatial or
temporal distribution of this class of aerosol, but it wobkl expected to vary significantly with changing
land use patterns.

Sulphate

As a secondary aerosol, sulphate is produced from preconsi@cules. These precursors may be produced
anthropogenically (by industry or transportation, inchgdSQ,, OCS and Cg or naturally (such as 6 or

SO, from volcanic eruptions). Over the oceans, DMS (dimethypkide, CHsSCHz) emitted by plankton

is a major source. In the atmosphere, these precursors @isazkand combine with water vapour to pro-
duce aerosols of mixed4$0, and HO. Sulphate production is shown in Figure 1.1 (a) and (bhoaigh it
should be emphasised that there are large uncertaintiesigsiens (see Table 1.1). DMS emittted by ma-
rine plankton is an important source of sulphur althougmtjfiang release is difficult as it is problematic
to measure directly, and there have been problems conglBfMS to proxies such as chlorophyll content
of a body of water (Andreae and Crutzen [1997]).

The complexity of reaction pathways involved in the generadf sulphate aerosol means that the pre-
cise proportion of precursors which end up g$B)y is uncertain. Being highly soluble, sulphate and reac-
tive intermediates are easily washed out by rain (with estidah lifetimes of 4-7 days in the troposphere) so
vertical moisture profiles are important in calculating $hhate burden accurately. Volcanically-produced
SO, and OCS from aviation are thought to be amongst the mostesitisulphate precursor sources (in terms
of mass of sulphate from mass of precursor). The dry, statdéosphere in which they are emitted (from
the strongest volcanic eruptions in the case op)S@eans that little rainout or other loss occurs, and the
aerosols themselves are able to persist for longer (Pudd&®6]). Reaction of S@with mineral aerosol
particles or oxidation to k50O, in sea-salt aerosols also reduces the potential radiatieenf) of sulphate,
as these larger particles have shorter lifetimes and loeagdtesing efficiencies than pure; 80O, aerosol.
Levels of NH; are also important, as acid-base reactions forming M$O, change the refractive index
of the aerosol.

Nitrate

Atmospheric nitrate aerosol is linked to Nldnd HSO, abundance due to aforementioned neutralisation
reactions. The global mean ratio is thought to be close tatiinbbegions where there is surplus ammonia its
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oxidisation to nitrate aerosol is possible. Anthropogéiia; is also important in polluted areas, although
research collated by the IPCC [2001] suggests the totahigidue to anthropogenic nitrate is small.

Like sulphate, nitrate chemistry involves many complexosedycles. Nitrate aerosols may be effec-
tively removed by formation of the less reactive Hi@ither by water reacting with 405 or via the
reaction of HCI with CIONQ. Both these reactions are prevalent in the stratosphergcydarly on ice-
crystal polar stratospheric clouds (PSCs) in the Antasetitter, 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 tof liee order of size of molecules, or about
1010 m. These molecular clusters quickly coagulate to give tapgeticles on length scales of 19m,
which represent the smallest particles measured by caimerosols of such size are said to baucle-
ationmode in the classification scheme of Junge [1955].

Aerosols of around & m to 10~' m normally grow less rapidly, and are knownaasumulatiormode
aerosol. Particles of this size are still fairly buoyant doi®rownian motion, although the largest may be
subject to some slow gravitational settling. They are camapaely long-lived because of their buoyancy
and slow growth.

Larger aerosol particles of size scales of 4@n (1 pm) and greater are often calledarsemode
particles. Their lifetimes tend to be comparatively shiant two main reasons:

1. Particles of this size have sufficient mass to be affecyegrévitational settling. A spherical particle
of diameter 1um will fall at a speed of 1 mm every 5 seconds or so, with fallspged increasing
guadratically with radius.

2. The largest particles act as cloud condensation nucleNjGand so will eventually fall as rain or
snow (typically as droplets of size 1dm, i.e. 1 mm).

The mechanics and statistics of aerosol coagulation hame tescribed in-depth by Twomey [1977].
It suffices to say that when considering samples of aerosareenost interested in being able to define
a size distribution which accurately represents them. Twd-used distributions are outlined below. It
is also important to note, however, that size is not the onbperty we are interested in as a particle’s
refractive index (which determines its interaction witghl) is determined by its chemical composition,
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which may alter as the particle grows by both gaining mass fdifferent aerosol sources and through
chemical reactions within the particle itself. These clemngre known as ageing processes.

The Junge distribution

Junge’s original work in 1955 showed that the size distrdng of many natural samples of aerosol could
be well modelled by inverse power distributions, and as altéBis is also sometimes called the Junge
distribution. With radius and for some constantsandc, these distributions take the form:

af AN\
r (dlogr) =cC (1.1)

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

some radius, which is proportional ta —(@+1). Plots ofn againstr with logarithmic axes yield straight
lines, as in Figure 1.2. Junge’s original work placed theigalf a at approximately 3, still considered a
reasonable estimate for many aerosol samples. When ititegthis distribution to obtain total particle
number the integral diverges to infinity for all valuesoofin practice some minimum radius is chosen as a
cutoff (though the particle count becomes sensitive torthismum value). As a result other measurements,
such as effective radius (discussed in Section 3.1.1) at wolume, 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 aB][1h@®e suggested the lognormal distribution
to be most appropriate for atmospheric aerosol. The aenosdels used in the retrieval scheme presented
here consider aerosols to be mixtures of lognormally-ithsted nucleation, accumulation and coarse mode
particles. For an aerosol with mode radmg and total number densitly; the number density(r) of
particles larger thanin a distribution with spread is given as follows:

N 1 /logr —log rm) 2
n(r) = exp|—= | —————— 1.2
(r) V21tr log o In 10 p[ 2 ( log o (12)

An example ofn(r) for a lognormal distribution is shown in Figure 1.3. In piaetminimum and
maximum radii are specified when these distributions ard tessave on computational time. Although the
distributions extend to infinity, the number density venyffam the modal radiusy, becomes small enough
to be neglected.
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Figure 1.2: Junge distribution number density for radivetn 10° m and 10 m. For the purposes of
this figurea was taken to be 3.0 arato be 1.0
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number density; of 10° particles per unit area, a model radiysof 10-8 m and a standard deviation log
of 0.2.
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1.2.3 Vertical transport

Most aerosol is produced at fairly low altitudes and remaimsfined to the troposphere, due to the lack
of large-scale vertical mass exchange between the tropospind stratosphere. Large particles in particu-
lar rarely make their way from troposphere to stratosphecabse they are affected by gravitational settling.

The most violent volcanic eruptions are able to inject a@drasid precursor gases directly into the
stratosphere (Pueschel [1996]). Although the ash quickitfes, other aerosol (typically sulphate) is able
to persist for longer timescales (up to a year) than tropesplaerosol (days to weeks) because of the high
stability of the stratosphere. The Mount Pinatubo eruptib@991 is estimated to have ejected 14-20 Tg
of SO, directly, forming a larger quantity of mixedi30O4/H>0 droplets over a timescale of months which
persisted for several years and had notable effects ontdidwaing that period. Aircraft exhaust also pro-
vides a source of stratospheric aerosol.

Even in periods of volcanic inactivity there is thought toebeompact background stratospheric aerosol
later. It is not thought to show strong temporal variabibtybe dense enough to affect climate: the main
climatic perturbations of stratospheric aerosol come fpamodic volcanic eruptions.

1.2.4 Horizontal transport

As small particles aerosols are easily transported by wemisthus the aerosol present in a region may well
come from a distant source. This is important in pollutarglgsis as the impact of the pollutant will not
be confined to the emitting source. Saharan dust is also titéaigontribute to fertilisation of the Amazon
basin, as transport across the Atlantic Ocean has beenveldsgiormenti et al. [2001]). Measurement of
aerosol transport is difficult as source regions may be langeinhomogeneous, and the distances involved
are often great (on the order of3Rm). Nevertheless, various methods have been developetetop to
gualify and quantify the long-range transport of aerosols.

One commonly-used method (Borbély-Kiss et al. [2004] nk@mti et al. [2001], Rahn and Lowenthal
[1984]) is to calculate the abundances of several traceaziesin the aerosol sample, and then attempt to
map this data to a particular source or source region. Hesslrce locations may be narrowed down using
wind back-trajectory analysis. Elemental analysis may dréopmed with proton-induced X-ray emission
(PIXE) methods, and commonly-profiled elements includeCH, Al, Fe and Si for Saharan dust samples
and As, Sb, Se, Zn, In, noncrustal Mn and noncrustal V foridmagrosol. This method is not considered
to be trouble free, one criticism from Thurston et al. [19BBjng that as it measures total mass it cannot
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account for mass observed in one region coming from diftesearces, which may alter the apparant rela-
tive abundances of the elements analysed.

Transport may also be inferred by monitoring the temporalwdion of large aerosol masses. Light
scattering apparatus such as LIDAR and nephelometers e afed in conjunction with satellite data
and wind fields to track the movement of aerosol (especialt dlouds). Such methods also often pro-
vide some detail about size distribution and vertical pesfadnd are frequently used in the literature (Dulac
et al. [2001], Hamonou and Chazette [1998]), sometimes awedlwith elemental analysis (Formenti et al.
[2001]).

It is also possible to use satellite data to track the movemieaerosol, and quantification of Saharan
dust transport will be an eventual goal of this project. BdykKiss et al. [2004] have already made use of
Total Ozone Mapping Spectrometer (TOMS) aerosol data fermthrpose.

1.2.5 Aerosol sinks

In common with the wide variety of processes leading to theegation of atmospheric aerosol, there exists a
wide variety of processes removing of aerosol from the aphese. Wet removal processes occur when the
aerosol is removed in precipitation (water, fog or ice) whity removal processes remove aerosol without
the involvement of precipitation. Cloud formation (som&ts grouped with general wet removal processes)
is another major aerosol removal process and eventualygesthe 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 fagjirmindrops (inertial removal). The efficiency of
this process (proportion of particles removed by it) is letifor heavy particles. Removal is also possible
through diffusion of aerosols into falling drops, which i®sh efficient for small raindrops and very small
particles (less than 16 m in size). The strong size dependence of these removal ggeseneans that
particles in the region of I m to 10~ m are generally not efficiently removed, although the faet th
they are typically among the most numerous particles mdetstlarge total mass is lost. Particles of this
size range can also be difficult to collect and count expertaily, hindering studies of their removal. For
particles of all sizes the total aerosol amount removedutjitovet 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 thalewhet removal can occur throughout the
atmosphere wherever there is precipitating water, dry vahrelies on the particles being transported near
to the surface by turbulence or gravity. The movement of kpaaticles will be dominated by Brownian
motion, while that of heavy particles will feel the effectgoavitational settling. Diffusive removal is again
only important for very small particles, and inertial onbyr farger particles, with low rates of dry removal
of particles in the range from 16 m to 1um.

Cloud formation and aerosol removal processes

As previously mentioned, large aerosol particles are abbkect as cloud condensation nuclei (CCN). The
formation of clouds themselves, then, provides a metho@nwore aerosol from the atmosphere as well
as other removal processes associated with cloud. Cloudvadmrocesses tend to be efficient over all
aerosol size ranges due to the high surface area of cloutetspas well as the rapid condensation of small
particles into larger ones which takes place (especialtil soluble particles). Clouds are able to form and
rain within an hour, which can lead to rapid removal of aetoso

Nucleation can only occur on aerosol particles larger thariti@al radius of approximately I@&_Z/S
metres (Wheré&; is the supersaturation in percent). Following nucleatige@od of rapid growth leads to
the droplet growing to the order of microns within a few setgyrprovided supersaturation is maintained.
Further growth is slower, though possible through diffastd aerosol particles (again only effective for
small aerosol) or phoretic forces (due to evaporation odearation of water, or heat fluxes).

Sufficiently large droplets fall out as rain, removing botredtly-incorporated aerosol as well as any
caught by wet removal processes. As a result, clouds aredewad to be the most important means of
removing aerosol from the atmosphere, with small partibleisg caught up diffusively and larger ones
serving as CCN. Water-insoluble aerosol is affected lessdtyremoval and cloud processes than soluble,
although insoluble particles may still act as cloud nuatessites.

Junge’s concept of rainout efficienéy allows us to estimate timescales for aerosol residenceen th
atmosphere. This relates the amount of contaminant pevaliime of water to the corresponding amount
in cloud, and is expressed as follows:

cW

E= 5 (1.3)
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In the abovec is the concentration of the contaminant in water gnits concentration in cloud, with
W the liquid water content of a cloud afithe volume of rain is the water content of a voluRA&N of
cloud. Assumingt is close to 1 and taking/ = 1/3 gmi 3 we see 1 cm of rain gives a cloud volume of 3
m3, implying a vertical depth of 300 km can be cleansed. Theesifo principle a few millimetres of rain
could effectively clear the atmosphere of aerosol. Thigssts that the residence time of aerosol in the
atmosphere is determined more by the frequency of rain,fateight 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 forcng

It is widely acknowledged that by scattering light, aergstert a non-negligible influence on weather and
climate (Charlson et al. [1992], Pueschel [1996], Schwjd1286]).

e They have thalirect effectof increasing planetary albedo by scattering incoming tsfee solar
radiation. This exerts a net negative forcing on the Earth.

e They have théndirect effecof acting as CCN and so increasing cloud cover (as well agidifatiime
if droplets are small). This also exerts negative forcingelmpancing shortwave albedo, but has
positive forcing effects due to increased absorption airgd radiation and trapping at night (clouds
at night result in the Earth retaining more warmth). Peinglzioud cover also changes one of the
many complex feedbacks into weather and climate so may hhee, ainforseen effects.

The overall negative forcing of aerosols offsets some optmtive 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 léstim
are short and profiles show great spatial variability. Weehawy past record of global aerosol distribution,
and as a result understanding of historical aerosol forgngpor. The IPCC [2001] has collated a large
amount of research into the effects of aerosols on climdtieowgh as shown in Figure 1.4 the aerosol
contribution to radiative forcing is not well understoochébe unknowns mean it is of great importance to
obtain an accurate picture of global aerosol distribution.

In most cases, the absorption and emission of infraredtradiy aerosols is thought to be minor. This
is because aerosols are mostly found low in the atmosphezeevatmospheric temperature is close to sur-
face temperature. The optical depth of aerosols also dezses longer wavelengths.
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Volcanic eruptions can provide exceptions to this rule: dtratospheric ash aerosol produced absorbs
infrared and visible radiation and heats the stratospt@ver the long term, however, scattering of visible
light by the more persistent sulphate aerosol predominates

Figure 1.5 shows transmission of solar radiation at Mauredliservatory with times of major volcanic
eruptions labelled. There is a clear and sharp decreaseaming radiation linked with the eruptions which
can persist for several years, due to light scattering bytitagospheric aerosols ejected. Indeed, the 1815
eruption of Tambora in Indonesia is thought (Pueschel [)9@6be responsible for summer snowstorms
and crop failures due to the cooling effects of the aerogmiatuced.

Forcing effects are also dependent on the location of theifgrsubstance. An increase in aerosol
optical depth (and resultant increase in planetary albbde)more impact over a dark surface (such as a
cloud-free ocean) than over a bright one (cloudy land, icgesert).

1.3.2 Rayleigh and Mie scattering

Light scattering from atmospheric particles is describgdviie theory, which reduces to a simpler form
known as Rayleigh scattering theory when the particlesgrerscal and small compared to the wavelength
of light being scattered. We can define a size paraméteset the domains of validity of this approximation:
21r
X=—= (1.4)

Herer is the radius of the particle andthe wavelength of light considered. Whers small (typically
less than 0.1) we can apply the Rayleigh scattering equataout appreciable loss of accuracy. In the
case of aerosols, this will be of interest for small parsdless than about D ym in size) and long wave-
lengths (around Lm and greater, i.e. the infrared region of the spectrum)hésé cases, the normalised
phase function for scattering intensity of unpolarisetitigs a function of scattering andles given by:

p(68) = T-(1+ cos0) (1.5)

This forward-backward symmetrical distribution is platte Figure 1.6. The absolute value of the
scattering is proportional to the square of the polarisighthence radius to the 6" power. Absorption
is proportional to volumerf) so for smaller particles it will become relatively more iattant. Absolute
scattering intensity is also proportionalXo®. This explains why, although effective scatters of shovewa
solar radiation, aerosols have little influence on longwafrared radiation.
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When the dimensions of the particle are not small compar#dtetwavelength of light (i.ex > 0.1), full
Mie theory must be used to accurately calculate scattentensity. This is a computationally expensive
exercise. In general, asincreases an increasing proportion of incident light idtecad in the forward
direction. This is visible in Figure 1.7. There is strong eegence on both wavelength of light and particle
size. While Rayleigh scattering intensity follows a singtel almost unruffled curve, the Mie patterns visi-
ble show clear oscillations with, increasing in frequency with increasirg
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Global and annual mean radiative forcing (1750 to present
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Figure 1.4: Global, annual mean radiative forcingénf 2) due to a number of agents for the period from
1750 to the present (about 2000), taken from the third IPQ@OrtdPCC [2001]. The height of the rectan-
gular bar denotes a best estimate value while its absenctedemo best estimate is possible. The vertical
line about the rectangular bar wittdelimiters indicates an estimate of the uncertainty raggiled by the
spread in the published values of the forcing and physicdérstanding. A vertical line without a rectan-
gular bar and witto delimiters denotes a forcing for which no central estimaie lee given owing to large
uncertainties. A level of scientific understanding (LOSkex is accorded to each forcing, with H, M, L
and VL denoting high, medium, low and very low levels, resppety. The well-mixed greenhouse gases
are grouped together into a single rectangular bar withrittdridual mean contributions due @0,, CHy,
N2O, and halocarbons showi.F denotes fossil fuel burning whilBB denotes biomass burning aerosol.
Fossil fuel burning is separated into the black carbm) &nd organic carborof) components with its sep-
arate best estimate and range. It is emphasised that the/p@sid negative global mean forcings cannot
be added up and viewed a priori as providing offsets in terfrie@complete global climate impact, and
that the forcings show spatial and temporal variability meg the global annual means described are not a
complete picture.
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Mauna Loa Observatory Atmospheric Transmission
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Figure 1.5: Reduction in transmission of solar radiatioMatuna Loa observatory, Hawaii. Incidence of
major volcanic eruptions is labelled. Image from the Natio@ceanic and Atmospheric Administration

(NOAA).
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Figure 1.6: Rayleigh scattering intensity for unpolariBght as a function of scattering ande0 increases

anticlockwise from the origin, with incident light in therdction of thex axis.
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Figure 1.7: Mie scattering intensity as a function of scatteangled. 0 increases anticlockwise, with
incident light from the left. The wavelength of light is 0.6 and particle radii and size parametexsare
shown under each figure. Taken from Twomey [1977].



Chapter 2
AATSR and Other Aerosol Instrumentation

The bulk of instrument technical information and figureshrstchapter 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) isretrument aboard the ESA satellite En-
visat, launched in March 2002. It is the successor to theeganistruments ATSR-1, launched on ERS-1
in July 1991 and in operation until March 2000, and ATSR-2nkzhed on ERS-2 in April 1995 and still
in operation (albeit with pointing issues since 2000). They similar in design and principle, although
improvements have been made between instruments. Todh#hseries provides a 15-year data set with
many applications in climate studies, aside from their npairpose of monitoring sea surface temperatures.

While ATSR-1 measured radiance at three wavelengths inrntinared part of the spectrum, ATSR-2
and AATSR have an additional four channels in the visibleareg It is these visible channels which are
key to the instruments’ ability to provide data suitablederosol retrievals. AATSR is an improvement on
ATSR-2 in this regard as ATSR-2 suffers from restrictiondlmmamount of data which can be downlinked
while AATSR is able to provide continous data from all chadene

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 inféi@ul. Envisat orbits the Earth in a sun-
synchronous polar orbit, with a mean local solar time (ML$T10:00 am on for the descending node. It
is at an altitude of approximately 800 km and 98.5%lination to the equator. The reference orbit repeats
once every 35 days, and global coverage is achieved oncg &datys as a result of orbital precession. A
single Envisat orbit takes about 101 minutes. The orbit igrodled to keep it as precise as possible: within
a maximum deviation of-1 km from the ground and5 minutes on the MLST at the equator.

2.2.2 Design and data acquisition

The basic structure of the instrument itself can be seengargi2.2. AATSR and its predecessors are
unique in that they use two views (near-simultaneous in)tiwith differing path lengths to discriminate

between radiance from the surface and radiance from thesatmoe. The radiometer measures radiance
at nadir and along track at seven channels, with positiodswaiths summarised in Table 2.1 and Figure 2.3.

The instrument has a signal to noise (S:N) ratio of 20:1 a¥spectral albedo. It measures top-of-
atmosphere (TOA) radiance over the channels with an atlesatiduracy of 5% over its entire range. Light
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Structure
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Figure 2.2: AATSR instrument structure. The FPA is the fqatahe assembly, and theX BB the hot and
cold black bodies respectively, used in calibration of tifeared channels.

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

Table 2.1: AATSR channel locations and bandwidths

is reflected off a scan mirror onto a paraboloid mirror, aftbich it is focussed and reflected into the visible
and infrared focal plane assemblies (FPAs). Here the radimconverted into electrical signals, which are
processed to amplify and digitise them and then sent todiatailinking systems to be transmitted back to
Earth. The baffles shield the nadir and forward windows fraraa sunlight, ensuring radiance picked up
is only from the region being scanned. The FPA for the inftazlkannels is cooled to about 80 K whilst
that for the visible channels is maintained at ambient teatpee.

The viewing geometry of the radiometer is shown on the lefeigiire 2.4. The instantaneous field of
view (IFOV) consists of two curved swathes around 500 km wadeadir view, looking straight down, and
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Y

Figure 2.3: Spectral position of AATSR channels
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Figure 2.4: (A)ATSR viewing geometry (left) and scan cycigt{t)

a forward view inclined at an angle of 58 the normal to the surface. There are 555 pixels acrossaittie n
swath (with a size of about 1khat the centre) and 371 across the forward (with a size of ah&knT at
the centre). During each scan cycle the satellite moves 1skni fadir pixel) onward with respect to the
Earth’s surface. The scan cycle repeats 6.6 times per second



CHAPTER 2. AATSR AND OTHER AEROSOL INSTRUMENTATION 26

With an altitude of around 800 km, the forward view samplgsrapimately 1,000 km in front of the
nadir at any given time. Thus after around 150 seconds (as&#6 cycles per second) the satellite has
moved such that nadir view samples the same region, giviogviews of the scene with differing path
lengths. While this time delay means the views arestottly simultaneous, it is still valid to treat them
as such because this timescale is short compared with tlagtnafspheric processes. Were it not, then the
dual-view approach of the (A)ATSR instruments would not bledo be exploited in this way.

The FPA is occassionally warmed up to outgass. This is becamstaminants condense onto the cold
surfaces of the FPA and detectors, degrading instrumenmtbpe due to signal attenuation, as well as
increasing the burden on the FPA coolers. These contansidantot affect signal calibration because they
affect both views of the Earth and of calibration targetsriByioutgassing, which occurs for around 2 days
at a time each 3 months, no data is collected from the IR opth.@hannels. As the aerosol retrieval uses
the 1.6um channel, aerosol retrievals cannot be performed duritgassing. 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, #itepn of which is shown on the right of Figure
2.4. The baffles covering the viewing windows and the blactlié®themselves are also visible on the
exterior of the instrument in Figure 2.2. Between takinginadd forward views, a black-body target is
viewed to calibrate the IR channels. One is maintained ak3@%hile the other is at the ambient instrument
chamber temperature (256 K). This range encompasses akfiected brightness temperatures that the
instrument measures. The black bodies are cylindricaliltaigng and non-reflective with a temperature
monitoring system. There is also a visible-channel catiibnesystem (VISCAL) which views the sun once
per orbit near sunrise, and uses an opal tile to scatter digtet the detector at the appropriate time in the
scan.

The performance of the instrument over its life to date wasulised at the recent MERIS/(A)ATSR
workshop by Mutlow et al. [2005]. The instrument was foundotfulfilling its original specifications.
Some corrections may be needed to account for instrumenifia{$imith [2005]) although these have not
been finalised.
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Figure 2.5: Global mean SST for July 2003, courtesy of Ann€aroll (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 gmrddecessors was to provide a continuous,
global record of sea surface temperature (SST) over a longdef time. Satellites make ideal platforms
for such instruments, and offer several advantages over dita sources such as ships and buoys. These
include a much greater coverage, and also the fact that ahghduoys give measurements which are not
truly of the seasurface skirtemperature but instead that of the near-surface bulk ska.difference be-
tween bulk and skin temperatures can be of the order of tafitasiegree. As it provides a single data set
AATSR is self-consistent whereas ships and buoys, beiny miata sets collected in different ways, are not.

It should, however, be noted that ship and buoy measurerasngill useful (for example for validation of
results from satellite data).

Measuring SST accurately is very important in climate redeaThis is particularly true for the detec-
tion of global warming, where high precision is required sy bbng-term trend is not hidden by noise. As
a result, the AATSR mission requirements state that theunstnt should be able to retrieve SST with an
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accuracy of better than 0.3 K@llimit), and up to 0.1 K under favourable conditions. In adxit there are
strict requirements on instrumental calibration, to ass@y long-term drift and provide continuity with the
ATSR-1 and ATSR-2 data sets.

Temperature is retrieved using the infrared channels. T$ible channels are used for cloud flagging
(1.6 um) and atmospheric correction for aerosol scattering (sjhand it is for this reason that AATSR is
suitable for performing aerosol retrievals. At nighttinhe tvisible channels cannot be used so differences
in correlations between thermal channels are used for {hagmses instead. Similarly, aerosol retrieval
can only be performed during the day. Retrievals are oftesgirted as monthly means (as in Figure 2.5).
These have the advantage that the entire globe will have $sapled several times by the satellite during
this period, so the likelihood of at least one cloud-freeiegal for each pixel is increased.

Some work (such as Good et al. [2005]) has been done intogri@n8ST from ATSR-2 and AATSR
data. For longer-term trends, however, (A)ATSR data isdgiy used in conjunction with other data sets
to extend the range of time spanned. SST measurements angsafsll in other modelling studies, such as
coupled ocean-atmosphere circulation models or studyaniggic oceanic features such as the El Nifio/La
Nifia Southern Oscillation (Cardon et al. [1998]).

2.3.2 Land remote sensing

A secondary objective of AATSR was to continue ATSR-2’s relscof data for land remote sensing. Both
land surface temperature (LST) and vegetation propentiels as Normalized Difference Vegetation Index
(NDVI), which provides information about surface type, avatinely retrieved. LST retrievals are similar
in principle to SST retrievals.

A difficulty associated with remote sensing over land as sppdo the sea is that the land surface
albedo often shows a strong dependence on viewing geonhetoyher words, it has a steep bi-directional
reflectance distribution function (BRDF), which makes nilbdg more difficult. In addition the land sur-
face can be highly heterogeneous over the scale of the imstris resolution—adjacent fields of different
crops can have very different albedos. Despite these difesyprogress in land remote sensing including
retrieval of LST (S6ria and Sobrino [2005]) and BRDF hasrbeade with (A)ATSR data, with retrieval of
BRDF often performed simultaneously with aerosol retri¢Marth et al. [1999], North [2002]).

Burning vegetation can also be monitored using the sameadethretrievals of LST, although the fact
that fire temperatures exceed that of the hot calibratioly §805 K) means that the temperatures retrieved
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are not as precise as those for SST or ‘normal’ LST. Still, SRThas become an important tool in the
monitoring of biomass burning (Huang and Siegert [2004he Thstrument was designed such that strong
signals from fire do not swamp the detector so useful infolonatan still be gleaned from the data.

2.3.3 Retrieval of cloud properties

AOPP and the Rutherford Appleton Laboratory (RAL) at Didtmjether have a scheme for aerosol and
cloud retrievals called ORAC (Oxford-RAL Aerosol and Cl9wdhich has been used with ATSR-2 and
AATSR data and will be discussed in detail in the next chapiére principles behind aerosol and cloud
retrievals are similar in that aerosol may be considereceta fery optically thin layer of cloud. One im-
portant difference is that the aerosol retrieval does noeatly use AATSR'’s infrared channels, while the
cloud retrieval does.

Cloud parameters retrieved by ORAC include optical dedtb¢ceve radius, cloud-top temperature, the
fraction of cloud within a pixel or superpixel, and cloud ¢&ypCloud-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 iseharacterise atmospheric aerosols. These
can be broadly divided into two categories: satellite unstents similar to AATSR for remote sensing, and
terrestrial instruments (either on the ground or aboarpsshind aircraft).

2.4.1 Satellite-borne
MERIS

Like AATSR, the MEdium Resolution Imaging Spectrometer MERS an instrument aboard Envisat and
the two have several common features and goals. Both a@maters, with MERIS measuring at 15 wave-
lengths in the visible region. MERIS also has a higher rasmiuapproximately 300 m) and wider field of
view (68.5). MERIS only has one viewing geometry, which gives AATSR duamtage in terms of making
corrections for the aerosol contribution to signal. MERd®imarily used for ocean colour measurements
and vegetation remote sensing.
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Being jointly aboard ENVISAT offers opportunities for sygg between MERIS and AATSR data and
derived products, which has been discussed recently by &l Bricaud [2005]. MERIS is used along
with (A)ATSR and SEVIRI in the GlobAerosol project (discegsby Thomas [2006]), although the retrieval
algorithms differ.

SCIAMACHY and GOME

The SCanning Imaging Absorption SpectroMeter for Atmosigh€@HartographY (SCIAMACHY) is also
aboard Envisat and is the successor of the Global Ozone dbtorgtExperiment (GOME), which flew on
ERS-2 alongside ATSR-2. These instruments are primaridyg digr retrieval of vertical profiles of various
atmospheric trace gases (such as work by Dils [2006] andt&i¢R006]), although they have also been
used to characterise aerosol distribution.

GOME measured in the visible at a nadir geometry, while SCMY extends the range of wave-
lengths samples into the infrared and is capable of severalivg geometries. Both instruments make
use of the differential optical absorption spectroscop@{3) technique. The horizontal resolution of the
instruments (60 kmx 30 km at best) is markedly poorer than that of the ATSR selS&SIAMACHY'’s
variable viewing geometries allow for good retrieval oftieal profiles.

MISR

The Multi-angle Imaging SpectroRadiometer (MISR) is leckbn NASA's TERRA satellite and run by the
Jet Propulsion Laboratory (JPL) at CalTech. Designed amiehwiused (Abdou et al. [2005]) for aerosol
retrieval, like AATSR it measures in the visible and infrdi@lthough only over 4 channels) at 9 widely-
spaced angles. It is capable of a very high spatial resolati®75m (250m at nadir) although in practice
for a more reasonable data transmission rate it tends to witinka resolution of between k 1 km and

4 x 4 km, adjustable for each detector. MISR is currently they amétrument which is routinely used to
produce multi-angle retrievals of aerosol optical depth.

MODIS

An instrument carried on two satellites (NASA's TERRA and 4&), the MODerate resolution Imaging
Spectroradiometer (MODIS) measures at 36 bands in theleiaifd infrared. Resolution varies between
250 x 250 mand 1x 1 km dependent on band, and it has a wide swath {5§i%ing a 2,330 km overpass).
As well as retrieving aerosol (Abdou et al. [2005]), a prignase of MODIS is land surface classification
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and this land product is used to set tn@riori surface albedo used in the AATSR retrieval (described in
Section 3.3.2). Over the ocean MODIS is used for ocean c@lpdISST measurements.

SEVIRI

Unlike the other satellite instruments mentioned here,Spmning Enhanced Visible and Infra-Red Im-
ager is in a geostationary orbit. Located above equatofit¢®aboard the Meteosat 8 satellite, it images
the visible portion of the globe every 15 minutes using 4 cledsin the visible/near-infrared region at 1

km x 1 km resolution and a further 8 channels in the infrared at Dk km resolution. Launched on 29

January 2004, it is expected to have a lifetime of 7 years. Alsag aerosol detection, it is used in remote
sensing of cloud and surface properties.

SEVIRI deserves special mention in that it is used in the GEROSOL project alongside (A)ATSR
and MERIS (Thomas [2006]). The same principles apply to &)ATSR and SEVIRI aerosol retrievals,
although as previously mentioned the SEVIRI viewing geaynet different, as are the precise channel
wavelengths and bandwidths.

AVHRR

The Advanced Very High Resolution Radiometers (AVHRR) asemes of instruments which have flown
on the American satellites TIROS-N and NOAA-6 onwards (wiitiprovements made since NOAA-15).
They are primarily used for surface temperature and clouasomements, but have also been used to obtain
aerosol properties (Wetzel and Stowe [1999]). AVHRR messat 5 bands in the visible and infrared
regions at a resolution adjustable to either ¥ 1.1 km or 4 x 4 km (which enables global coverage).

OMI

A joint venture between the American NASA, the Netherlanigency for Aerospace Programs (NIVR)
and Finnish Meteorological Institute (FMI), the Ozone Moning Instrument (OMI) aboard AURA was
designed as a successor to the Total Ozone Mapping Spet#ofi®MS).

OMl is a nadir viewing radiometer which measures backseadtsolar radiation from 0.270 to 0.506,
with a spectral resolution of about 0.5 nm. It has a 2600 kntlswasulting in daily global coverage, and
a resolution of 13x 24 km in normal operational mode. In addition tg, @MI has been used to retrieve
aerosol properties (Braak [2006]).
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CALIPSO

Another joint venture (between NASA and the French CNES), riktently-launched Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observation (CALIPS&ellite was designed specifically to monitor
cloud and aerosol. Launched on April 28 2006, the missianit&gi data is currently being released.

CALIPSO carries 3 co-aligned instruments measuring atrndtie Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP) measures backscattered ligietnisity at 532 nm and 1064 nm. The Imaging
Infrared Radiometer (IIR) measures at g, 10.5um, and 12.Qum and has a 64 64 kmat 1 x 1 km
resolution. Finally, the Wide Field Camera (WFC) measurngerisity over the 270-620 nm region, de-
signed to overlap with a MODIS band. Together, these instnitswill 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 ohghotometers coordinated by NASA
[2006], providing data on aerosol properties and predjgtavater. Photometers work by measuring light
intensity, in a similar way to the (A)ATSR instruments. A érge range of environments are covered, as
shown in Figure 2.6. Data is available from 1993 onward$i¢algh not all sites have been active since
then). It has recently been extended to provide ocean cplaagiucts at several coastal sites.

Because of the long spatial and temporal coverage, AEROMNES are often chosen to validate satellite
retrievals (for example by Abdou et al. [2005]). Grounddmhphotometers have an advantage over satellites
in that measurement can be taken continually at a specifititotif continuity is required, although as they
are point measurements they are less useful than satéiitestimating global coverage. Being physically
located on the ground also makes maintenance of such institation simpler than that of a satellite, and
their calibration is aided by the presence of the Sun as adedithed light source to sample.

Other land, sea and air campaigns

The literature shows a wealth of one-off or ongoing campaifraerosol characterisation based upon data
collected on land (Lu et al. [2006]), at sea (Ramachandr@09p and increasingly by aircraft (such as
SAMUM 2005, Inomata et al. [2006], Targino and Noone [200&] &oon 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 inditet@tesence of an AERONET station.

A variety of techniques are employed ranging from photoynaird LIDAR to mass spectrometry. In
one example, the SAharan Mineral DUst ExperiMent (SAMUM 20@as an international project carried
out largely over Morocco in 2005, and involved several fligimt the custom aircraft Falcon. This had a
payload of a nadir-viewing LIDAR system, a photometer andigla counters able to characterise aerosol
microphysical and chemical properties. The goal of theqmtoyvas to observe the radiative effects of
Saharan dust as it is blown off the desert. Validation studie being carried out with ground-based LIDAR
andin situmeasurements, as well as data from the MERIS and MISR sat@kitruments.



Chapter 3

Theory and Retrieval Algorithm

3.1 The inverse problem

The field of retrieval theory is dedicated to the solutionltd tnverse problem, defined and investigated
thoroughly by Rodgers [2000]. There are systems in which wwaiaable to measure directly the quantity
we are interested in, but are able to measure some otherityusorhehow related to or resulting from it.
From this measuremegtwe wish to find out something about the statéie system is in. Givep = F(x)

for some functionF known as the Forward Function, approximated by the ForwaadiéVl (FM) f(x),
solving the inverse problem means being able to find the sevmctionx = f~1(y) and so obtain state
informationx from measurement

The premise behind performing an aerosol retrieval is teabsol in the atmosphere will affect the
light received at the satellite through a combination ofasppgon and scattering. The radiances AATSR
measures form our measurement vegt@nd the state information vectarwe wish to retrieve consists
of various atmospheric aerosol and surface properties€lyaaerosol optical depth, effective radius, and
surface albedo at 0.55n for both forward and nadir viewing geometries). Aerosdia#ve properties de-
pend on factors such as aerosol particle size, shape, chlernimposition and vertical profile so a forward
model must take such factors into account. The use of atdHita in this way is known as remote sensing
(or remote sounding), as the measurements are taken aaaadst

The algorithm developed and used through this project isdas the GIobAEROSOL algorithm for
retrieval of aerosol properties (Thomas et al. [2006]),ell@ped at Oxford and the Rutherford Appleton
Laboratory (RAL), which has itself been developed from amier@algorithm designed for ATSR-2 (Marsh
et al. [2004]). The scheme is known as the Oxford-RAL retief Aerosol and Clouds (ORAC) and is

34
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applicable to both ATSR-2 and AATSR date. Continuing tharcharther back, ORAC was built from the
Enhanced Cloud Processor (ECP) described by Watts et &8[1@hich was designed to retrieve cloud
properties from ATSR measurements.

The main development from the GIobAERSOSOL scheme to theleseribed here is that the former
only uses the instrument’s nadir view channels, while tblsesne makes use of both nadir and forward
views (and hence is known as a dual-view retrieval). Thisotksithe number of measurements in use, and
returns one more piece of state information (the forwaswsurface albedo at 0.%8n).

3.1.1 Retrieved aerosol parameters

A sample of atmostpheric aerosol can be described by its audénsity, size and shape distribution, verti-
cal profile and chemical make-up (which determines refvadtidex). Assuming the particles are spherical
allows computation of radiative properties from Mie theory

Aerosol optical depttt is the first quantity retrieved in the ORAC scheme, and thithésparameter
which has the largest impact on observed radiance. Opteghcat 0.55um is retrieved directly during the
iteration, and later related to optical depth at Qu@Y using lookup tables. Optical depth is defined as:

t0) = [Pz N dz= [ (B Ba)(20) dz @)

The total extinction coefficienBe, is defined as the sum of the extinction due to absorp{ah &nd
scattering Bs). Radiative characteristics are described by the verpicafiles of 35 and3s along with the
scattering phase functid®(6), which determines the spatial distribution of the scattessliation. Other
useful aerosol optical properties include the single sdaty albedaw,, which is the ratid3s/Be, and the
asymmetry parametgrwhich is the weighted integral &¥(8) from 0 to 180. For a given aerosol shape,
size, and refractive indgX is proportional to the aerosol concentration wh@) is not.

Mie theory shows that the extinction coefficights given by:

B(Z\) = /0 " Qe(zm X w2n(zr)dr (3.2)

Qe is the Mie extinction efficiency factor, dependent on the Bi|e parametex = 2rr /A and the re-
fractive index of the particles= my + im;). n(r) is the aerosol number size distribution, dependent on
radiusr.
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The most appropriate distribution to use to characterisgogpheric aerosol is the log-normal one
(Davies [1974]). This is described by its modal radiy$, standard deviation of (in) (o) and total number
density(N). The second parameter retrieved, then, tells us aboutagradicle size. This is the effective
radiusre, defined as the ratio of the 3rd and 2nd moments of the sizétdison:

_Jor3n(r)dr
© 5 r2n(r)dr

Vertical distribution also affects radiative propertiakhough this is currently not retrieved as the visible

(3.3)

channels do not provide information on it (shown in more idi@&Section 3.4.3). As a result the aerosol
height distribution at height and for scale height (dependent on aerosol type) is fixed and described as
follows:

N(h) = N(0)e V/? (3.4)

No information on aerosol shape distribution is currengfyieved and aerosol is assumed to be spheri-
cal. This is largely due to difficulties in the modelling ofirative characteristics of non-spherical particles,
although some progress has recently been made in this fietth és Dubovik et al. [2005]). Work on this
project to date has been focussed on oceanic scenes, fdn a#iosol particle sphericity is a reasonably
valid assumption. However, other classes of aerosol (paatily desert dust) tend not to be spherical so the
assumption of sphericity must be taken as a (currently)ssseg approximation.

3.1.2 Retrieved surface parameters

A large proportion of the radiance arriving at the sateistelue to direct reflection of sunlight off the sur-
face, particularly over land. The third and fourth retrigymrameters are the surface albedo at frbSor

the nadir and forward viewing geometries respectively.sehare retrieved as independent values, although
a high degree of correlation between them would be expeotandny surfaces.

The initial guess at surface albedo (taken from modedledori values, discussed in Section 3.3.2) for
each view is used to form a picture of the spectral shape cfutace by calculating the ratio of the albedo
at wavelength to that at 0.55um for all four channels. During the retrieval process, thecsal shape (i.e.
ratio between channels) is constrained and only the brégist(i.e. absolute magnitude) is allowed to vary.
This effectively means that instead of needing eight véegto describe the surface (one per measurement
channel used per view) only two are required (one per viewhe0.55um 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 giveric state uses a series of lookup tables
rather than perform radiative transfer calculations aHti, as using lookup tables is a computationally
cheaper method. The lookup tables are generated using edsatnes of aerosol refractive index, size dis-
tribution, phase function and vertical distribution, adhas assumptions of the absorption of atmospheric
gases. They are generated for a 32 layer plane parallel ptraes stretching from 0 - 100 km in height,
with a 1 km spacing up to 25 km, stretching to 30 km for the tgeia

The Optical Properties of Aerosols and Clouds (OPAC) datalud Hess et al. [1998] provides infor-
mation on physical (e.g. size and vertical distributiondl aptical (e.g. wavelength-dependent complex
refractive index) properties, which are used to build udif@® for the characteristic aerosol types. Infor-
mation on various aerosol components is used to generataévasol classes: continental clean, desert,
maritime clean and Antarctic. Information on the comporemin be found in Table 3.1 and details of the
assumed composition of the classes in Table 3.2. Increatative humidity provides an increase in the
amount of atmospheric water vapour which can condense bafodrticles, altering their size and refractive
index. This effect is taken into consideration utilising thethod of Hanel [1976].

e The water-insoluble component of aerosol particles consistly of soil particles containing organic
material. The water-soluble substances are a mixture phatg, nitrate, and organic compounds,
the mixing ratio of which varies with the type of sources (s@as biogenic, fossil fuel combustion,
volcanic, biomass burning).

e The term ‘soot’ represents absorbing black carbon thatheea product of direct particle emission
into the atmosphere by combustion processes that formyhadidorbing graphitic along with weakly
absorbing organic particles, or a transformation withmakmosphere of combustion related gases to
particles.

e Sea salt particles consist of the various kinds of salt ¢oethin seawater. Two modes are given to
allow for a different wind-speed-dependent increase diggamumber for particles of different sizes.

e Desert dust is produced in arid regions and consists of aungxif quartz and clay minerals. It is
modelled with three modes to allow for increasing relatineants of large particles with increasing
turbidity. The size of mineral aerosol particles is assutodat insensitive to relative humidity effects.

e Sulphate derivates, whether from natural or anthropogeoicces, are simply termed ‘sulphate’,
except where they occur in a mixture of different water-bdusubstances. Sulphate is found in
Antarctic aerosol and in the stratospheric backgroundsaéro
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Component ri o | Wet Mode
(um) 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 standaidtibn for a log-normal size distribution and
an assumed relative humidity of 0 %. Entries in the fourtlunwoi refer to the publications where the values
of the wet mode radii can be obtained: * refers to d’Almeidalef1991] or Hess et al. [1998]. The label
regarding the wet mode radius is set to “indep.” if the adrosmponent is not hygroscopic.

Mie theory is used to calculate scattering phase functioritfe central wavelength of each channel
over a range of 20 effective radi (from 0.02 um to 20um). The exponentially-decreasing vertical profile
described previously is then used to give a vertical profilecattering. Phase function generation requires
the following pair of assumptions:

e The radiative properties of the aerosol are constant a¢hessvidth of each instrument channel.
This is a reasonable assumption because the features gbhertinction spectra are very broad in
comparison with gas absorption or emission features.

e The aerosol size distribution is, as previously mentiomasdumed log-normal. Changes in effective
radius are achieved by adjusting the proportions of thefitly-sized aerosol modes. If effective
radius for an aerosol type equals that of the smallest cesigpmponent in it, then the type becomes
a single-component aerosol. If the size lies outside thigeahen the modal radius is shifted (keep-
ing the distribution width constant)—in such situatione tkalidity of the assumed size distribution
becomes poorer. However, for very small aerosol partigiteal properties become less important
as effects become dominated by Rayleigh scattering.

For each layer at which the aerosol distribution is definieel eixtinction coefficienBe, single scattering
albedow, and the coefficients of a Legendre expansion of the scagtghase function are calculated for
each channel and effective radius.
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Type Components Mix. Ratios (1/cnv3)
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 vatriéd 50% relative humidity is be considered
for the hygroscopic components. Mixing ratio values arentbin Table 4 of Hess et al. [1998].

3.2.1 Modelling atmospheric gas absorption

Following on from aerosol scattering properties, gas giigwor over the instrument band passes is cal-
culated and convolved with the instrument filter transnoisdunctions using the MODTRAN database

(version 3.5-v1.1) outlined by Brown et al. [2004]. Thisaladse provides tropical, mid-latitude summer
and winter, subarctic summer and winter, and US Standardgimere climatological atmospheres for

H,0, COp, O3, N2O, CO, CH, plus single profiles for HNQ NO, NGOy, SOy, O, N2, NH3z and CFCs.

ORAC lookup tables are generated using the mid-latitudenseinatmosphere only. This simplification
can be made as gas absorption is weak compared to aeroswltiextiin the visible and the instrumental
channels are free from strong absorption features of galsiesiwhow large spatial and temporal variability
(most notably HO).

3.2.2 Modelling atmospheric transmission and reflectance

To conclude lookup table generation, atmospheric trarsonsand bidirectional reflectance values are
computed from aerosol phase function and gas absorptiafiopsdy calculated. The Discrete Ordinates
Radiative Transfer (DISORT) software package (Olesen3P0@ used for this purpose. DISORT is a
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well-documented and often used general purpose algoritinirhe-independent multiple-scatter transfer
calculations. It solves the equation for the transfer of cabmomatic light at wavelengthas described by:

ud L)\ (T)w H, (p)
dt

In equation 3.5, (T, 1, @) is the intensity along directioru(@), wherep is the cosine of the zenith
angle andp is azimuth angle, at optical depth, measured perpendicular to the surface of the medium.
Lf(T;\, U, @) is the source function.

=L (T, 1 @) — L3(Th, 1, ©) (3.5)

The surface albedo is set to zero for lookup table creatitie. éuation is solved fdrto give tabulated
transmission or reflectance (depending on the file) for aptiepths at 0.55um for each of the 20 effective
radii, 9 logarithmically-spaced.B5 um optical depths and sun/satellite geometry (specified bgcg@lly
spaced zenith angles and 11 equally spaced azimuth angiesar interpolation is used for values falling
in between the points. Five lookup tables, known as Statiglidation Data (SAD) files, for each aerosol
type/instrument channel combination are produced:

¢ Bidirectional reflectance of the aerosol layRsp

Reflectance of the aerosol layer to diffuse radiafge,

Diffuse transmission of the incident beagp

Direct transmission of the beafpg

Transmission of diffuse incident radiandg,

Molecular absorption and Rayleigh scattering in the aerosblayer

The effects of molecular absorption and Rayleigh scatgesire included in DISORT by an adjustment of
the aerosol layer’s optical depth, the particle’s singkttering albedo and phase function in the following

manner:
T=Ta+ TR+ Ty (3.6)
_ [R*%la (3.7)
Tg+ TR+ Ta
P(O) TawWaPa(0) + TRPR(O) (3.8)

TaWga + TR
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Heret,, Tr andtg are the contributions to the total optical degtfrom aerosol scattering, Rayleigh
scattering and gaseous absorption within each layer reégplgc The aerosol single scattering albedo is
denotedw,. For each layer bounded by lower and upper pressure leyvelsd p, respectively and ground
level pressurgy, TR is calculated as:

_ TRT[Pu—P1]
TR=————
Po
TRT, the wavelength-dependent Rayleigh scattering optiqathdier a column of atmosphere extending
from the ground surface to the top of the atmosphere (TOAbiained fromJustus and Paris [1985]:

(3.9)

P !
ps  117.03\%—1.316\2

This takes the value gbs (standard pressure) as 1013.25 mbar, and requires thedgpoessurey in
mbar and wavelength in um.

TrRT(A) = (3.10)

3.2.3 Computing top of atmosphere radiances

The forward model uses the lookup tables to predict a topmbaphere (TOA) radiance using a three layer
radiative transfer model, shown diagrammatically in Fegg8rl. The solar beam is incident on the aerosol
layer (described by many layers in DISORT).

F—1 Rep (60, 6v, ®) Te(B0)RsTo(8)  T5(80)R2Tp (Bv)ReD

/ /
|

TB(eh TB(G% j TBgeogRSQ TB(%{F%RFD R

Figure 3.1: Aerosol layer - surface interactions.

The first contribution to the TOA radiance received at thelbt is the direct bidirectional reflectance
(Rep) of the aerosol layer. Transmission through the layer isly@wy direct transmission of the beam
(Tos) and partly by diffuse transmission of scattered radiafige)( These can be combined to give the
total downward transmission through the aerosol |&ger Tgp + Tpg, as a Lambertian surface is assumed
(meaning any directionality in the radiance is lost on reiteg. The reflected radiance is assumed to be
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diffuse and is partially transmitted) by the aerosol layer into the view direction, thereby givihe
second term in the solar component. The aerosol layer alsetedownwards, giving rise to a series of
multiple reflections and transmissions giving with rapidscreasing contributions to the TOA reflectance.
This multiple-scattering process is represented as fatlow

R= RBD(eo,ev,(P)
+Tg(80)RsTo(6v)
+Ts(80)R2To (By)Rep

+ T (80)R3To (Bv) Rép
. (3.11)

Hereg is the solar zenith angl®, is the satellite (instrumental view) zenith angle aid the relative
(solar to satellite) azimuth angle. This expression carrbelgied to give:

R = Rep(60, 6y, @) + Ta(60) To(6y)Rs(1+ RRep + REREp + - (3.12)

Further simplification as a geometric series limit givesahgation used to calculate TOA radiance seen
by the satellite:

Ts(60) To(6y)Rs

(1-RsRrD)
An example of TOA radiance predicted by the forward modelametion oft andre is shown for6y =

60° andB, = 55° as Figure 3.2. TOA radiance is given in normalised units éosthitellite’s detectors. The

range of optical depth and effective radii scanned was chimsencompass the most commonly encountered

values for this aerosol type (maritime clean). The measendsgive us the mostinformation when contours

on different channels are orthogonal, and as Figure 3.2 shover this range of andr the contours tend

not to be parallel. Similar patterns are encountered fogrageometries.

R = Rap(60, 6y, ®) + (3.13)

Forward model radiance gradient

The gradient version of the forward modél//ox) is required for two purposes:

1. The gradient with respect to the retrieved state parasweie needed for the inversion of the non-
linear reflectance model by the Levenberg — Marquardt algoriwhich will be discussed later.
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Figure 3.2: TOA radiance arriving at satellite nadir viewaohels as predicted by the forward model for
B89 = 60°, B, = 55°, a surface albedo of 0.02 at all wavelengths and the mardenesol class.

2. The gradient with respect to non-retrieved model paramegisuch as surface reflectance spectral
shape) is used to judge the sensitivity to these parametetshus estimate their contribution to the
retrieval error.

Equation 3.13 can be rewritten as follows:

R=Rgp+S (3.14)

From this it can be stated that the gradient of the model veiipect to aerosol optical deptlis given
by:

oR TDTé + T|5TB n RSH:D

g S 3.15
ot Rep + TsTo 1— RsRrp (3.15)
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Here all’ indicated/dt. The gradient of the model with respect to aerosol partatiusr, is given by
an analogous expression where’alidicated/dre. The gradient of the model with respect to the surface
reflectance also follows directly from equation 3.13:

oR S
A T e o 3.16
aRs Rs(l—RsRFD> ( )

3.3 Apriori information

The retrieval algorithm makes use @fpriori information on the retrieved state parameterd his serves
a dual purpose: firstly, to provide an initial guess at thei@alofx for the iteration, and secondly to act
as a constraint on the retrieval and so make the processKelstb retrieve unphysical values far The
precise treatment of theepriori information by the retrieval algorithm is discussed in 8at8.6.

3.3.1 Aerosol properties

Each different aerosol class in the retrieval has its owo@ateda priori optical deptht and effective radius
re, With associated errors, dependent on its compositionthieosierosol classes used in the GIobAEROSOL
project these are listed in Table 3.3.

3.3.2 Surface albedo

Creating ara priori model of the surface for a pixel depends on whether it is a targka pixel. In both
cases an effective Lambertian reflectance is calculateddiopatability with the ORAC forward model.
Over land, the MODIS land surface bidirectional reflectapialuct described by Scatterfield et al. [2004]
is used (for both viewing geometries). If a pixel is missihgifilled by nearest neighbour sampling; if a
large chunk is missing it is set to a default value. The prodsinterpolated onto a sinusoidal grid and

Aerosol Class | ORAC | Log optical depthl Error on| Log effective radiug Error on
label log(T) log(T) log(re), pm log(re)
Continental clean AO00 -1.2 1.0 -0.64 0.5
Desert AO03 -0.54 1.5 0.14 0.5
Maritime clean | AO05 -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 retrievads®. Quantities are logarith-
mic as this is the form in which the retrieval code deals whin.
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averaged to the retrieval resolution.

Over water the situation is slightly more complicated. Scefalbedo is modelled using the method of
Sidran [1981], which involves specular reflections fromhied-roughened surface (as modelled using the
Fresnel equations and Cox and Munk [18pgtatistics. The wind speed at the pixel is obtained fronadat
from the European Centre for Medium-Range Weather Fore¢(B&MWF [2006]). The formulation of a
more accurate sea surface model is one of the goals for theweyears of work.

Sun-glint

The specular reflection of sunlight from the ocean surfaga-(dint) poses a problem for nadir measure-

ments over the ocean. In some areas the surface contritbofl@A-observed radiance becomes completely
dominant and masks any aerosol signal past the limits ottieteof the retrieval scheme. As a result, no

retrieval is attempted on pixels in the sun-glint regiontaf scene. The criterion for determining whether a
pixel lies in the sun-glint region is a simple threshold lsase the Cox and Munk-predicted radiance. This
flagging of pixels for sun-glint contamination occurs dgrthe creation of tha priori surface for the pixel.

Sun-glintis less of an issue for the forward viewing geomédar two reasons:

e The forward geometry has a longer atmospheric path lengtthesrelative aerosol contribution to
the signal is magnified.

e Because the instrument orbits at a local time of around 1@aensun’s position in relation to the
instrument is always less favourable for the nadir view tthenforward view. In other words, the
forward view is less likely to be affected by sun-glint besait is not pointing at the sun-glint region.

The above means that while nadir measurements for a pixebemaynusable the forward measurements
might still be. Nevertheless no retrieval is carried outiege regions, as using just the forward view’s data
in the retrieval might introduce a bias into the results dukenperfections in the forward model.

3.4 Discussion of forward model errors

It is not feasible to accurately model the full range of viaoiain aerosol composition, size, shape and verti-
cal distributions, atmospheric composition and surfaoperties which affect the TOA-observed radiance.
Even if all factors could be modelled the measurements dprmwvide enough information to retrieve them

all: mathematically, the problem is ill-posed. The resgtapproximations and assumptions in the forward
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model will result in errors in the retrieved state paranseterd it is important that the most important of
these errors be quantified.

Discussion in this section is based upon the results founldarGIobAEROSOL single-view retrieval
by Thomas et al. [2006]. The conclusions reached, howelreuld hold for the dual-view retrieval.

3.4.1 Surface albedo

Except in circumstances of extremely high aerosol loadorgcloud), a large portion of the instrumental
signal will be dominated by surface features, with the a@regnature essentially adding a perturbation.
The forward view has a longer path length (hence aerosoribatibn) than nadir although the surface
is still a large effect. As a result the accuracy of the sw@falbedo is of key importance in determining
the overall accuracy of the retrieval. Although surfacesdlbis a retrieved quantity the spectral shape is
constrained by tha priori data for each pixel, so it is this spectral shape which is eatgst importance to
model correctly. Several points can be made about surfaceimgy:

e Snow and ice surfaces have a very high albedo, making thecgudontribution to radiance even
greater. As a result retrieval of aerosol properties besamae difficult as the aerosol signal becomes
very small.

e Although the MODIS surface reflectance product is used oVéarad surfaces, it in turn depends on
the MODIS aerosol products, which are considered inacewagr desert regions. This can result
in problems with the ORAC aerosol retrieval over desertargi(particularly the Sahara, Arabian
peninsular, Tibetan high plateau and Gobi desert).

e Ocean colour varies across the world, although in thiseedtithe same optical properties are used
globally to set thea priori. This introduces some error in regions where high surfacghoess
produces a large amount of foam, or where there are largétpiarilooms (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 betweendhtesing phase functions that correspond to
two grossly different size distributions, which have thenseeffective radius.. Even in this extreme case
the scattering phase function for the two distributiongmmarkably similar and the single scatter albesio
(which is the other aerosol parameter used by DISORT to lzkT OA radiances) for each distribution
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Figure 3.3: Comparison of the phase functions.&8b6@m (left) of two size distributionsr{ght), both with

an effective radius of 18 um. The first distribution (solid line) consists of the accuatiwon mode and
coarse mode sea salt components from the OPAC databasedHals$1998]) at 0% relative humidity,
while the second distribution (dashed line) is the accutrarianode alone, with modal radius increased by
a factor of 14 to give it the same effective radius as the caetbdistribution. Taken from Thomas et al.
[2006].

is almost identical. It is likely, therefore, that this methof setting the effective radius does not introduce
significant errors in the modelled radiances.

3.4.3 Sensitivity to vertical profiles of aerosol parametes

A simple 5-layer forward model from the ground to 2 km has besed to test whether the TOA radiance
varies as a function of the aerosol number distributianandg. Note that this analysis was done using a
previous version of the lookup table generation that use@fymmetry parametgtto describe the angular
distribution of the aerosol scattering, rather than a Ldgemxpansion of the phase function. The TOA
radiance was investigated for a model with constagit= 0.8 andg = 0.61 for all layers. Surface albedo
was set to 0.0. The following four vertical profiles were ¢elst

e Exponentially increasing with height
e Exponentially decreasing with height
e Linearly increasing with height

e Linearly decreasing with height
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Figure 3.4: TOA radiance values for each of the four ver@g@absoN distributions al = 0.67um. Taken
from Thomas et al. [2006].

The TOA radiances for the vertical profiles are shown in Fegdid. This figure shows that the radiance
values for all profiles are identical-4bp andg were kept constant with height, the forward model would
not be sensitive to the aerosol profile. Keeping all parareetenstant and varyin@o produces the set of
graphs in Figure 3.5. It can be seen that there is very litiferénce between the four plots wher: 0.1;
however, fort > 0.1 the TOA radiance is dependent on whetidgincreases or decreases with height. This
can be explained by more of the incoming radiation being ddegbhigh in the model atmosphere when
wp decreases with height. For the set of graphs in Figure 3.6rilygparameter which is permitted to vary
with height is the aerosol asymmetry parameteAgain it can be seen that the TOA radiance varies with
its vertical distribution.

The conclusion to be drawn from these tests is that the fahwardel is sensitive to the vertical dis-
tribution of aerosol-although it is not directly sensitteethe vertical number distributioN it is sensitive
to the vertical profiles ofog andg. Equations 3.6, 3.7 and 3.8 show that valuestfany andg within the
layers of the forward model are dependentgand hence oiN.

Due to an absence of information about vertical aerosalibigion at a given place and time this depen-
dence cannot be accounted for in saariori, and the measurements do not provide enough information to
allow the retrieval of the vertical distribution and the etinetrieved parameters. As a result this dependence
adds a forward model error into the retrieval because theshtimes not take it into account.
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Figure 3.5: TOA radiance values for each of the four vertamabsoly distributions al = 0.67um. Taken
from Thomas et al. [2006].
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Figure 3.6: TOA radiance values for each of the four ver@absolg distributions at = 0.67um. Taken
from Thomas et al. [2006].

3.5 Data preprocessing

The ORAC processor expects all input data to be presentedformatted binary files. Since such files
are an exact reproduction of a computer’s internal bingpoyesentation of data, the format of these files is



CHAPTER 3. THEORY AND RETRIEVAL ALGORITHM 50

architecture dependant and thus ORAC input files are noablarbetween different systems. The primary
role of the preprocessing is to read in the required datdsrowwn format (generally more portable stan-
dards), manipulate it and output it in unformatted form. Tke of preprocessing code in this way enables
the FORTRAN retrieval code to be treated almost as a ‘black, behile the preprocessing code can be
written in a higher level language (here Interactive Datadiage, IDL, by RSI [2006]) which is much
better suited to the quick development of new routines fadirey different data. This provides a stable,
highly optimised retrieval scheme, while maintaining tlexithility 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 megssing code as there are readily available
I/O routines for most scientific data formats and becausesohbuilt routines for data manipulation. The
interactive nature of IDL is also a considerable advantadke development and debugging of code, while
the freely available run-time only version of IDL (IDL Viral Machine) makes it economical to implement
the ORAC processing chain on multi-processor computaktiolisters. Analysis of output data is also
typically performed using IDL routines. The preprocessadgitionally performs some important functions
required by the retrieval:

Land flagging

The ORAC land flagging scheme uses the CIA coastline databiasmsists of vector descriptions of land
outlines rivers and political boundaries at approximateiyn resolution. The database was modified at
RAL for use with ERS-2 and Envisat satellite instrumentse Todified database is coded in hierarchical
format which makes searching for the correct land surfageféist and efficient.

Setting surface albedo

As mentioned in Section 3.3.2, priori land surface reflectance is set using the MODIS surface albed
product for the appropriate date. Sea surface albedo andeaniting sun-glint are also calculated using
the Cox and Munk algorithm.

Cloud flagging

Retrievals are only performed on cloud-free pixels. The E®Ad flag product (produced in the ESA SST
retrieval) is used to flag cloud over the oceans. Over lardStevens cloud flag developed at RAL is used.
This is based on a NDVI technique looking at ratios betweenvikible channels, as shown in Equation
3.17. Itis a simple threshold technique, with differenesirolds for different surfaces (desert, clean water,
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dirty water, ice, green vegetation, other vegetation, @Jaunclassified) based on test data sets. Thresholds
are set conservatively to identify the maximum possibledloontamination.

V.87um—V.67um (v9 V.67um—V.55um

V.87um+-V.67um V.67um+-V.55um

Cloud flagging is performed at the full instrumental resiolntregardless of the spatial resolution re-
quired by the retrieval, which minimises errors in cloud ey due to sub-pixel clouds. Cloud flags in
forward and nadir views may differ (due to both cloud movetiethe time between views and differences

(3.17)

in apparent height due to viewing geometry) and a pixel iy élabged as cloud-free if both forward and
nadir views register as cloud-free.

Superpixelling

As well as running at full instrumental resolution of 1 kki km the retrieval allows spatial averaging of
data (‘superpixelling’). If run at reduced resolution, i@ttes are averaged to give a mean and variance for
use during the retrieval. The fraction of pixels within eaciperpixel containing cloud is also calculated, to
give a cloud fraction product. An advantage of running aticedl resolution is that it cuts computational
time by a factor of about? for ann km x n km superpixelling as compared to running at full resolutin
also decreases the variance on the measurement by a fattierrafmber of cloud-free pixels within the su-
perpixel, hence providing a way to compensate for measurenoese. However, very large superpixelling
may impact the accuracy of the retrieval, given factors saglgeometry and surface conditions varying
between individual pixels.

Driver file generation

The behaviour of the ORAC retrieval code is controlled byigedr generated in IDL preprocessing. Itis a
text file which passes various pieces of information to th&FRAN code such as file paths priori and
first guess settings, convergence criteria, and activeuims&ntal channels.

3.6 The retrieval algorithm

The ORAC retrieval scheme is an optimal estimation (OE) sehw/hich uses the Levenburg-Marquardt
algorithm. The basic principle of optimal estimation is teximise the probability of the retrieved state
based on the value of the measurementsaapdori information. Formally, it is required to maximise the
conditional probabilityP = P(x|y, x», b) with respect to the values of the state vectowherexy is thea
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priori value of the state vector arfdare all other parameters not modelled by the forward modeé. filill
state vectok is formally defined as follows:

X = [To.55, 'e; Rs(0.55 FORWARD: Rs(0.55 NADIR)]

The terms, as previously mentioned, are the optical depth&& um, effective radius, and surface
albedo at 0.55um for forward and nadir viewing geometries. The GlobAEROS@trieval lacked the
forward view, and so the term involving the forward view sud albedo was not presentin

3.6.1 Definition of retrieval costJ and method of minimisation

The assumption is made that errors in the measuremeeptsri and model parameters are Normally dis-
tributed with zero mean and variance giveng)yS, andS, respectively. Then, the conditional probability
takes on the quadratic form:

P(x) oc exp[—(Y(X) — Ym) S, (Y(X) — Ym) ']
X EXP[—(X—Xp) S H(X—Xp) ']
x exp[—(b —b)§; (b —b)"] (3.18)

The three terms present in the equation represent weiglktedtobns from measurements, thgriori
state and the model parameters respectileligas been written for the (unknown) true values of the model
parameters. Maximising probability is equivalent to mirsimg the negative logarithm, so that the quantity
J is equivalently minimised where:

I = (Y(X) = ym)S, H(Y(X) = ym)"
+ (X—X0) S H(x—xp)
+(b—b)§ (b =)’ (3.19)
The minimisation is done with respect to the state variabko that the derivative af is independent
of the third term and therefore cannot be part of the solution. There are manyntqubs used in the

minimisation ofJ. Essentially any method of finding the minimum is acceptabléh the caveat that in an
operational context it must be robust and fast. The pagratharacteristics of this problem are that:

1. First and second derivativesd{with respect tok) exist and are continuous.
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2. Multiple minima are unlikely.

3. Jislikely to be approximately quadratic in the region of tbéusion and far from quadratic elsewhere.

Characteristic 1 implies descent algorithms that make @ifeedocal gradient are possible, and these
are generally faster than methods that do not. 2 impliesakeg¢ssive domain searches to avoid minor
minima are probably not required. 3 is a result of the nordmnature of the forward model, and means
that quick convergence from a poor starting position iskati.

The cost function to be minimised is a reduced form of equadid 9 since there is no explicit depen-
dence orb:

IX) = (YO —ym) S, H(Y(X) —ym)"
+ (X—=Xp) S (x—Xp) " (3.20)

The first and second derivativesbivith respect tok are given by:

V= 0 KIS 0~y +S X %)
" 02‘] T
J aZ—K$K+$ (3.21)

The expression fod” is a commonly-used approximation in thH&t is assumed to be independent of
X, i.e. the radiative transfer is linear xa This is only strictly true near the solution (in the regioheveJ
is quadratic) but sincd” is only employed near the solution (as will be discussed énribixt section) the
approximation is acceptable.

Levenburg-Marquardt algorithm

The minimum is found by starting at some ‘first guess’ statéhere set equal to the priori value) and
then proceeding to make stef¥s,, based on some algorithm. Assuming the valud decreases at each
step, the updatex vector is taking the process towards the cost function munimTo be consistent with
the three points made above, ORAC uses the Levenburg-Malalgorithm to define the value @k,.
This algorithm uses a weighted combination of steepesteti¢smnd Newtonian descent according to the
characteristic of the cost function.
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When the cost function is near quadratic (generally neasdihation) the efficiency of the Newtonian
scheme is employed, while when the cost function is far froadyatic (generally when far from the solu-
tion) the robustness of the steepest descent algorithmasifad.

The steepest descent algorithm is intuitively the simpl&sie vector—J' defines the ‘downward’ di-
rection of the local steepest gradient. A maye= —J' is almost certainly at least approximately in the
direction of the minimum (although it may be too far or hartly enough). The step is therefore usually
scaleddox = —aJ’ for some variabler. If J is found to be decreasing (so the step is not far enoogign
be increased to move fasterJiincreases (meaning the step was too far in this directia@rdhs reduced
until J decreases] must eventually decrease with this method otherwise tisesia error in the calculation
of 0J/0x.

Steepest descent can be very slow to converge, especialiyireesolution where the gradient necessar-
ily becomes small. It is, however, very robust. In contrilgwtonian descent is very fast near the solution
because it will find it in one iteration i is quadratic. Newton’s method finds the root of an equation
and is therefore applied here in the form to find the rood’cf 0. the Newton step is therefore defined
asdx = —J'/J". The problem with Newtonian descent is that away from thatsmi J can be very non-
guaderatic; thel” can easily be the ‘wrong’ sign leading the step taken be away the solution. This is
not a problem scaling can solve.

A combination of both methods as used in this retrieval adsdhe best results. Before each step is
taken, the resulting cost is checked to see whether it deese#f so it is taken and the next step is adjusted
to be more Newtonian. If insteatlincreased, the step is not made and an adjustment is madedtowa
more steepest descent. The resulting Levenburg-Marqueckg@ure becomes steepest descent far from the
solution, and Newtonian iteration close to it. It can be dégd formally be equation 3.22. Heras the
unit matrix (sizex x x) anda the control variable described. Whenis large (compared td”) the step
tends to steepest descent; when small the step approxietasnian.

x=—3"+al) Ly (3.22)

For the initial stepo is set proportional to the average of the diagonald’ofo obtain a reasonable
value:

0o = MQstart x TracgJd”) (3.23)
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After a successful step with decreasihgr is decreased as follows:

an+]_ - an+MQstep (324)

Following an unsuccessful step attenpis increased:

On+1 = On X MQstep (3.25)

In the ORAC retrieval the control paramet&fi€siat andMQstep have default values of 0.001 and 10
respectively. These are defined by the driver file and eakéyged in the IDL preprocessing code.

Boundaries

The state space in which the solution is to be found is tyjyid@unded by physical constraints and the
retrieval needs to ensure that values are not retrieveddeut§ these boundaries. These bounds are optical
depthst of between 0.01 and 2, effective radd between 0.0lum and 10um, and surface albedoes of
between 0 and 1 (for both views).

Convergence criteria

The iteration process proceeds until the decreaskhietween consecutive iteratiofdJ,) is so small as

to be considered negligible. This is determined as beindlsntaan a preset value (the default is 0.05).
This prevents a parameter which is not well constrained fosaillating or becoming unstable (because the
cost function is ‘flat’ in that direction). Such an instatyilmakes it appear that the solution is not yet found
whereas, in fact, the cost is minimal and cannot decreasieefuiThe use of a convergence criterionddp
avoids this problem. If convergence has not occurred afigre?ative steps, the retrieval is stopped.

3.6.2 Quality control information

This is a very important aspect of any retrieval as there sigele an effective way of checking the validity
of the result. Fortunately, OE provides diagnostics whibbmaa reasonably strict quality control to be
applied. There are three principal diagnostics directbilable from the inversion method:

e A check of the ‘goodness of fit’ of the solution to its constitai This should identify situations where
the scene is not well-modelled by the radiative transfereahixerosol layer.

e The error field for the retrieval. Scenes that are modelledessfully but have larger than expected
errors can indicate problems with the scene, e.g. missiagratis.
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e The number of iterations taken to reach the solution. A vagir humber of iterations may indicate a
'false’ convergence (to unrealistic values), or no conearg at all (in the case of over 25 steps).

Model fit

The value of] at the solution indicates whether the solution is good tdwithe statistical accuracies as-
sumed for measurements aagbriori data. If, at the solution, none of the measurements dewviate the
calculated values (i.ey(x) — ym) by significantly more than their expected noise valug$ &nd no state
variables deviate from thea priori values (i.e.x— X,) by significantly more than tha priori error (&),
thenJ will be of orderny +ny (whereny is the number of measurements used apis the number of state
variables retrieved).

Because of the general lack @fpriori and the bounded state variables there are actually feweeeleg
of freedom thamy +ny. A bounded fraction (8- 1) cannot contribute anywhere near its expeSedalue
(~ o) toJ. Therefore it can be stated that if there agestate variables that are bounded but without signif-
icanta priori then an acceptable solution will hayef orderny + ny — ny,.

The largest contribution td is likely to be from measurement fit, meaning it is the fip@l) — y, that
will most often indicate a problem with the solution. Thei@tal keeps track al, andJ, separately (where
the total cost is, from equation 3.20= J;+ Jy). The general procedure to track down the reason for a high
cost would be to checBy andJ, for measurement a priori misfit and then eithey(x) — ym or x — X, for
the offending measurement or state variable.

Because the value dfdepends on the estimation of values$andS; it is likely thatJ will not initially
be of ordemy + ny — n, as expected. Values too low imply an overestimation of (pbty) measurement
error; values too high imply either underestimation of edes/els or convergence criteria that are too loose.

3.6.3 Linear error analysis

OE allows rigorous error analysis of the retrieved statdéarec It is based on the assumption that in the
vicinity of the solution the radiative transfer model isdar. In this case, it can be shown that the solution
for the minimum of the cost function (equation 3.19) is fodod

2= (S KL K TH S + KL S, Ym) (3.26)

We can define an ‘inversion operat@;, = 0/dynm at the solution, which will be given by:
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Dy = (SM+ K § 1K) K S (3.27)

From Rodgers [2000], three error sources can be identifieds& are known as ‘null space’ @priori
smoothing error, measurement error and model parameter error anekpressed as covariancag, Sv,
andSsrespectively.

Null space error

This expresses error arising from a lack of information i@ theasurement system (hence the term 'null
space’). It is calculable as follows:

Su = (DyKx—1)S(DyKx—1)T (3.28)

Measurement error

This expresses the mapping of the errors in the measuremetotshe solution and is defined by:
Svw=DySDJ. (3.29)

Model parameter error

This expresses the mapping of the errors in the forward mpaieimeters onto the solution. The term is
frequently neglected from error analyses on the groundsSha either small (all parameters are well-
known) or that all uncertain parameters are included in the vectoix, and errors are therefore manifest
throughSy andSy. Itis also common to include the forward model error ifjo

Ss= (DyKp)Sp(DyKp)" (3.30)

The total of the null space and measurement errors givesithiidr total error:

Sr=(SHKIS Ko (3.31)

All error terms are covariances and the correlations indplig the off-diagonal terms are important
for interpreting the information content of the measuretaeiiowever, it is unrealistic to output the full
covariances for all three error sources in an operationd¢ @amvironment and these are only available as
special breakpoint variables for diagnosis. The ORAC natmatput contains only the square root of the
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diagonals for the total erro&r (or optionallySr 4+ Ss). The folllowing points are worth noting about the
error estimate:

1. It applies to each state parameter separately—a higlttexperror in one parameter does not neces-
sarily imply a high error in another.

2. ltis conditional upon the correct solution being found.

3. Itis conditional upon atmospheric and aerosol cond#ticorresponding to the model assumed.

3.6.4 Defining the statistical constraints

The statistical constraints on the solutioaré the error covariance matricgsandS,, i.e the quality of the
measurements aralpriori values of the state. The error covariance mafjxlefines the contribution of
the model parameter error to the retrieval error and doeaffeatt the behaviour of the retrieval.

3.7 Speciation and calculation of theAngstrem coefficient

As described the ORAC retrieval scheme determines theaptepth at two wavelengths and effective
radius for a given aerosol model (plus surface albedo inddiom) which best reproduce the observed ra-
diance. The GIobAEROSOL project requires two additionaldoicts, which are also calculated by this
retrieval: the&ngstrejm coefficient and speciation of the aerosol. iﬁhgstrejm coefficient is defined by:

dlog[t(A)]
d log[A]

By assuming that varies linearly withA in the visible, it can be directly calculated from the two
retrieved optical depths:

(3.32)

log[t0.865/T0.55|
log[0.865/0.55]

For GIobAEROSOL aretrieval is performed for each of the aerolasses, and speciation is determined
by the class which provides the best fit to the observed radgrfor single-view retrievals there has been
concern (Marsh et al. [2004]) about large errors arisingnfriasufficient information content from the
measurements, particularly due to uncertainties in thasaispectral shape. It may be possible to provide
some constraint to the variation of speciation across adjguixels, especially over the ocean (where both
aerosol properties and the surface reflectance can be erp®ecbe reasonably homogeneous over a few
tens of kilometers). This has not currently been investidat

'&055,0.865 = (3.33)



Chapter 4

Progress and Results To Date

4.1 Development of the forward-view retrieval

As has been previously mentioned, the aerosol retrievalptdn the GIobAEROSOL scheme makes use
of only the nadir view channels on the ATSR-2 and AATSR insteats. The initial work performed in the
research project involved adapting the code to allow it td&enase of data from the forward view of the
dual-viewing geometry, which involved making changes ®IDL preprocessing steps of the scheme.

A pair of scenes were analysed to reveal similarities arfdréifices in the retrieved data. The first uses
data from the orbit on Septembef 2004 between 28— 64° north and 18— 42° west, and the second
August 28" 2004 from 8 — 40° south and 108— 12(° east. Figure 4.1 shows the geographical location of
these two scenes, as well as radiances received apth % the nadir view.

Due to these locations being mostly at sea, the marine derlass lookup tables were used during the
retrievals. Retrievals were run with pixel latitude andddade dimensions of 10 km to provide a reasonable
number of data points and decrease the measurement nasglhsuperpixelling, but without requiring
excessive computational time to run. The scenes were clios#re following reasons:

e They are comparatively cloud-free, yielding a high numkdgrigels to perform the retrieval on.

e They are largely over the ocean. Being comparatively homeges, the ocean surface is in principle
easier to describe than the land. Therefore by attemptimgvals above the ocean we know our
description of each pixel is of a similar quality.

e One is in the northern hemisphere (the Atlantic Ocean, tontrghwest of the United Kingdom)
while the other is in the southern (clipping over westerntfal@ and Indonesia). This provides two

59
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Figure 4.1: Radiances received at OB at nadir view for the two scenes compared. The satelliwive
units are of apparant albedo. Missing data points from tteglssvare due to cloud-flagging. Note the bright
streak in the southwest of test scene 1; this is the sun+gigion.

geometrically different locations to probe.

Retrieved aerosol optical properties for forward and naiéws would be expected to match within er-
ror bars, assuming the state of the atmosphere does notehang in the few minutes between recording
of forward and nadir view data. Some discrepancy would bewemered because the aerosol is in the at-
mosphere and not flat on the surface (so as a result will appsaghtly different locations in the different
views), though if the bulk of the aerosol is low in the atmos@h and variability on horizontal scales of
several kilometres is not too great, then this discrepantype minimal. The forward viewing geometry
would be expected to give smaller error bars on retrievedsa¢properties, as its longer atmospheric path
length means that it has a greater signal from aerosol treanatlir view.

Retrieved surface albedo would be expected to differ bectug surfaces tend not to be Lambertian.
One would, however, expect strong correlations in retdeslbedo: a comparatively bright surface is likely
to be bright at both viewing geometries.

Data points were filtered to consider for the analysis onbgémeeting the following criteria:

e The retrieval converged, with a cost less than 20 (so reptesegood fit).
e The pixel is a sea pixel.

e Retrieved quantities do not lie exactly on state boundaries
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A note on cost

In the GIobAEROSOL retrieval scheme, retrieval cost isdixd by the number of active channels (4 for
their single-view nadir retrievals) to provide an effeetiwost-per-channel measure of the success of the
retrieval. Convergence criteria are scaled by a correspgramount. That convention has been adhered
to here so should be borne in mind when discussing resultdods not impact much when comparing
single-view retrievals, as both have the same number offtates and retrieved parameters, but will be an
issue when comparing single-view with dual-view retrigval

4.1.1 Retrieved aerosol properties

Comparative optical depths and effective radii for the test tscenes are shown in Figures 4.2 and 4.3
respectively. The correlations between values, espgdailoptical depth in the second scene, are un-
favourable although this is not necessarily indicative @bpagreement. The rangesmoéndr retrieved

are fairly small, and error bars significant within this rango a low correlation on these scales is not too
surprising.

The bottom pair of each set of four graphs considers the odtioe difference in the retrieved parame-
ters to the total uncertainty on them (i.e. the ratia of- 1, to S 1 + S for retrievedt with errorS; for the
forward view ands, for the nadir). This provides a useful measure of how fretjy¢ime retrieved quantities
agree with each other: this error-normalised differendedkess than 1 implies that, within error bounds,
the retrievals agree. This simple measure makes the ajppation 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 sexgirsténe), a large proportion of pixels
have a normalised difference score of less than 1 as showhebget lines in the figures. We can say,
then, that there is reasonable agreement between the tbemarnadir view retrieved aerosol properties.
On the flip side, this is perhaps due more to the size of the baxs than any to strong correlation in the
results (particularly noticeable with effective radiuahd there are some clear discrepancies. The salient
points are that the range of retrieved values is not large atitbugh the agreement between the views is
guestionable on an individual pixel basis, both views es&iaerosol properties in similar ranges and with
similar precision.
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Figure 4.2: Retrieved optical depthsat 0.55 um for forward and nadir views for the first (left two graphs)
and second (right two) test scend®p: T compared pixel-by-pixel. Coloured lines are error bardlove
indicates costl < 1, orange 1< J <5 and red 5< J < 10. The Spearman correlation coefficienis
0.524699 for the left and -0.085780 for the rigBbttom: Difference between forward and nadir retrieved
T divided by the sum of their estimated errors.

4.1.2 Retrieved surface albedo

Retrieved surface albedo a8 uym is compared in Figure 4.4. The normalised difference sdeseribed
for aerosol optical properties was not calculated as onddvoat expect the surface albedo to match be-
tween the views’ differing geometries. The correlationwen the views is small but again reasonable
considering the magnitude of the error bars. Most retriaxaddes for sea albedo are from around 0.1% to
1-2%, which seems fairly low compared to model estimategafstirface albedo which will be discussed
in Section 4.4.
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Figure 4.3: Retrieved effective radiusfor forward and nadir views for the first (left two graphs) astond
(right two) test scenesTop: re compared pixel-by-pixel. Coloured lines are error barsllovieindicates
costJ < 1, orange k J < 5 and red 5< J < 10. The Spearman correlation coefficiens 0.546713 for
the left and 0.257511 for the righBottom: Difference between forward and nadir retrievedlivided by
the sum of their estimated errors.

4.1.3 Retrieval costs

Figure 4.5 shows that while the forward view performs betténe first test scene, the nadir performs better
in the second. As previously mentioned, the forward viearggler path means the forward view would be
expected to perform better. This suggests perhaps soméprahith the forward model under certain
geometric conditions. It is interesting to note that ghpriori contribution to cost remains in the region
of 1-1.5 where the total cost is greater than this, for bodwsiin both scenes. This suggests that future
improvements to tha priori information, particularly the surface albedo (which isatexl as having the
smallest priori error) could mean a lower overall cost.
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Figure 4.4: Retrieved surface albeldgat 0.55 um for forward and nadir views for the first (left) and second
(right) test scenes. Coloured lines are error bars. Yellmhcates cosf < 1, orange < J < 5 and red
5 < J < 10. The Spearman correlation coefficiegis 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 aexetkj by simply setting the uncertainty on the
priori value to be very small. This essentially forces the rettisvaise thea priori information, as iterat-
ing away from this value for surface albedo will yield a stégmhibitively high cost which will then be
rejected.

If the surface model were correct then decreasingtpgori error in this way would enable a more ac-
curate elucidation of the aerosol contribution to obseragtance, and decrease the uncertainty on retrieved
parameters. With an imperfect surface model, however, vglneixpect an increase in cost as the retrieval
becomes unable to find a solution matching the observedmeeliay merely changing optical depth and
effective radius.

Retrievals have been performed for both test scenes in wshidlace albedo was tightly constrained
to thea priori value (with an error of 10* instead of the standard 18). For the majority of pixels the
cost was found to increase, and the agreement between nadioravard-view retrievals worsened. These
results are not presented here for brevity. This is an itidicahat a better model of the sea surface is
required to improve the quality of the retrieval.
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Figure 4.5: Retrieval costkfor the first (left three graphs) and second (right three lgsapest sceneJop:
Thea priori contribution to total cost for forward view retrievalgliddle: Thea priori contribution to total
cost for nadir view retrievalBottom: 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 dewgltiy retrieval code so that data from both
the forward and nadir views may be utilised, involving magdifions to both the IDL preprocessing code
and the ORAC code written in FORTRAN. This means that instdagsing 4 measurements and retriev-
ing 3 parameters, the retrieval now works as described ipteeeding chapter and uses 8 measurements
to retrieve 4 parameters. In principle, this increased remolb measurements should mean smaller errors
on retrieved quantities. One would also expect the retdepeantities themselves to lie somewhere in be-
tween those values returned from single-view retrievait) ebias toward whichever single-view retrieval
performed better. Both test scenes previously compared wer 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 dep#nd effective radiug between single and dual-view retrievals.
The left-hand portions of the figure compare the differerzetsveen dual-view and both single-view re-
trievals: so if the retrieved parameter for the dual vievg lie between that of the single-view retrieved
values, points in the graph will fall in the top-left and lwstt-right quadrants.

Although there are points in these regions there are a ceradite number in other portions of the
graphs. This is not necessarily indicative of a problem endbal-view retrieval as many points lie close to
the linesx = 0 ory = 0 and so, within error bars, could lie in the expected quadrabhere are very few
points where dual-view retrieved properties differ comsadbly from both single-view retrieved estimates.
The very different distribution of points among the grapiosrf the two test scenes further indicate possible
geometric effects leading to particular biases either énftinward model or surface spectral shape.

Error estimates are also shown on the right of Figure 4.6l lcages, the dual-view retrieval tends to
show smaller error bars than the nadir retrieval. In mangséalthough not with such a majority) the same
is true when comparing dual-view and forward retrievals.afken error bars would be expected due to the
larger number of measurements used in the dual-view ratrise larger errors on the dual-view retrieval
indicate a worse fitting of the data. This is not entirely ymented: Section 4.1 showed that forward and
nadir retrievals did not always retrieve values which adreghin error bars, so in these cases the dual-
view retrieval might be expected to find some compromisetswliditting 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 firgt {ear) and second (bottom four) test sceriest:
Differences between dual-view and single-vie\itop) andre (bottom). Right: errors on retrieved (top)
andre (bottom), with dual/nadir comparisons in black and duaWfard in green.
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4.2.2 Retrieved surface albedo

In contrast to aerosol properties, the surface albedo isidered to be independent betweem viewing
geometries so one would expect a strong correlation betwsemates from single-view and dual-view
retrievals. Differences in retrieved values would be dutéxretrievals’ differing estimates of aerosol prop-
erties. Figure 4.7 shows that such strong correlationsnaieed observed. There do not appear to be any
particularly strong biases evident in the retrievals (gamhaps the dual-view forward albedo being higher
than the single-view for the first test scene), althoughdbiss not necessarily tell us much as the data were
expected to be in good agreement.

Comparative error estimates are also favourable, with tla-dew retrieval performing considerably
better than the nadir-only retrieval and slightly bettenrtihe forward-only. Errors are still not always small
compared to the magnitude of the albedo, being of the ord&dof to 102 for albedos on the order of
103to10°L.

4.2.3 Retrieval costs

As previously mentioned, the GIobAEROSOL retrieval diadetal cost by the number of active chan-
nels to provide a cost-per-channel measurement. When corgmngle and dual-view retrievals this is
no longer appropriate, as there both the number of measuatsrheing used and number of retrieved pa-
rameters differ. In this situatiop? provides a more useful comparative measure of cost. Thigusd

by dividing the costl by the number of degrees of freedom (number of measuremenisber of state
parameters retrieved) instead of the number of measursmemtonvert from the per-measurement cost to
X2, then, single-view costs increase by a factor of 4 (multipiy4 measurements and divide by 1 degree of
freedom) while dual-view retrieval costs increase by adaof 2 (multiply by 8 measurements and divide
by 8— 4 = 4 degrees of freedom). The€ measure of cost will be used in discussion here.

Figure 4.8 shows that the performance of the dual-viewawdtiis comparable to that of the single-view
retrievals in terms of how well it fits the data. In the firstttesene it tends to perform better than the nadir
retrieval and comparably to the forward, while in the sectimsitrend is reversed. It is worth noting that if
the cost-per-measurement valleere applied, the dual-view retrieval would in fact seemegbrforming
poorly compared to the single-view retrievals, meaningsttiie data less well, which might be expected
due to the disagreement between forward and nadir vievevels.

The comparable performance of the dual and single-vieviergtls in terms of? is encouraging, in
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Figure 4.7: Comparative retrievedd® um surface albedo for the first (top four) and second (bottoum)fo
test scenesLeft: Dual view retrieval against single view retrieval for na¢tiop) and forward (bottom)
geometries. For the first scene, Spearman correlation cieefs are 0.879977 (nadir/dual) and 0.969733
(forward/dual). For the second they are 0.941172 (nadcatjcdand 0.960581 (forward/dualRight: Com-

parative error estimates for these retrievals.
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that it means that if sources of error can be identified andietted which lead to single-view forward
and nadir retrievals being in better agreement, the dual-vetrieval will benefit comparably more because
of its larger number of measurements. Finally, it is worthimgpthat thea priori contribution to cost is
comparable to the proportion found for single-view retaileFigure 4.5).
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Figure 4.8: Comparativg? costs (see text) for the first (left) and second (right) teshgs Top: Dual-view
cost against single-view cost for nadir (black) and forweikv (green) retrievalsBottom: The a priori
contribution to cost for the dual-view retrieval.

4.3 Discussion of residuals in forward model-predicted rachnce

Analysis of the distribution of residuals can provide inpot insights into the performance of the forward
model and retrieval algorithm. In the case of no forward neder (so all error coming from the instru-
mental noise), one would expect the residuals in the datawe Normal distributions with a mean of 0 and
a standard deviation equal to the instrument’s noise. AMommal distribution would indicate the retrieval
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is not finding solutions (or the convergence criteria areltmse); an excessive width, that there is large
error in the modelling; and a persistent bias, that therensespersistent bias in the modelling.

Residuals for the two test scenes for single-view and digal-vetrievals for both viewing geometries
are shown in Figures 4.9, 4.10, 4.11 and 4.12. Several paiat&orth noting about these distributions:

e Distributions are, by and large, Normal with only one modaue. This is encouraging and gives
confidence that the retrieval algorithm is working and figdénsolution.

¢ In all cases the standard deviation of the distribution sfdeals is considerably smaller than the
noise on the instrumental channel, indicated by red lindss i due to superpixelling reducing the
measurement error as described in Section 3.5, up to tefaioddcompletely cloud-free pixel.

e Although less evident for the forward view in Figure 4.9,idesls tend to show biases consistent
between views and scenes. Specifically, ttE5Qum and 067 um channels tend to have noticeable
negative and positive residuals respectfully. This iseative of some problem in either the forward
model or sea surface spectral shape.

e The dual-view residuals look worse than single-view reaigl{in terms of distribution shape and
spread): this is to be expected due to disagreements betheeesults of forward and nadir single-
view retrievals.
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Figure 4.9: Residuals on radiance for the instrumentaleblgrused, for single-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the first &®ne. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and beloest ranges is noted in each graph’s title.
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Figure 4.10: Residuals on radiance for the instrumentahmobis used, for single-view nadir (top four
graphs) and forward (bottom four graphs) retrievals fordbeond test scene. Red lines indicate the chan-
nel’s noise sensitivity. The number of points falling abewel below these ranges is noted in each graph’s
title.
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Figure 4.11: Residuals on radiance for the instrumentaicblg used, for dual-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the first &®ne. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and beloest ranges is noted in each graph’s title.
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Figure 4.12: Residuals on radiance for the instrumentaicbla used, for dual-view nadir (top four graphs)
and forward (bottom four graphs) retrievals for the seceast $cene. Red lines indicate the channel’s noise
sensitivity. The number of points falling above and beloest 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 sutdairy to obtain a more accurate spectral
shape, and thus hopefully remove one source of bias aftetite residuals. There is some concern over
the fact that some very low values for the sea albedo5& @m are being retrieved (of the order of 10or
lower), when it has been well documented (e.g. from Cox and®M0954a] 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 sregéace (aside from assuming it reflects
in equal proportions at all wavelengths) can be obtainech filoe Fresnel equations. These describe the
intensity of light seen by an observer resulting from reftecat the boundary between two uniform and flat
surfaces receiving diffuse illumination. This dependsiwmangle of incident ligh®; (equal and opposite

to the observer’s viewing angl), the angled; which the incident wave is refracted to in the water and
the real parts of the refractive indicag, andnyater Of Our two mediums. Assuming the incident light is
unpolarised, the fraction of reflected light (i.e. the albefithe surface) is given as follows:

1 sin(6; — 6) 2+ tan(6; — 6) 2 (4.1)
~ 2\ |sin6 1 6) tan(6; +6) '
The angled; of the refracted beam transmitted through the water can taenaal using Snell’s Law, that

Nair SING; = NwaterSING;. As refractive index depends on wavelength, we obtain miffevariation of albedo
with geometry at different wavelengths (and hence a sdestigpe changing with viewing geometry) as

shown in the top half of Figure 4.13.

According to the Fresnel model, there is little change iredtbor spectral shape at nadir satellite zenith
angles (up to about 2p Albedo here is of the order of 2%, which provides a roughh&ste of the magni-
tude of the value we would expect to retrieve. At the forwamwing geometry (nead, = 55°) the albedo
is slightly higher and the spectral shape different. Thsilteshows that, even in a simple model, it is im-
portant to consider the effects of viewing geometry on spéshape. Predictions of a higher albedo in the
forward view tally with observed retrieved quantities (fsample in Figures 4.4 and 4.7).

Sidran [1981] used a model based on the Fresnel equatiorth wiakes use of the imaginary parts
of the complex refractive index. For a flat surface, this gitee albedos and spectral shape shown in the
bottom half of Figure 4.13. These show the same overall pattevariation of albedo with angle, although
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the increase is noticeably steeper and spectral shapes vaagee dramatically. Retrieved forward surface
albedo is not as high as predicted by this model.

Retrievals have been performed using both the flat Fresiebaitan models to set treepriori surface
albedo and constrain spectral shape. In terms of the owarsil and the distribution of residuals, both
of these models performed less well than the model currapbfied in the retrieval scheme, described in
Section 3.3.2. A more complex model, then, is needed to thestite sea surface accurately.

4.4.2 \Wind-ruffled surfaces

In their 1994 paper Sathe and Vaithiyanathan [1994] usedttiestics derived by Cox and Munk to relate
wind speed to sea slopes (125495%) in combination with the Fresnel equations to develop a rhizde
surface albedo, taking into account both reflection fronpeso(which would make a different angle from
their normal to an observer than a flat sea, effectively cimg® and6,) and foam generated as a result of
that wind.
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Fresnel albedo is calculated for a range of effective vigwaingles, and related to the overall albedo seen
by considering the probability of a certain slope angle gitree wind speed at the location. For an area, as
opposed to a single point on the surface, this probabilitgleted to the fractional cover of that slope angle
in the area. A small additional term due to foam reflectivéyadded, though it was noted that estimates
both of foam reflectivity and dependence of foam cover withdwspeed were still uncertain. Albedos and
spectral shapes for this model over a range of represeataind speeds are shown in Figure 4.14.

Note that the graph in Figure 4.14 corresponding to a winédeé 0 ms shows subtle differences to
the flat surface in the top portion of Figure 4.13. This is luseaeven with no local wind there is assumed
to be some small residual wave motion due to winds at otheatilmes.

The addition of wind effects has changed the predicted allaed spectral shape in several important
ways. Firstly, the absolute albedo at small viewing anglessases slightly, more noticeably at higher wind
speeds. Secondly, the albedo at larger angles decreasé&aigly. As wind speed increases, the spectral
shape varies less with viewing angle, as does the albedb itse

Figure 4.14 also indicates we would not expect to see veryslaface albedoes: they are of the order
of several percent for nadir viewing angles. When applietthéoretrieval scheme, however, this model has
several problems. Firstly, in the nadir geometry the sumgigion is not flagged (as the model predicts
a below-threshold surface albedo) although the effectsiofgdint are clearly visible in the results, shown
in Figure 4.15, in the form of streaks of high optical deptkl &ffective radius on the right-hand side. In
contrast the entirety of the forward view becomes flaggediaggint and hence unusable. This behaviour
may be due to the fact that the model assumes diffuse illumimavhich is not the case for a cloudless sky.

4.4.3 Use of the sun-glint region as a guide to surface speatrshape

Retrievals are not performed in the sun-glint region of aedsecause the signal is dominated by the surface
term, which essentially masks any aerosol perturbatiothobigh it is not good practice to obtain ona’s
priori from data (as this stops data aagbriori being independent), consideration of the spectral shape of
radiance received in the sun-glint region could provide lfphek for approximate values and ranges one
might expect from a model of the surface.

Figure 4.16 shows received radiance and its spectral shape sun-glint region of the first test scene
(see Figure 4.1) for both viewing geometries. As the nadiwmias a shorter path length, we would expect
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this spectral shape to be the best match for the true surfetral shape. The following observations can
be made from these graphs:

e Higher radiance is, in general, observed at the nadir viem the forward. This can be explained
by the fact that the nadir view is looking at the sun-glintioeg while the forward is less affected by
glint.

e The same wavelength dependence is observed in radiancéhessea surface models: longer wave-
lengths are duller.

e The relative flatness of spectral shape throughout viewngges sampled by the nadir view predicted
by the smooth Fresnel surface and wind-roughened Sathe atidydnathan [1994] models is also
seen in the radiance.

e Although the overall shape is similar, the magnitudes of reétes differ considerably. Radiance
observed is much less spectrally flat than the surface sppebtpe predicted by the models. This may
indicate that there is a stronger dependence on refractilexj or some other wavelength-dependent
factor, than is accounted for by the models. However, it nmastbe forgotten that because of the
presence of aerosol (particularly with the forward viewsder path and lower susceptibility to sun-
glint) we are not truly looking at the surface, thus we do nadw 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 compasitichich may be non-uniform in space or time
because of factors including pollutants and the levels gawic matter from phytoplankton, zooplankton
and products of their life cycles. Currently, one value isdifor refractive index at each wavelength. This
is a problem because bodies of water the world over are n&aromi Indeed, there is a wide field devoted
to the analysis of diverse ocean colour (Morel [1988], Leg ldn [2006]).

Spatial variations in refractive index affecting how welbady of water is described by the calculated
spectral shape could explain the differing qualities of ffitl arends observed in the test scenes. Another
possibility would be to perform retrievals over the sameagge of ocean and see how the quality of fit
or distribution of residuals varies annually, as this cdutdan indicator of a changing sea spectral shape.
Alternatively, both spatial and temporal differences imlify of retrieval fit could simply be due to different
aerosol being present, as well as the changing solar andvalise angles, and described by the forward
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model to a different degree of success. Because of the knowsuniformity in ocean colour, however, it
seems that changing refractive indices must play at leasé sole.

4.5 Consequences of a loapriori sea surface albedo

For both single and dual-view retrievals, retrieved sedaseralbedo at 0.5fm is in many cases lower
than expected, despite the retrieval cost being low andesidwals small (thus indicating a good fit). One
cause for a low retrieved albedo is a lavpriori albedo. A lower than expected retrieved albedo means that
less radiance is being attributed to the sea surface, ngeamne in turn must come from the aerosol. This
may have the effect of decreasing the apparant effectivesads discussed in Section 1.3.2, small particles
scatter more light backward than larger ones, so would as&r¢he radiance seen by the satellite. Therefore,
with an apparantly dull surface the retrieval may consetiy@noduce a small value fak. In many cases

in the test scenes described, the effective radius lieg ¢tothe lower limit of the state. Conversely, with a
low surface albedo we might expect optical depth to be otienated compared to the true case.

4.6 Transferable skills developed

In the course of my work so far in AOPP | have had the opporyunitacquire and advance some transfer-
able skills which are applicable to for my doctoral studied beyond. These include most notably learning
how to program with the computer languages IDL and FORTRANaSQvell as use of théTeX typesetting
language and BiligX bibliography format. Attendance of numerous seminarsgmodip meetings, as well
as several conferences and workshops, has improved miyabiassimilate information while working as
part of a larger group.

| have also attended several IT short courses at OUCS (Oxfargersity Computing Service): Pow-
erpoint as a tool for presentations and posters; CSS for weblapment; and XHTML. The latter two
courses have led to my assuming responsibilities for maamtee of the webpage of the Earth Observation
research group, as well as the Trinity College graduate ieebs
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Future Work

Although the final state of the scope of the research progsnlot been finalised (as it is difficult to predict
precisely how much will be achieved in the available time&gsal 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 egtewa priori model, as well as information
as to whether the low values currently retrieved are unglysiAs well as modelling the effects of wind,
a possible approach to the problem would include infornmatio the spatial and temporal variation of pig-
ment concentrations and their effects on ocean colour. &grare thought to be most important for the
0.55 um channel, as this is an absorption wavelength of chlordpMadels such as Gordon et al. [1988]
have been developed to take pigments into account, andabsifatation scheme of Morel [1988] has been
widely adopted (used for example recently by Lee and Hu [PG0&lescribe global variation. The SeaW-
IFS instrument often used for such measurements does nauneeas far as the. @ um channel used by
the (A)ATSR instruments and so the ocean colour product ftanay not be directly used.

It is hoped that the current model’s basic suitability fomdispeed effects can be assessed and, if

necessary, improved within a few months. The time requioed\estigate the effects of ocean colour on
the instrument channels used and make any adjustmentsatgttréhm is uncertain.

83
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Land surface albedo

As described in Section 3.3.2, the same MODIS land data d fsethea priori surface albedo for both
instrument viewing geometries. In principle as surfaceddtbis retrieved this is not a large source of error,
although it carries with it the inbuilt assumption that tipestral shape of the surface is the same for both
nadir and forward views. This may not be the case, and so BRIIF will be developed from this product
to more accurately describe the surface albedo.

It is also possible that constraining the forward and nagw\surface albedo to some fixed ratio, fol-
lowing the method of North et al. [1999] (validated in Nor#0D2]) over land, would improve results.

This area of work is prioritised lower than improviagpriori sea surface albedo, as the focus of this
project (as described in Section 5.2.1) will be mostly over dcean. As the Grape and GIobAEROSOL
projects are global in scope, however, the improvementewéntually be made to the ORAC algorithm.

5.1.2 Introduction of infrared channels

Current work in the research group involves the producticaforward model for the infrared channels of
(A)ATSR and SEVIRI (located at 3.6, 11 and i as shown in Table 2.1) for use with the GIobAEROSOL
project. Information from these channels should allow #taeval of aerosol layer effective height, as well
as something about surface emissivity (at the infrared lgagghs). Infrared wavelengths should also be
more sensitive to effective radius than the visible, impmgwvthe retrieval of this parameter. When this
forward model is complete, lookup tables will be generatibolvéng its incorporation into the retrieval
schemes. The forward model is tentatively hoped to be fidisineund December 2006, after which imple-
mentation into the retrieval scheme and testing shoulddaladditional few months.

5.1.3 Instrument channel drift correction

One reason for the need for calibration is that instrumeetsay over time. Over the course of its lifetime,
the degradation of the ATSR-2 visible channels was mordtaeng stable terrestrial sites by Smith et al.
[2002], and corrections for the long-term drift in gain apdl Current work by Smith [2005] is investi-
gating the need for similar corrections for AATSR data, @liph as yet no finalised algorithm has been
published. The &5 pm channel is thought to be the one most affected by any pessdstection, as in
both ATSR-2 and current AATSR data it drifts visibly fastbah the others.
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If not applied to the raw data, any correction algorithm jmhed will be applied during the preprocess-
ing stage. The timing of the publication of a correction noetlis uncertain, but when available it should
not take long to apply. If progress appears slow on this filoerh one possibility is to treat the measurement
errors as larger than the official values (particularly fag @55 pum 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 therdegevind (see, for example, Dulac et al.
[2001], Hamonou and Chazette [1998] or Borbély-Kiss €P4104]), sometimes even reaching South Amer-
ica (Formenti et al. [2001]) where it may fertilise the Amazmasin. It is hoped that this desert dust can be
observed blowing from Africa, and the mass flux, as well aditred location of the dust can be estimated.
This would be an important step in the quantification of gl@®aosol transport.

Focussing on this part of the world means the ocean surfguarigularly important to model, as this
will be the background surface for most of the scenes of@sterAlso important is that the aerosol model
used for desert dust is accurate, which is something thad deuaddressed big situmeasurements. In par-
ticular, the model could be extended to account for non+spdieoarticles following the method of Dubovik
et al. [2005]. Addition of the infrared channels to the ®tal will improve the performance of the retrieval
over desert, as the contrast between blown desert dust arefert surface will be greater in the infrared
(where airborne dust will be cooler) then the visible. Theud detection algorithm will also be investi-
gated, as it is suspected that large dust particles may betsoeas incorrectly flagged as cloud.

It should be possible to have preliminary estimates of magsfy 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 dgrthe project be validated against independent
data to test its performance and make clear any shortcomiftyge distinct avenues for validation exist
using the aerosol instrumentation described in Section 2.4

e Particular targets for validation with satellite instrume&might be MERIS (being jointly aboard En-
visat should offer a lot of data for comparison) and SEVIRIi{as located above the area of particular
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interest). As SEVIRI also uses the ORAC retrieval algorithendata retrieved will not be completely

independent. It will provide a useful check on the retrievallies, and monitor discrepancies arising
from differences in raw measurements, but would not brinkigtat any problems (such as a bias or
offset in retrieved quantities) with the algorithm speaifig.

o AERONET stations have been widely used in satellite valednd it is anticipated that they will be
used for validation of the dual-view algorithm.

e Campaigns have been carried out specifically monitoring olesr the Sahara, such as aircraft mea-
surements taken as part of SAMUM (2005). Having similar goalthis project, they would provide
ideal validation opportunities.

Validation is expected to be an ongoing exercise over theé tex years. As better descriptions of
aerosol properties are obtained using the retrieval dlgorthey can be validated, and any issues with the
algorithm coming to light as a result of this validation candescribed and, hopefully, minimised.
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