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Aerosol Remote Sensing Using AATSR

Abstract: Andrew Mark Sayer, Trinity College

Submitted for the degree of Doctor of Philosophy in Physics, Michaclmas term 2008

This thesis describes a new algorithm for the remole sensing of atmospheric acrosal and surface
propertics from the Advanced Along-Track Scanning Radiometer (AATSRE). Ketrieved acrosol op-
tical depth for September 2004 shows a correlation with AERONET measurements of .76 at 550
nm and 0,53 at 870 nm, and best-ft lines have slopes of 110 and 108 respectively. Weaker cor-
relations of 046 over land and 0.50 over seca at 5350 nm are found with monthly mean MISE data,
although the datasets show similar spatial pattemns. Statistical analvsis of retricved data show that
the scheme performs well; BO% of converged retricvals Gt the measurements and a prior data o
within the expected precision. As part of the new algorithm, the description of the reflectance of the
Earth’s surface is improved. The hidirectional reflectance of the sca varies between approximately
100 and 1, with aconsistent shape along the swath due to sun-glint. Black-sky and white-sky albedo
arc less variable, generally from 0.0 1-0010 (black-sky) and 0.05-0007 (white-sky ) at all wavelengths.
Crver land, a method (s presented o correct surface retflectance data from MODIS to account for the
diffcrent visible channel response functions of MODIS and AATSE. Altcr correction the mean crror
in the @ priori albedo arising from such differcnces is 00011 at 550 nm, 0.002 at 660 nm, 0.001 at
B70 nm, and QU046 at 1.6 pm. Yarious applications of the algorithm are explored, including the cre-
ation of falsc-colour imagery, comparison of two months of data separated by 5 years and generation
ol a scasonal climatology of acrosol and surface propertics in the Amazon. No statistically signil-
icant weekly cycle is found in acrosol optical depth over large citics in this region on local scales.
Twi gstimates of deforestation in the region are made (125,000 km= and 156,000 km* from August

2002- August 2007) with good agreement to independent data (158,000 km=).
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Chapter 1

Atmospheric aerosol and satellite

instrumentation

1.1 Atmospheric aerosol and its importance

1.1.1 What is atmospheric aerosol?

Formally defined, acrosols are particles composed of solid or liquid matter that arc suspended in the
atmesphere and have sizes in the region of 1077 m o 107" m (Twomey, 1977). They encompass
a hroad army of different substances with varying shapes, sizes, sources and sinks, and physical
and chemical propertics. Their large temporal and spatial variability has made global modelling and
prediction studics difficult, although over the past few decades the importance of acrosols in climate
and weather systems has been realised, leading to many attempts—such as the one described in this
thesis—io quantify and classify them.

The study of acrosols began with John Aitken’s cxperiments with dust in the 1880s. He built
apparatus o count particles in suspension by expanding and then cooling samples of air. Water
condensecd on the particles, allowing the resulting drops to be counted with the aid of a microscope.
Aitken used this apparatus to measure a wide vancty of samples, including sea salt produced from air
blowing over the occan. C. T, R. Wilson performed important work from 1897 onwards investigating
the growvth of water and dust particles, which resulted in the invention of the cloud chamber. From
the 19205 to the 19505 work by Kohler, Howell and then Twomey established acrosols as cloud

condensation nuclel (CCMN) which led to the study of their implications For weather and climate.
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Since this time a wide body of literature has grown around this ficld, and an overview of some
rclevant aspects is given in this first part of this thesis. An in-depth treatment of most aspects of

atmos pheric acrosol—albeit before the era of modern satellites—was given by Twomey (1977).

1.1.2 Impacts on climate: aerosol direct and indirect effects

It has long been acknowledged that by scattering light, acrosols exert a non-negligible influence on
weather and climate (for example Charlson et al., 1992, Pucschel, 1996, Schwarte, 199 or many
more recent works such as Schule et al., 2006). Much rescarch on the subject has recently been
collated and summarised by the Intergovernmental Panel on Climate Change (IPCC) in their 4

assessment report (Forster et al., 2007,

& They have the direct effect of altering the planctary albedo by scattering incoming shortwave
solar radiation and absorbing outgoing longwave radiation. Ower the globe as a whaole, scat-
tering predominates and this exens a net negative Forcing on the Earth, the anthropogenic
component of which is suggested by Forster et al. (2007 10 be between -0.9 Win *and -0.1

Wm 2, with a best estimate of -0.5 W 2.

# They have several indirect effects of perturbing cloud cover and propertics. These cxert a mix-
ture of negative and positive forcings, dependent on how the cloud propertics (such as particle
sz, lifetime, height or albedo) are altered. These are ill-understood; Forster et al. (2007 states
that the enhancement of cloud albedo due to anthropogenic acrosol leads to a radiative forcing
of between - 18 Wi~ and -0.3 Wi~ (with a best estimate of -0.7 W *) but understanding

of other acmosol indirect effects is currently too low to state them with conbdence.

The overall negative forcing of acrosols offscts some of the positive forcing of greenhouse gascs,
and is the least well-understood component of radiative Forcing (Forster et al., 20007). While green-
house gases persist for years, acrosol lifetimes are short and profiles show great spatial variability.
We have no past record of global acrosol distnbution or composition, and as a result understanding
ol historical acrosol forcing is poor. These unknowns mean it is of great importance o oblain an
accurate picture of global acrosal distribution.

Forcing estimates have generally been derived from modelling studies (for example Schulez et al.,

2006), although =atellite data are now also being used for this purpose, such as in Bellouin et al.
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(2008). Uncertaintics in the forcing anse from diverse sources, from the amount of acrosol and its

uscd (Penner et al., 2006, Kinne ot al., 2006, Stier ot al., 2006, Sticr ¢t al., 2007 and others).

In most cases, the infrared impact of acrosols is minor because acrosols are mostly found Low
in the atmosphere where atmospheric temperature s close to surface temperature. The optical depth
ol acrosols also decreases at longer wavelengths. Volcanic cruplions can provide exceptions to this
rule: the stratospheric ash produced absorbs infrared and visible radiation and heais the stratosphere
(Cmainger and Highwood, 2003 ). Ower the long term, however, scattering of visible light by the mone
persistent sulphate acrosol predominates. There is a clear and sharp decrease in incoming radiation
linked with the eruptions which can persist For several years: for example, the 1815 eruption of Tamb-
ora in Indonesia is thought (for example Pueschel, 1996) to be responsible for summer snowstorms
and crop failures in mid-latitude regions.

Forcing effects are also dependent on the geographical location of the Forcing substance. An
increase in acrosol optical depth (and resultant increase in planctary albedo) has more impact over a
dark surface (such as a clowd-free ocean) than over a bright one (clowd, ice or desert). Conversely,
deposiion of black carbon acrosol on snow leads to a decrease in surface albedo and hence has

positive forcing effect (0.1 Wm : according to Forster et al., 2007).

1.1.3 Aerosol types and sources

[t is usnal practice to group acrosols by their origins: those produced as a result of naturally-occurning
geological processes, those produced by biological processes (“hiogenic”), and those produced as a
result of human activity (‘anthropogenic’).  [Dhstinction is also often made between tropospheric
and stratosphenc acrosol, as these often share different sources and have different radiative effects
(Pucschel, 19960, Cantification of acrosol cmission is less clear-cut than that of greenhouse gases
or other pollutants. One source may produce particles of a wide variety of sizes or compositions,
and so very different propertics. Primary acrosols are those substances emitted directly as acrosals,
while sccondary acrosol forms in the atmosphere from vanouws precursor substances. Combination
of acrosol particles may also lead to new particles with different chemical and physical propertics
from those from which they were made, so it is important to consider not just acrosol sources but

howe these acrosols interact with cach other and the atmosphere during their lifetime.
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Figure 1.1: Annual average source strength in kg km—* hro! for acrosol types considered in Penner et al.
(200173 (a to g) with total asrosol optical depth ¢h). Shown are (a) the column average HoS0, production
rate from anthropogenic soumes, (h) the column average HaS0, production mate from natural sources (DMS
and volcanic 5053, () anthropogenic sources of organic matter, (d) natural sources of organic matter, ()
anthropogenic sources of hlack carbon, () dust sources for dust with diameters less than 2 pm, (g) sea salt
sources for sea salt with diameters less than 2 gem, and ¢hy total optical depth. Taken from Penner et al. (20017,

Penner et al. (2001), the acrosol component of the third IPOC report, contains estimates For
alobal annual emissions of acrosol and acrosol precursors, which is summarised in Figure 1.1, The

discussion helow follows the acrosol groupings from Penner et al. (20011,
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Wind-driven sounrces: mineral dust and sea salt

Mincral dust and sca salt are primary acrosol. As shown in Figure 1.1 (f), mineral dust acrosol is par-
ticularly prevalent in tropical and sub-tropical regions where it is lofted by wind {or human activity)
ower deserts or vegetation-sparse land. Dust storm Frequency has also been linked to climate cycles,
such as the North Atlantic Oscillation (Ginowx et al., 2004). Wind hlowing over the occans results
in the generation of sca salt acrosol. Global distribution is shown in Figure 1.1 (g). Dependence on

wind speed means these acrosol types show strong temporal variability.

Industrial and voleanic ash

Since the Industrial Revolution human industry has been putting significant amounts of acrosol into
the atmosphere. Industrial dust and ash is a primary anthropogenic acrosol. Volcanic ash, a primary

geological acrosal, is cjected into the atmosphere by volcanic cruptions.

Organic carbon

Cirganic carbon acrosol is carbon emitted in volatile organic compounds (VOCs), distributed as
shown in Figure 1.1 (c) and (d). Some is dircctly emitted into the atmesphere, either as produocts
from incomplete combustion from industry or biomass burning or as compounds (e.g. terpencs)
emitted by plants, while some secondary organic acrosol (30A) is produced by modification (typi-
cally oxidation) of these WO s, As a result, organic carbon can be hoth a primary and a secondary, as
well as an anthropogenic or biogenic, acrosal. Many of these compounds contain polar groups (such
as hydroxyl or carbomylic acids) meaning they are water soluble, and so readily take part in cloud
[ormation, as discussed in Section 1.1.4.

Adthough organic carbon is produced both naturally and anthropogenically. its oxidation depends
on compounds such as NO_, Oy and the hydroxy mdical OH . Levels of these, and hence the rate of

SOA production, are strongly intluenced by human activities creating these pollutants.

Black carbon
Black carbon is so called becanse it is composed of strongly light-absorbing carbonacecus com-
pouncs. Quantification of carbon acrosal i= important becanse of the very different effects of black

carbon {primarily absorbing) and organic carbon (primarily scattering). A primary acrosol, black
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carbon tends to be insoluble and 15 produced as the result of incomplete combustion. lis distribution

i shown in Figure 1.1 (e).

Other primary biogenic aerosol

Uther sources of primary biogenic acrosol include airborne viruses and bacteria, as well as pollen and
spores and other debris. Little 15 known about precise spatial or emporal distribution of this class of

acrosal, but it would be cxpected to vary with land cover.

Sulphate

Sulphate acrosol is produced from precursor molecules, cither anthropogenic (from industry or trans-
portation, including 50, OCS and OS5, ) or natural (such as H.S or 50, from volcanic cruptions, sce
c.g. Grainger and Highwood, 2003, Bingen ct al., 2004). Over the occans DMS (dimethyl sulphide,
CHa5CHz) emitted by plankton is a major source. In the atmosphere, these precursors are oxidised
and combine with water vapour to produce acrosols of mixed He50y and HzO. Sulphate production
15 shown in Figure 1.1 (a) and (h), although there are large uncertaintics in emissions (Penner of al..
20013 DMS emittted by marine plankton is an important source of sulphur although quantifyving
release 15 difficult as it is problematic to measure dircctly, and there have been problems correlating
DMS to proxies such as the chlorophyll content of a body of water (Andreac and Cruteen, 1997),
although more recent work by Kloster et al. (2005) has made progress to improve the representation
ol DMS release in models. Furthermore, the complexity of reaction pathways involved in the gener-
ation of sulphate acrosol means that the precise proportion of precursors which end wp as Ho500, 1=

unceriain.

Mitrate

Atmospheric nitrate acrosol is linked to WH; and H.50; abundance as these bwo participate together
in neutralisation reactions. The global mean mtio is thought to be close to 1, but in regions where
there is surplus ammonia its oxidisabion to nitrate acrosol is possible. Anthropogenic NO, is also im-
portant in polluted arcas, although Penner et al. (2001) suggests the total forcing due to anthropogenic
nitrate is small.

Like sulphate, nitrate chemistry involves many complex redox cycles. Nitrate acrosols may be
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cllectively removed by formation of the less reactive HNOy,, cither by water reacting with M, Oy
or via the reaction of HCl with ClONO,. Both these reactions are prevalent in the straiosphere,
particularly on ice-crystal polar stratospheric clouds (PSCs) in the Antarctic winter, where the redox

processes are inked to orone destructon (Pocschel, 19967,

Particle growth and size distributions

Dircct emissions of acrosols and their precursors tend to be small molecular clusters. These quickly
coagulate to give larger particles on length scales of 1077 m which are said to be in necleation mode
(Junge, 1955). Coagulation readily occurs as particles arc often coated in a Glm of moisture at typical
humiditics; alternatively, growth may occur through gas condensation onto existing particles. The
mechanics and statistics of both of these are discussed in detail by Twomey (1977).

Mot all acrosol emission is in the nucleation mode. Dependent on soil type and wind speed., dust
particles of microns in size can be lofted, although the largest will typically settle soon afterwards
(sce for example Marticorena and Bergamett, 1995). Sca spray from bursting water droplets on the
crests of waves can be up to 50 pm on emission (Zhang et al., 2005).

Aerosols of around 107 m 1o 1077 m grow less rapidly ( because they are larger, more coagulation
or condensation events are required to increase their size, despite their larger surface arca), and arc
known as accamalation mode acrosol. Particles of this size are still fairly buoyant due to Brownian
motion, and are comparatively long-lived becanse of this buoyancy and slow growth (Twomey, 1977).
Larger acrosol particles of size scales of | pm and greater are called coarse mode particles. Their

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

. Particles of this size have sufhicient mass to be affected by gravitational settling. A sphernical
particle of diameter | pm will fall at a speed of | mm every 5 seconds or so, with falling speed

tncreasing guadratically with radius.

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

or snow (typically as droplets of size 1077 m, 1.e. | mm).

As particles will be emitted at different sizes and grow at different rates, when considering sam-
ples of acrosol it is of use to define a distribution which accurately represents them. Tunge (1955)

showed that the sizes of many natural acrosals follow inverse power distribubions, and as a resuolt this
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i= also sometimes called the Junge distribution. With radius + and for some constants o and e, these

distributions take the Form:

o drlr) B
r (cllc:;.xr) (1.1

This is solved to give a cumulative distribution for the number density @) of particles of siee

[E= S |

arcater than some mdins ¢, which i= proportional 1o r 4, Tunge (1955) placed the value of o
at approximately 3. When integrating this distribution to obtain total particle number the integral
diverges o infinity for all values of o, In practice some minimum radivs is chosen as a cotofl. As
a result other measuremenis, such as effectve mdius (see Section 21,10 or total volume, are more
usehul when describing the popuolation than total particle number or number density.

More recent studics such as Davies (1974) and Hess et al. ( 1998) have suggested the lognormal
distribution to be most appropriate for individual acrosol components. The acrosol classes used
in the retricval scheme presented here consider acrosols to be mixtures of lognormall y-distributed
components. For an acrosol with modal mdius r and total number density &V the number density

nlr] of particles of size v in a distribution with spread & is given as follows:

, N I M log r — log )2
n(r exp | —= | ———— (1.2
) Vor rlog o ln 10 2 ( log &

Sixe i= not the only property of interest as a particle’s composition may alter as the particle
develops. This can occur through collision with different particles, condensation of water vapour
or other gases, or chemical reactions within the acrosol particle, with the effect on its shape and
microphysical propertics depending on both the composition and the mixing state of its constituents
isee, for example, Hinel, 1976 or Wang and Martin, 2007). These changes are known as ageing

ProcesRes.

1.1.4 Aerosol transport and sinks
Vertical transport

Mot acrosnl is produced at fairly low altitudes and remains confined o the roposphere, due to the

lack of large-scale vertical mass exchange between the troposphere and simtosphere. Large particles
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in particular rarcly make their way from troposphere to stratosphere because they are affected by
gravitational seitling.

The mest violent volcanic cruptions are able to inject acrosol and precursor gases directly into the
stratosphere. Although the ash quickly settles, other acrosol (typically sulphate) is able to persist for
longer timescales of a year or more (Pueschel, 199) than tropospheric acrosol because of the high
slahility of the stratosphere. Adrcraflt exhauvst also provides a source of stratospheric acrosol.

Even in periods of vialcanic inactivity there is a persistent background stratospheric acrosol layer
(Bingen et al, 2004). It is not thought to show strong temporal variability or be dense enough o
affect climate: the main climatic pedurbations of stratospheric acrosol come from periodic voleanic

eruptions (Pueschel, 1996, Grainger and Highwood, 2003).

Horizontal transport

As small particles, acrosols are casily transported by winds, and thus the acrosol present in a region
may well come from a distant source. This is important in pollutant analvsis as the impact of the
pollutant will not be conbfined to the emitting source. Saharan dust is also thought o contribute o
fertilisation of the Amaron basin, as transport across the Atlantic Ocean has been observed (Formenti
etal., 2001 and others). Measurement of acrosol transport is ditficult as source regions may be large
and inhomogeneons, and the distances involved are often great (on the order of 107 km). Neverthe-
less, various methods have been developed 1o attempt to gualify and quantity the long-range transport
of acrosols.

Une commonly-used method (for example Rahn and Lowenthal, 1984, Formenti et al., 2001,
Borbély-Kiss ctal_, 20047 s o calculate the abundances of several trace clements in the acrosol sam-
ple, and then attempt o map these data to a particular sournce region. Possible source locations may
be narrowed down using wind back-trajectory analysis. Elemental analysis may be performed with
proton-induced X-ray emission methods, although this method is not without problems. One criti-
cism from Thurston et al. (1985) i= that as it measures total mass it cannot account Tor mass observed
inone region coming from different sources, which may alter the apparant relative abundances of the
clements analysed.

Transport may also be inferred by monitoring the temporal evolution of large acrosol masscs.

Light scattering apparatus such as LIDAR and nephelometers are often used in conjunction with
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satellite data and wind ficlds to tack the movement of acrosol (cspecially dust clouds). Such meth-
ods also often provide some detail about size distribution and vertical profiles and are frequently
described in the literature (Dulac et al, 2001, Hamonoo and Chazette, 1998), sometimes combined

with clemental analysis (Formenti et al., 2001 ).

Aerosol sinks

In common with the wide varety of processes leading to the gencration of atmospheric acrosol, there
exists a wide varicty of processcs removing acrosol from the atmosphere. The following discussion
on removal processes 15 based on the treatment by Twomey (1977), and may be summarised in three

Formes:
# Wel removal priocesses occur when acrosol 15 removed in precipitabion (waler or ioc).
# [Iry removal processes remove acrosol without the invol vement of precipitation.

# Cloud formation also removes acrosol from the atmosphere, and eventually provides the mech-

anisms for wel removal processes o oocur.

Wet remwoval processes

Acrosol particles may be mined out by collision with falling raindrops (inertial removal). The cfhi-
ciency of this process is highest for heavy particles. Removal is also possible through diffusion of
acrosols into falling drops, which is most efficient for small raindrops and particles less than 10% m
in size (Twomey, 1977). The strong size dependence of these removal processes means that particles
in the region of 107 mto 1077 m are not efficiently removed, although as they are typically the most
numerous particles a large total number is lost. For particles of all sizes the total acrosal amount

remowved through wet processes docs, of course, depend on how much precipitation there is.

Dry removal processes

The largest difference between wet and dry removal is that while wet removal can occur through-
out the atmesphere wherever there is precipitating water, dry removal relics on the particles being
transported near o the surface by turbulence or gravity. The movement of small particles will be

dominated by Brownian motion, while heavy particles will feel the effects of gravitational scttling.
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Diffusive removal is again only important for very small particles, and inertial only for larger parti-

cles, with low rates of dry removal of particles in the range from 10 mto 1 pm { Twomey, 1977).

Cloud formation and aerosol removal processes

As previously mentioned, large acrosol particles arc able to act as cloud condensation nucler (CCN).
Cloud removal processes tend o be efficient owver all acrosol size ranges due to the high surface arca
of cloud droplets, as well as the rapid condensation of small particles into larger ones which takes
place. Clouds are able 1o form and rain within an hour, which can lead o rapid removal of acrosal.

Mucleation can only occur on acrosol particles larger than a critical radius of approximately
1055 4 m iwhere 5. is the supersaturation in percent; Twomey, 1977 Following nucleation
a period of rapid growth leads to the droplet expanding to the order of microns within a few seconds,
provided supersaturation is maintained. Further growth is slower. Sufficiently large droplets fall out
as min, removing both dircctly-incorpomted acrosol as well as any caught by wet removal processes.
As a result, clouds are considered to be the most important means of removing acrosol from the
atmosphere, with small particles being caught up diffusively and larger ones serving as CCN. Water-
insoluble acrosol is affected less by wet removal and clowd processes than soluble, although insaluble
particles may still act as cloud nucleation sites.

Work by Junge (1955) showed that, due to the high efficiency of wet removal processes, in prin-
ciple a few millimetres of min could cffectively clear the atmosphere of acrosol. This suggests that
the residence time of acrosol in the atmosphere is determined more by the frequency of main, and the

height at which clouds form, than the total amount of rain that falls.

1.2 The historical context of AATSR, and its capabilities

The Advanced Along Track Scanning Radiometer (AATSRE) 15 an instrument aboard the ESA satellite
Envisat, launched in March 2002, It is the successor of the carlier similar instruments ATSR-1,
launched on ERS-1 in July 1991 and in operation until March 20000, and ATSR-2, launched on ERS-
2in April 1995 and in operation until February 2008 (with regolar attempts o restart since then).
Together the series provides a 17 -year data set with many applications in climate studics, aside from

their main purpose of monitoring sca surface temperatures,
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While ATSR- 1 measured radiance at one wavelength in the near-infrared and three in the thermal
infrarcd part of the spectrum, ATSR-2 and AATSE have an additional three channels in the visible
region. [t is these visible channels which are key to the instruments” ability to provide data soit-
able for acrosol retricvals. AATSR 1= an improvement on ATSE-2 in this regard as ATSR-2 suffers
from restrictions on the amount of data which can be downlinked while AATSRE 15 able to provide

continuous data from all channels.

1.2.1 Satellite orbital parameters

Envizat is in a sun-synchronous polar orbit with a mean local solar time (MLST) of 10:00 am for the
descending node. It is at an altitude of approximately 800 km and 98.55° inclination to the cguator.
The reference orbit repeats once every 35 days, and global coverage is achicved once every 3 days as
a result of orbital precession. A single Envisat orbit takes about 101 minutes. The arbit is controlled
to keep it as precise as possible: within a maximum deviation of £1 km on the ground and £35

minutes on the MLST at the cquator (ESA, 20077,

1.2.2 AATSR design and data acquisition

Channel | Central wavelength | Bandwidth
(.55 pm (.555 yum 20 nm
(.66 pm (L65Y pm 20 nm
(A7 pm (LBGS pm 20 nm
L6 pm .61 pm 0.3 pm
375 pm 370 pm 0.3 pm
[l pm [OLES pm 1O pm
12 ppm [2.00 pim 1.0 prm

Table 1.1:; AATSKE channel locations and bandwidths.

The basic structure of the instrument can be scen in Figure 1.2 AATSR and its predecessors
arc unigue in that they use two views (near-simultancous in tme) with differing path lengths to
discriminate between radiance from the surface and radiance from the atmosphere. The radiometer
measures radiance at nadir and along track (the *forward view” ) at seven channels, with positions and
bandwidths summarized in Table 1.1.

Lightis reflected off a scan mirror omto a paraboloid mirmor, after which it is focussed and reflected
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Figure 1.2: AATSR instrument strocture. The FPA is the focal plane assembly, and the £X BE the hot and
cold black bodies respectively, used in calibration of the infrared channels. Taken from ESA (2005).

into the visible and infrared focal plane assemblics (FPAs).  Here the radiance 15 comverted into
clectrical signals, which are digitised and then sent to data-downlinking systems 1o be transmitted
hack to Farth. The baffles shicld the nadir and forward windows from direct sunlight, ensuring
radiance picked up is only from the region being scanned. The FPA For the infrared channels is
cooled to about 80 K whilst that for the visible channels 15 maintined at ambient temperature.

The viewing geometry of the radiometer is shown in Figune 1.3, The region sampled consists of
twior curved swathes around 500 km wide: a nadir view, looking down at zenith angles from 0°-227,
and a Forward view inclined between 33°-5357 1o the normal to the surface. There are 335 pixcls
across the nadir swath (with a size of about 1 km* at the cenire) and 371 across the forward swath
iwith a size of about 1.5km" at the centre). During cach scan eyele the satellite moves 1 km onward
with respect to the Earth's surface. The scan cycle repeats 6.6 times per sccond (ESAL 2007,

With an altitude of around KO0 km, the forward view samples approcimately 1,000 km in front
of the nadir at any given time. Thus after around 150 seconds the satellite has moved such that nadir

vicw samples the same region, giving two views of the scene with differing path lengths. While this
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Figure 132 The (AJATSK viewing geometry, taken from ESA (2005).

time delay means the views are not stricil v simultancons, it is stll valid to treat them as such becanse
this timescale 15 short compared with that of atmospheric processes. Were it not, then the dval-view
approach of the (AJATSR instrument= would not be able to be exploited in this way.

The FPA i occasionally warmed up to outgas. This is because contaminants condense onto the
cold surfaces of the FPA and detectors, degrading instrument operation due o signal attenuation, as
well as increasing the burden on the FPA coolers. These contaminants do not affect signal calibration
because they affect both views of the Earth and of calibration targets. During outgassing, which
occurs for around 2 days ab a time cach 3 months, no data are collected from the IR or 1.6 gm
channcls. As the acrosol retrieval uses the 1.6 pm channel, acrosol retrievals cannot be performed

during outgassing.

1.2.3 Level 1 data

ANTSE level | data (TOA refectances) is provided at full nadir-view resolution. MNadir and forward -

view pixecls are colocated with an accuracy of 1 pixel; the forward view's coarser resolution means
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that somic of the colocated forward-view data consist of “cosmetic 0ll” pixels created via interpolabon
ol ‘truc” Fforward-view measurements. Quality control parameters and ancillary data such as pixel

ground coordinates and a cloud flag (for both nadir and forward-view pixels) are also provided.

1.2.4 Visible channel precision

VISCAL calibration of measurements and VISCAL precision

Druring operation, the AATSR instrument measurcs TOA radiance at the visible channel wavelengths
which arc integrated and digitised to give a 12-hit count taking values from 0 o 4085 (ESA, 20007).
The on-board visible calibration system (VISCAL) consists of an opal diffuser which views the Sun
once per orbit; 4 calibration detector count O g0 18 measured from this. In contrast to the view
of the Sun, a view ol space once per orbit gives a reference count €, . As the instrument flics the
scene count, O, 15 recorded For cach pixel. The VISCAL reflectance Factor, vygean (measured

T

pre-launch), can be used in combinabion with €7 and the solar #enith angle @, to obtain the sun-

normalised refllectance of the scene, r

L=l

. by the following method (Smith et al., 2001, Smith, 2005):

TyIsSCAL e — Tl

“‘-""'Z"-"'c-:' . Cyviscar — Caark

(1.3)

r

ECEnG

The retricval uses the measurements of Sun-normalised reflectance. This is a dimensionless quan-
tity which takes values from O to (typically) around 1, with O corresponding to no signal received at
the detectors and 1 to a radiance equal to a view of the Sun.

Ilsing this method, the calibration is not dependent on the absolute instrumental response for a
pixcl. This on-board automatic calibration is a unigque feature of the ATSE instruments and ensures
high data quality. Moise on the visible channels is small and random (a5 opposed to systematic).
Smith (20007) stated the uncertainty on cach of Chgean, O and O o be one digitised count;
however, periodic buildups of ice and cutgassings to clear them alfect vy50 40, 2iving rise oo lempo-
ral variation in the calibration of the results. The following factors, then, can lead to error (systematic

or random) in an AATSRE measurement:

# The instrument receiving radiance from a location outside of the ground pixel. The instrumen-

tal baftles arc designed to minimise this contribution and so it is expected to be very small.

s Dictector nonlinearitics and degradation. These are expected to cither be small or well-modelled.
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Wavelength | Percentage error from Smith (2005)
550 nm 24 %
60 nm 2%
B70 nm 2.0%
1.6 pm 3%

Table 1.2: Instrumental noise on measured TOA reflectance for AXTSR visible channels. These are percentage
arrors on #yviscan fom pre-launch calibration discussed by Smith (200057,

& lincerlainty in the conversion of the measured radiance into a 12-hit count. Assuming the
counts to be accurate to within 1, use of Equation 1.3 permits the estimation of the uncertainty
arising on the reported scene reflectance. True values of the instrumental counts are not avail-
able, but it is likely that this error will be smaller than 1 % This source of emror diminishes

with higher ¢ and greater contrasts between gy, and O,

& Ruildup of ice leading to changes in ryiscarn and its precision, and hence an asscciated error
in the reported .. The ice acts as an interference flm and causes oscillations in the signal.
These change depending on the instrumental outgassing cvele. Smith (2004) states that ry e 0
itsell is minimally alffected after additional ground-bascd calibration results (Smith et al., 2002)

arc applicd; the signal to noise ratio, however, will change during this cvele.

The above points mean that any systematic error in the visible channels is minimal and the preci-
sion of ryscan (Le. random noise) is the dominant error source.

The accurale characterisation of instrumental noise is important as it affects both the progress
of the retricval and the crror estimates of retrieved quantitics at the solution. The accuracy of the
measurcments dictates how accurate the Forward model needs to be, and sets a limit on how much
the retricval can be improved by refinements to the Forward model. In a general model of noise V.

we will have terms corresponding to the signal strength 5 and a random error:

N=e,54 e, 1.4

The relative magnitude of these cocfhicients ¢ and ¢, is important. If e dominates then we may
consider the noise to be approximately constant across the range of instrumental signal strengths; it
not then the retrieval needs to be able to cope with different uncertainty estimates for different pixels.

Pre-launch noisc tests on the visible channels were carried out by Smith (2003, giving a pereent-
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AZE CTTOr 0N Typgepr. 48 shown in Table 1.2, Much of the information within Smith (20035) was also
published prior to Envisat’s launch in Smith et al. (2001). Although in-Right performance may differ,
these values are used as crror estimates on the measured reflectances in the retricval as information on
the temporal vanabon of AATSRE s precision is not available. It is possible to estimate whether these
values are of an appropriate magnitude by considering the standard deviation of groups of ncarby

pixcls, as undertaken below.

Methodology of noise estimation via standard deviation

As will be discussed in Chapter 2, the averaging of nearby pixels in the retrieval (known as superpix-
elling) is donc with the assumption that on small scales an image is homogencous so averaging data
pixcls will reduce noise. Looking at this another way, the variability of reflectance within superpixels
is an estimate of the noise on the measurements. Two caveats must be borne in mind:

. For very dull scencs the measurement may be affected by the digitisation of the signal, which

will in turn affect the standard deviation.

2. The assumption of homogencity will not hold true for all pixels. Coastal pixels, most land
pixcls and pixels in or near cloud may show particularly high variability. These will also tend
to be brighter pixels, which limits how good an estimate can be made for high signal strengths.

2004 was superpixelled at 22

To test this, an orbit of nadic-view data from Sceptember 5
pixel resolution and resulting mean signal and standard deviation recorded for channels used in the
retricval. Forward-view data were not used as cosmetic fill pixels would artibicially decrease the
standard deviation of the superpixel. In groups of 100,000 superpixels (ordercd by brightness, from
dullest to brightest) the mean reflectance, mean standard deviation and modal standard deviation
range (in increments of 104} were calculated. This was done for the Following pixel classifications:

¢ Dull superpixels (sun-normalised rellectance less than (L035).

s Slightly brighter superpixels (sun-normalised reflectance up to 0.1,

* All pixel brightnesses.
A linear it between mean reflectance and the most common standard deviation mnge gives gra-
dient and intercept values (cocflicients ¢, and £5) as shown io Table 1.3, An example of this process

for the first category of points is shown in Figure 1.4
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Figure 1.4 Superpixel mean sun-normalised reflectance against standard deviation for 2= 2 pizel superpixels.
Ked lines show the modal standard deviation range (in increments of 000017 and green the mean standard
deviation for groups of 100,000 points. Blue lines are a linear [t of the signal to the modal standard deviation.

The modal standard deviation range is more appropriate to perform a lincar Ot 1o than the mean
because of the assumption of homogeneity. The standard deviation of a truly homogencous super-
pixel will be the noise on the measurement. Any inhomogencity will increase the mean standard
deviation: the mode will be less affected provided most pixels ane homogeneous. Evidence support-
ing this assumption is given by the valucs in Table 1.3; for brighter scenes (which are, as discussed
previously, likely more inhomogencous) there 15 an increase in the gradient of the noise.

Replication of the calculations using a different day of data or different bin stz leads to similar
resulis. Ulsing larger superpixels leads to stecper gradients, which is as cxpected because the larger

supcrpixel size means the scene observed is likely to be less homogencous.

Comparison of estimates with pre-launch values

Previously, the ORAC algorithm assumed tat values of instrumental noise for cach of the visihle

channcls equal to L0045 at 550 nm, 0.005% at 660 om, 0.00% at 870 nm and 0018 at 1.6 gm (in
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| Channel | [Duller than (.05 | Puller than 6.1 | All points |
wavelength | Gradient | Intercept | Gradient | Intercept | Gradient | Intercept
550 om 0.014 (L0000 O0de | -0.00044 | 0058 | 000071
660 am 0.024 (L0003 0047 000029 [ 0067 | 000068
270 nm (.031 (L0000 0058 000038 [ 0072 | 000058
1.6 um 0050 | -0.00006 | 0057 000020 [ 0052 (.0

Table 1.3

149

Coeflicients for noise estimates obtained by considering the standard deviations of reflectance in

small superpixels. Given are intercepts and gradients {in units of sun-normalised reflectance) of linear fits of

mean superpixel sun-nommalised reflectance o standard deviation for each of the four vismlK wavelengths.
Fits wene obtained vsing three thresholds of brightness of mean sun-normualised reflectance: all superpixels

cluller than

i

=13

Figure 1.5:
Table 1.3).

Lhan (.05,

(.05, all duller than €01 and Gnally all superpizels.
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Moise estimates as 4 function of signal strength based on standard deviation measurements (sce
Solid lines show data from all points, dotted wsing reflectances duller than 0.1 and dashed duller
Fed lines indicale the fat value previously taken as instromental noise by the ORAC retrieval.

Cireen lines show noise assuming uncerainties dependent on signal strength according 1o pre-launch calibration
resulls (smith, 2005), as currently used in the retrieval scheme.

units of sun-normalised reflectance). Figure 1.5 shows calculated noise profiles for AATSR visible

channels based upon the coclhcients found for Table 1.3, with the pre-launch calibration cstimates,

and the fAat values previously used, for comparison. In all cases there is a crossover point at which

the previous flat values change from being an overestimate to an underestimate as compared to the

standard deviation-based measurements and pre-launch results curently used. This crossover point is
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above the observed reflectance for typical cloud-free scenes, suggesting that the previous fat valoes

were oo high.

The standard deviation-based estimates are generally higher than the pre-launch calibration per-
centage uncertaintics. This positive bias is expected as a result of the assumption of homogeneity of
supcrpixels. The discrepancy may also be due to changes in instromental performance since launch.
It is encournging that the pre-launch results are closest to the estimates based on dull superpixel stan-
dard deviation, as that is where this method is expected 1o work best. The negative intercepts Found
in Table 1.3 cannot translate to a negative magnitude of uncertainty, but the fact that they are all small

suggests that the random term of the noise (Equation 1.4) is almost zero.

This analysis suggests that the pre-launch calibration resulis are appropriate for use as cmor esti-
mates on reflectances measured in-flight. Orbit-hased measurement noise values would be the opti-
mal choice From a mathematical point of view, but in their absence it is encouraging that results from

the pre-launch tests seem to hold.

Minimium threshold of noise

The percentage values of noise must have a lower limit corresponding to errors in the digital counts
iEquation 1.3). Assuming (vizcan and O to be large means that this will only be a factor For
very dark pixels. For these points it would be necessary to abandon a percentage estimate of noise
and vse a tlat value. Inspection of the data from the previous analysis reveals that such a lower limit
of standard deviation is observed for the dullest superpixels (with v, less than around 0.002). This
lovweer limit is about 0.0005 at 350 nm and 0.0003 at longer wavelengths, This suggests a threshold of
pixel sun-normaliscd reflectance below which digitisation error dominates of around 0,025, which is
recorded only rarely. Therefore in most cases the count error is not important, assuming these results
arc typical of the mission as a whaole.

These lower-limit values are adopted in the retricval whenever the percentage error cstimate
wiotld result in a value for noise smaller than these threshold values, This prevents the retriewval

algorithm from being overconstrained.
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1.2.5 Infrared calibration and long-term performance

The infrared channels of AATSR are calibrated during each instrument scan cycle. Between each
nadir and forward view scan, one of a pair of black-body targets (visible in Figure 1.27 are viewed o
calibrate the [R channels. One is maintained at 305 K while the other is at the ambient instrument
chamber temperature (256 K). This mnge encompasses all the expected brightness temperatures that
the instrument measures. The black bodics are cylindrical, insulating and non-retlective with a tem-
perature monitoring system.

The performance of AATSE to date was discussed most recently by Smith (2008) and Smith et al.
(2008). The instrument was found to be Fulfilling its orginal specilications, despite having passed its
nominal lifetime of 3 years. For the work described in this thesis, the most recent calibration data are

applied throughout.

1.3 Non-aerosol uses for AATSR data

1.3.1 Retrieval of sea surface temperature

As mentioned, the primary objective of the ATSRK scrics of instruments is o provide a continuous,
long term global record of sca surface temperature (S517). This was originally determined from in-
frarcd data, vsing the 1.6 um channel 1o aid in clowd-Aagging (Zavody et al., 1995). Measuring
55T accurately is important in climate rescarch; high precision is required so any long-term trend is
not hidden by noisc. As a result, the AATSRE mission requirements state that the instrument should
ke able to retricve 85T with an accumcy of better than 0.3 K (1o limit), and up to 0.1 K under
lavourable conditions. In addition, there are stoict requirements on instrumental calibration, o asscss
any long-term drift and provide continuity with the ATSR-1 and ATSRE-2 data sets.

Further improvements to the instruments, such as the inclusion of the additional visible channels,
have been accompanicd by improvements in the algorthm (Merchant ¢t al., 1999 and Merchant and
L. Borgne, 2004). However as a correction is made for the effects of acrosol, rather than a full
retricval, there is scope for providing an improved 85T dataset through extension of the algorithm
presented here o include the infrared measurements.

Satellites offer several advantages over other 85T data sources (such as ships and buoys), no-

tablv 2 much greater coverage. Purthermore as it provides a single dataset AATSR is sclf-consistent
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whercas ships and buoys, being many datasets collected in different ways, are not. It should, how-
ever, be noted that ship and buoy measurements are stll usclul (for example for validation of results

from satellite data).

1.3.2 Land remote sensing

A sccondary objective of AATSR was to continue ATSR-2"s records of data for land remote sensing
ol propertics such as land surface temperature (L5T) and Normalized Difference Vegetation Index
(NDVT), which provides information about surface cover. A difhculty associated with remole sensing
owver land is that the land surface reflectance often shows a strong dependence on viewing geometry
and can ke highly heterogencous over the scale of the instrument’s resolution. Despite these difficul-
ties, progress in land remote sensing including retricval of LET (Séria and Sobrino, 2005) and surface
reflectance (simultancously with acrosol propertics) has been made with (AJATSR data (North et al..
1999 and MNorth, 2002a). The algorithm presented here makes use of prescribed surface bidirec-
tional refectance (BRDE) models but retrieves the surface albedo, which 15 an important parameter
in climate models and can be an indicator of changing land-use. The NDWT can be derived from this.

Burning vegetation can also be momnitored using the same method as retrievals of LST, although
the fact that fire temperatures exceed that of the hot calibration body (305 K means that the temper-
atures retrieved are not as precise as those for 38T or normal LST. Stll, the ATSE series has become

an important tool in the monitoring of biomass burning (Huang and Sicgert, 2004,

1.3.3 Retrieval of cloud properties

The GRAPE project (Gmainger, 2008) provided the foundation for the work described in this thesis.
This ongoing joint project between the University of Oxford and the Rutherford Appleton Labora-
tory (RAL) involves the development of the optimal estimation retricval scheme known as ORAC
(Oxford-RAL Acrosol and Cloud) to derve cloud and acrosol parameters from ATSR-2. The algo-
rithm presented here is a greatly updated version of the GRAPE acrosol algorithm. For both acrosal
and cloud, GRAPE currently makes vsc of only the nadir-view data.

The principles behind acrosol and clowd retrievals are similar in that acrosal may be considered
to be a very optically thin (and often low-lying) layer of clowd. The cloud algorithm makes use

of information in the visible and infrared channels to retrieve cloud optical depth, effective radius,
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cloud-top temperature, the Fraction of clowd withino a pixel or superpizel, and the phase of the cloud
particles (Poulsen et al., 2008, Sayer ct al., 2008). Cloud-top temperature may be converted to height

and pressurc.

1.4 Other instruments in use for aerosol characterisation

A wide varicty of instrumentabtion is in current or recent use to characterise atmospheric acrosols.
These can be broadly divided into two categories: satellite instruments similar to AATSR for remote

scnsing, and ternestrial instruments {cither on the ground or aboard ships and aircrati).

1.4.1 Satellite-borne
MERIS

Like AATSE, the MEdium Resolution Imaging Spectrometer (MERIS) is aboard Erovisat. Both are
radiometers, with MERIS measuring at 15 wavelengths in the wisible region. MERIS also has a
higher resolotion (approximately 300 m ) and wider swath (1,150 km). MERIS only has one viewing
oeometry, which gives AATSKE an advantage in terms of making corrections for the acrosol contri-
bution to =signal. MERIS is primarily vsed for ocean colour measurements and vegetation remoote
scnsing. A lack of channels in the IR can cavse problems with cloud contamination.

Being jointly aboard ENVISAT olffers opportunitics for synergy between MERIS and AATSRE
data. There is currently no operational synergystic product, although a synergistic retrieval of acrosol
and surface propertics is being developed by North et al. (2008). MERIS data are used along with
(AJATSR and SEVIRI in the GlobAcrosal project (Thomas et al., 2008a), although the instruments

are processed individually, meaning this is not a true synergystic retricval.

MISR

The Multi-angle Imaging Spectro-Radiometer (MISE) flics on NASA's TEREA =atellite, launched
in 2000, Designed and wsed for acrosol retricval (for example Abdou et al, 2005 or Keller et al.,
200070, like AATSR it measures in the visible (over 4 channels), at 9 widely-spaced angles. The
multi-angle measurements provide some information about the sphericity and size of the acrosal.

MISR is capable of a very high spatial resolution of 275 m (250 m at nadir) although in practice for
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a more reasonahle data transmission rate 1t tends to work with a resolubon of between 1 = 1 km and
4 » 4 km, adjustable for cach detector. However, cloud clearing of scencs can be difficult as it lacks

infrarcd channels. s narrow swath of 360 km limits coverage.

MODIS

An instrument carried on two satellites (MASA's TEREA and AQUA, launched in 2000 and 2002
respectively), the MODerate resolution Imaging Spectroradiometer (MODIS) measures at 36 hands
in the visible and infrared. Resolution varies between 230 ¢ 250 m and 1 x| km dependent
on band, and it has a wide swath (555, giving a 2,330 km overpass). Remer et al. (2008) have
recently published a global acrosol climatology from MOIDIS, which is an important step in quan-
tifying acrosol abundance. As well as retrieving acrosol, a primary use of MODIS i= land surface
classification and a MODIS produoct is used 1o sct the a priori surface albedo used in the AATSE
retricval (described in Section 2.3.2 and Chapter 4). Owver the occan MODIS 15 used For ocean colour
and 55T measurements.

The casy availability of MODIS data and its excellent spatial coverage mean it is often used in
validation and intercomparison studies. However, the single viewing geometry means that it lacks
sufficient information o retricve acrosol and surface parameters simultancously from a single over-
pass without assumptions about the speciral shape of the surface or charactenistics of the acrosal.
Although a MODIS sorface reflectance product is used in the retrieval scheme described in this
work, it uses data from 16 days of orbits to oblain a sufficient atmospheric correction.

Due to the simplitying assumptions required by having only a single view of measurements, the
assorted products are produced with different algorithms, and in some cases multiple algorithms are
used for the same product. For example, the regular land MODIS acrosol algorithm (Abdou ot al..
2005, Remer et al, 2008) often fails over hright desert surfaces, where the Deep Blae algorithm (Hso
ctal., 2004, Hsu et al., 2006} is used instead. An advantage of the scheme presented here s that it is

consistently and globally applicable.

SEVIRI

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

Imager (SEVIRI) 15 in a geostationary orbit. Located above equatomial Africa aboard Meteosat 8 and
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. cach images the visible portion of the globe every 15 minutes using 3 channels in the visible/mear-
infrarcd region and & in the infrared at 3 km by 3 km resolution. Launched on 29 Janvary 2004 and
21 December 2005 respectively, they are expected to have a lifetime of 7 years. As well as acrosol
detection, SEVIRI is used in remote sensing of cloud and surface propertics, and o provide clear-sky
radiance measurements for numerical weather prediction models.

SEVIRI descrves special mention in that it is used in the GlobAEROSOL project alongside
(AJATSRE and MEEIS (Thomas et al., 2008a). The same principles apply to both (AJATSRE and
SEVIRI acrosol retricvals in the project, although as previously mentioned the SEVIRI viewing ge-

omelry is different, as are the precise channel wavelengths and bandwidths.

AVHRR

The Advanced Very High Resolution Radiometers (AVHRER) are a serics of instruments which have
flown on the American satellites TIROS-M and NOAA-6 onwards (with improvements made since
MOAM-15). They are primarily used for surface temperature and clond measurements, but have also
been used o oblain acrosol propertics {Wetrel and Stowee, 19997

AVHRE measures at 5 bands in the visible and infrared regions at a resolution adjustable to cither
L1= 1.1 kmor4x4 km. Acrosol propertics over the land are less reliable as simplifying assumptions
about the surface reflectance must be made, but over the ocean it provides a long time-serics of data
(October 1978 o present).

This long time-serics has been put to use by Mischenko and Geogdehayew (2007) and #hao et al.
(2008) to study long-term trends in acrosol optical depth over global oceans. Confidence in these
trends, however, is limited by the quality of the calibration of the AVHRE data. The ATSR series
of instruments have an advantage here in that their increased number of measurements and dual-
viewing geometrics mean retricval over land is reliable, and their on-hoard calibration should mean

that results from ATSE-2 and AATSR are more directly comparable.

OMI

A joint venture between the American NASA, the Netherlands" Agency for Acrospace Programs
(NIVE) and Finnish Meteorological Institute (FMT), the Ozone Monitoring Instrument (OMI) aboard

ALTRA was designed as a successor 1o the Total Ozone Mapping Spectrometer (TOMS). OMI s a
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nadir viewing radiometer which measures backscattered solar radiation from 0.270 10 02500 gm, with
a spectral resolution of about 0.5 nm. It has a 2600 km swath, resulting in daily global coverage, and
a resolution of 13 24 km in normal operational mode. In addibon to Ok, OMI has been used 1o

reiricve acrosol propertics (Braak, 2006).

CALIPSO

Another joint venture (between MASA and the French CHNES), the Clowd-Acrosol Lidar and Infrared
Pathfinder Satellite Ohservation (CALIPSOY satellite was designed specifically to monitor cloud and
acroso] (Kaufman et al., 2003). Launched on Aprl 28 2006, CALIPSO camics 3 co-aligned in-
struments measuring at nadir. The Cloud-Acrosol Lidar with Orthogonal Polanzation (CALIOP)
measurcs backscattered light intensity at 532 nm and 1064 nm. This can provide information on the

vertical distribution of cloud and acrosol, although coverage is limited to the sub-satellite track.

1.4.2 Terrestrial

AERONET

The Acrosol Robotic Metwork (AERONET, Holben et al., 1998) is a global system of sun photome-
ters providing data on acrosol propertics and precipitable water. A diverse range of covironments arc
covered, as shown in Figure 1.6, Data are available from 1993 onwards (although not all sites have
been active since then).

Becavse of the good spatial and temporal coverage AERONET sites are often chosen to validate
satellite retrievals, although large arcas of land (and open ocean) lack stations so true global coverage
15 not possible, Ground-based photometers have an advantage over satellites in that measurcment
can be taken continually at a specific location iF continuity is required, although as they are point
measurcments they are less usclul than satellites For estimating global coverage. Being physically
located on the ground also makes maintenance of such instrumentation simpler than that of a satellite,
and their calibration is aided by the presence of the Sun as a well-defined light source to sample. As
such they are gencrally considered accurate data sources and good to validate against (Holben et al.,

1995, Ichoku et al., 20027,
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Figure 1.6 AERONET global coverage. Red squares indicate the presence of an AEROMNET station. Image
Laken Prom MASA (20087,

Other land, sea and air campaigns

The literature shows a wealth of one-off or ongoing campaizgns of acrosol characterisation based
upon data collected on land (Lu et al., 2006}, at sca (Ramachandran, 2005) and increasingly by
aircraft (such as Inomata et al., 2006, Targino and Noone, 2006 and Yoon et al., 2006), although most
of these are local as opposed to worldwide in scope. A variety of technigques are typically employed,

ranzing from photometry and LIDAR to mass spectrometry.






Chapter 2

Aerosol retrieval algorithm

2.1 The inverse problem

The ficld of retricval theory is dedicated to the solution of the inverse problem. defined and investi-
gated thoroughly by Rodgers (2000). There are systems in which we are unable to directly measurnc
the quantity we are interested in, but arc able to measure some other quantity related to or resulting
from it. From these measurements ¥ we wish to ind out something about the state x the system is 1n.
Giveny — F(x) for some function b known as the “forward function”, approximated by the *forwand
madel” £{x), solving the inverse problem means being able to find the inverse function = — ")
and so obtain our best estimate % of the state x from measurcment y.

The premise behind performing an acrosol retrieval is that acrosol in the atmosphere will affect
the light received at the satellite through a combination of absorption and scattering. The top-of-
atmosphere reflectances AATSE measures form the measurement vector ¥ and the state informa-
tion vector x to be retrieved consists of various atmospheric acrosol and surface propertics (namely
acrosol optical depth, effectve radius, and sudace albedo at the four AATSR visiblenear-IR wave-
lengths). Acrosol radiative propertics depend on Factors such as acrosol particle size, shape, chemical
composition and vertical profile so a forward model must ke such factors into account. The use of
satcllite data in this way is an example of remote sensing (or remote sounding ), as the measurements
are taken at a distance.

The algarithm developed and wsed here is based on the nadir-view GlobAEROSOL algorithm
for retrieval of acrosol propertics, described by Thomas et al. (2006) and Thomas et al. (2008hb),

29
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and developed at Oxford and the Rutherford Appleton Laboratory (RAL). The nadir-view algorithm
has itscll been developed from an carlier algorithm designed for ATSR-2 (Marsh et al., 2004). The
scheme 15 known as the Oxford-RAL reineval of Acrosol and Clouds (ORAC) and 15 applicable
to both ATSR-2 and AATSE date. Continuing the chain further back, ORAC was built from the
Enhanced Cloud Processor (ECP) described by Watis et al. ( 1998), which was cmploved to retrieve
clowd propertics from ATSR-2.

The main developmient from the previous ORAC scheme to the one described here is that the
Former only uses the instrument’s nadir view channels, while this scheme makes use of both nadir
and forward views (and bence 1s known as a dual-view retmeval). This doubles the number of mea-
surements in use, significantly improving the characterisation of acrosol, and allows the retrieval of
surface albedo at all four wavelengths of interest (as opposed to just 350 nm). Additionally, the error
budget of the algorithm has been thoroughly investigated and revamped, and the treatment of the
surface has been overhauled by use of bidirectional reflectance distribution functions, as described in
succeeding chaplers.

The mathematical notabion used in this work s collated in Appendix A for case of relerence.

2.1.1 Retrieved aerosol parameters

A sample of atmospheric acrosol can be described by its number density, size and shape distrnibution,
vertical profile and chemical make-up (which determines refractive index). Assuming the particles
arc spherical allows computation of mdiative propertics from the theory of Mic (1908).

Acrosol optical depth, 7(A) (for wavelength A), is the first quantity retrieved in the ORAC scheme,
and describes the extinetion of incoming irradiance by the atmosphere due to absorption and scatter-
ing by the acrosols. Optical depth at 550 nm is retrieved direetly during the iteration, and later related
to optical depth at 870 nm vsing lookup tables (hased upon knowledze of the acrosol model used and

the retrieved elfective radivs, discussed laber), Optical depth 15 defined as:
(A [ .z A)dz / (34 20z, M) d= (2.1
A0 ]

The wotal extinction cocfhcient 2, is the sum of the extinction due © absorption (2)) and scatter-

ing (4 ). Radiative charactenistics are descn bed by the vertical profiles () of 4, and [, along with the
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scattering phase function F(f), which determines the angular distribution of the scattered radiation,
where  is the scattering angle between source and observer. (Mher usclul optical propertics include
the single scatiering albedo wy, which is the matio 4, /7., and the asymmetry parameter g which is
the cosine-weighted integral of () from 001 1807, For a given acrosol shape, size, and refractive
index, [, is proportional to the acrosol concentration while £(#) is not. Mie theory shows that the

extinction coclflicient [, is given by:

Tz, A) [ Qo z. A, ) wri nlz, r)dr (2.2}
o]
£}, 15 the Mic extinction cfhiciency factor, dependent on the Mic size parameter = 2zr/A

and the refractive index of the particles (n= n, — ix). n(r) is the acrosol number size distribution,
dependent on radius r.

The most appropriate distribution touse to characterise atmospheric acrosol is the log-normal one
(Davics, 1974, This is described by its modal radivs 7, standard deviation (in log space) & and total
number density v as described previously in Equation 1.2, The sccond parameter retricved provides
information about acrosol particle size. This is the effective radius. v, defined as the mtio of the 3

to 2™ moments of the size distribution:

. .r.:. rn| r':l ir 2.3

r:l r |".'|r

WVertical distribution also in principle affects radiative propertics, although this is not retrieved
as the visible channels do not provide sufficient information on it for AXTSRE visible measurements
(shovwn in more detail in Section 2.4.3). A= a resolt the acrosal height distribution at height & and for

scale height & (dependent on acrosol type) is fixed and described as Follows:

N(R) = N{0)e *Z (2.4)

Mo information on acrosol shape distribubion s retrieved and acrosol 15 assumed to be sphenical.
This i= largely due to dithcultics in the modelling of radiative characteristics of non-spherical parti-
cles, although some progress has recently been made in this ficld by using spheroid models (such as

Drubovik etal., 2006). The spherical approximation holds For many classes of acrosal, although solid
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acrosol particles like desert dust may be nonspherical.

2.1.2 Retrieved surface parameters

A large proportion of the mdiance arriving at the satellite is frequently due to direct reflection of
sunlight off the surface, particularly over land. The next four retrieved parameters are the white-sky
surface albedo at AATSR visible channel wavelengths (350 am, 6580 nm, 870 nm and 1.6 gm). This
i= defined as the ratio of outgoing to incoming irmdiance integrated over all solar and viewing angles,
and as such 1s dimensionless and takes values from 0 to 1. The treatment of the surface reflectance in
the retrieval is described in details in Section 2.2.3 and the following two chapters of this docoment.

[f. for whatever reason, a single-view retrieval is performed instead of a dual-view retrieval then
only the albedo at 550 nm is retricved and the spectral shape from the @ priord model = used to
adjust the albedo at the other wavelengths, This is becavse, with only one view, there is not enough

information to retrieve the albedo at all wavelengths simultancously: the problem is underdetermined.

2.2 The forward model

To save on computational time, the acrosal forward model vsed to compute radiance for a given
atmospheric state uscs a serics of lookup mbles (LUTs) rather than performing radiative transter
caleulations on-the-Ay. The LUTs are gencrated vsing assumed values of acrosol refractive index,
size distribution, phase [unction and vertical distribution, as well as assumpltions of the absorption of
atmospheric gases. They are gencrated for a 32 layer plane parallel atmosphere of 100 km in height,
with a | km spacing from 00 to 25 km, stretching to 30 km for the top layer.

The Optical Propertics of Acrosols and Clouds (OPAC) database of Hess ot al. (1998) provides
information on physical (e.g. size and vertical distribution) and optical (c.g. wavelength-dependent
complex relractive index) acrosol propertics, which are used o build up profiles for the charactenstic
acroso] types. Information on varous acmosol components is used to generate Tour acroso] classes:
continental clean, desert, martime clean and wrban.  Additionally, a2 model for biomass burning
acrosol taken from Dubovik et al. (2002) 1= used as a ifth acrosol class. Information on the compo-
nenbs of the iirst four classes can be found in Table 2.1 and details of the assumed composibon of the

classcs in Table 2.2, Increased relative humidity provides an increase in the amount of atmosphernic
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| Component | i | el | Wet Mode |
(pem ) Radius
Insoluble 047 | 251 indep.
Watcr-soluble 00212 2.24 ¥
Sool 00118 | 2.00 #
Sca Salt (Accumulation) | 0209 | 203 ¥
Sea Salt (Coarse) 1.75 2.03
Bincral (Mucleation) 007 1.95
Mineral (Accumulation) | 039 | 2.00 indep.
Mineral (Coarse) 190 | 215

Table 2.1: Acrosol components, modal radius, and standard deviation for a log-normal size distribution and an
assumed relative humiclity of 0 %, Entries in the fourth column refer to the poblications where the valoes of the
wel mode radii can be obtained: * refers to d”Almeida et ol (1991) or Hess et al. (19983, The label regarding

the wet mode radivs is set to Sindep.” if the aeroso] component is not hygroscopic.

waler vapour which can condense onto the particles, altering their size and refractive index. This

elfect is taken into consideration utilising the method of Flanel (1976).

s The water-insoluble component of acrosol particles consists mostly of soil particles containing

organic material. The water-soluble substances are a mixture of sulphate, nitrate, and organic
compounds, the mixing ratio of which varies with the type of sources (such as biogenic, fossil

fuel combustion, volcanic, biomass burning).

The term *sootl” represents absorbing black carbon that is cither a product of dircct particle
emission into the atmosphere by combustion processes that form highly absorbing graphitic
along with weakly absorbing organic particles, or a transformation within the atmosphere of

combustion related gases to particles.

Sea salt particles comprise the variovus kinds of salt contained in scawater. Two modes are
given to allow for a different wind-specd-dependent increase of particle number for particles

ol different sizcs.

Diesert dust is produced in arid regions and consists of 2 mixture of guartz and clay minerals.
It is modelled with three modes 1o allow for increasing relative amounts of large particles
with increasing turbidity. The size of mineral acrosol particles is assumed to be insensitive o

relative humidity effects.



34 CHAPTER 2. AEROSOL RETRIEVAL ALGORITHM

Class Components |
Continental clean | Water-soluble, water-insoluble |
[Desert dust Water-soluble, mineral (pucleation, accumulation & coarse modes)
Martime clean Witcr-soluble, sca salt (anccumulation & coarse modes)

[Irhan Sool, water-soluble, water-insoluble

Tahle 2.2; Composition of acrosol classes used in the retrieval Tor classes denived from less el oal, (15998, A
300 % relative humidity is assumed for the hy groscopic components. Mixing ratios depend upon the distribution
elfective radius.

Mic theory is used to calculate the scattering phase function for the central wavelength of cach
channel over a range of 20 effective radii r, (from 0.02 gm to 20 gm). The exponentiall y-decreasing
vertical profile described previously is then used to give a vertical profile of scattering. Phase function

generation requires the following pair of assumptions:

# The radiative propertics of the acrosol are lincar across the spectral widih of cach instrument
channel. This is a reasonable assumption because the Features of acrosol extincbion spectra are

very broad in comparison with gas absorption or emission featunes.

# The components’ size distributions are, as previously mentioned, assumed log-normal. Changes
in effective radivs are achicved by adjusting the proportions of the differently-sized acrosol
modes, IF effective mdius For an acrosol tvpe equals that of the smallest or largest component
in it, then the tvpe becomes a single-component acrosal. I the size lics outside this range then
the modal radius is shifted (keeping the distribution width constant}—in such situations the

assumed sive distribution becomes less reliahle.

For cach layer at which the acrosol distibution is defined, the extinction cocfhicient 7, single
scattering albedo wy, and the cocthcients of a Legendre expansion of the scattering phase function are

calculated for cach channel and effechve radius.

2.2.1 Modelling atmospheric gas absorption

Following on from acmosol scattering propertics, gas absorption over the instrument band passcs is
caleulated vsing the MODTRAN database (version 3.5-v1.1) cutlined by Brown et al. (2004 and
corvolved with the instrument Glter transmission functions. This database provides tropical, mid-

latitude summer and winter, subarctic summer and winter, and 1S Standard Atmosphere climatolog-
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ical atmospheres for Hy O OO, Oy, NoO, CO, CH,, plus single profiles for FINCy,, NO, NOy, 50,
(3=, Nz, NH; and CFCs.

ORAC LUTs are generated vsing the mid-latitude summer atmosphere only. This simplification
can be made as gas absorption is weak compared o acrosol extinction in the visible, Additionally,
the instrumental channels vsed are located in so-called *atmospheric window” regions of the spec-
trum and so are free from strong absorplion features of gases which show larae spatial and temporal

variahility (most notahly H, 0.

2.2.2 Modelling atmospheric transmission and reflectance

To conclude LUT generation, atmospheric transmission and hidirectional reflectance values are com-
puted from acrosol phase function and gas absorption profiles previously caleulated. The Dilscrete
Ordinates Radiative Transfer (DISORT) software package (Stamnes ot al., 1988, Olesen, 2005) is
usced for this purpose. DISORT is a well-documented and often vsed general purpose algorithm
[or time-independent multiple-scatter transfer calculabions. It salves the equation for the transfer of

monochromatic light at wavelength A as described by:

Aoy 7y, . i) . ,
J'J+ Loalm, gy b)) — .I'.-':-:_I_LT_-\. . i) (2.5

In Equation 2.5, L, (7, . ] is the intensity along direction (j, 2}, where g is the cosine of the
#zcnith angle and o 15 the azimuth angle, at optical depth =, measured perpendicuolar to the surface of
the medium. .I'{::I: T, b, r,'.l]l is the source funcbion.

The surface albedo s sct to zero for LUT creation. The equation is solved For L to give tab-
ulated transmission or reflectance (depending on the LUT) for cach of the 200 effective radii, 20
logarithmically-spaced 550 nm optical depths (between approximately 0.01 and &) and Sunf=atellite
geometry (specibicd by 10 equally-spaced zenith angles and 11 equally-spaced azimuth angles). Dur-
ing the retricval, linear interpolation is used for values falling in between the points. Five LUTs for

cach acroscl type/instrument channel combination are produced:
» Bidircctional reflectance of the acrosol layer, fypn

s Reflectance of the acrosol layer to diffuse radiance, fpy
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# Difluse transmission of the incident beam, ¥ ap
# Dircct transmission of the beam, Tg

# Transmission of diffuse incident radiance., T

Molecular absorption and Rayleigh scattering in the aerosol laver

The effects of molecular absorption and Rayleigh scattering are included in DISORT by an adjust-
ment of the acrosol layer’s optical depth, the particle’s single scattering albedo and phase function in
the following manner:

1 =Tt T+ Ty (2.6)

TR + why T,
w=— (2.7

Tt ™™+ T

pia) — T Pal0) + TuFal0)

(2.8)

Taa I TH
Here 7, 7 and 7, are the contributions to the total layer optical depth 7 from acrosol extinction,
Rayleigh scattering and gaseous absorption within cach layer respectively. The acrosol single scat-
tering albedo is denoted w,. For cach layer bounded by lower and upper pressure levels pp and p,

respectively and ground level pressure g, 7y is calculated as:

Tl{Tl.r"u - .f"ll

T (2.9
Mo

mrT. the wavelength-dependent Rayleigh scattering optical depth for a column of atmosphere
extending from the ground surface to the top of the atmosphere (TOA), is obtained from Justus and

Paris ( 1965);
Pa |

TaTlA x
() o 1IT.03 A — 1316 A2

i2.10)

This takes the value of p, (standard pressurc) as 1013.25 mbar, and requires the ground pressure

g in mbar and wavelength A in gm.

2.2.3 Computing top of atmosphere radiances

The ORAC retrieval allows for two different types of surface treatment: in the first case, a sim-

ple Lambertian surface forward model, and in the second a surface described by a bidirectional re-
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flectance distribution function (BRDE), which allows the surface reflectance to vary as a function of
geometry. The Lambertian treatment was the original forward model of ORAC; the BRDE forward
model of Thomas (2007) allows for a more thorough treatment of real-world surfaces. In practice the
BRDT forward model is used unless @ priori surface albedo information (from sources described in
succceding chapters) is missing, in which case default values and a Lambertian surface are assumed.

For completeness and toaid an appreciation of the differences between the two approaches, both

forward models are presented here, after Thomas (20077,

The Lambertian forward model

The Lambertian forward model uses the LUTs to predict a top of atmosphere (TOA) neflectance using
a radiative transfer model, shown diagrammatically in Figure 2.1, The solar beam is incident on the

acrosol layer (described by many layers in DISORT ).

Al Ren(f., 0., d) 'lri'g[ﬂ..:'ffh-'r]l:-': 2, ) Thl ijh‘fﬂ;ﬂ& | firn
S / A rd
h"-\.‘i ___.-"f .;-__.-" .-l_.-"'
r A ..
N Hx& 'I;;[ﬂ&ﬂh \ 'I'|]E§i){fﬁ firn )
Iaif.) ' AN

Figure 2.1: Aeroso] layer - surface interactions in the Lambertian forward model

The birst contribubion to the TOA reflectance received at the satelhite 1s the direet bidirectional
retlectance (fgn ) of the acrosol layer, Transmission through the layer is partly by direct transmission
of the beam (17,0 and partly by diffuse transmission of scattered radiance (1},). These can be
combined o give the total downward transmission through the acrosol layer '.l'i'g .'r.|'a|:| | '."i;lu, as a
[Lambertian surface is assumed {meaning any dircctionality in the radiance is lost on reflection ).

The retlected madiance is assumed to be diffuse and 15 partially transmitied I{'.f'll:,] by the acrosol
layer into the view direction, thereby giving the sccond term. The term ."” is the total transmission
of the atmosphere (the intensity at the top of the atmosphere where the incoming Hux at the bottom

is cqual o one): henee, the diffuse only component of the tmnsmitted radiation is TI'] — 'I'Ij“_, the total

transmission minus the directly-transmitted component.
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The acrosol layer also reflects downwards, giving rise to a serics of multiple reflections and
transmissions giving with rapidly decreasing contributions to the TOA neflectance. This multiple-

scatlering process is represented as follows:

R =Rgp(f.. 0, 8) (2.11)
P (B RTL8) + Tl (BT 8,
FTLERET (8, Rpy
PO RIT (0,

Combining {p and Ty gives the following:

R =Hap(f. 0, ) (2.12)
L) TLE, )
LA, AT, ) e
FTLHERTL(8,) R,

Here @, is the solar zenith angle, @, i= the satellite (instrumental view) zenith angle and ¢ is the

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

B = Run(f,.0,,¢)+ THOITNONR + BoBpp + BERE, 4] (2.13)

Further simplibication as a geometric series limit gives the equation used to caleolate TOA re-
Hectance scen by the satellite:

rie)rie R,

(1 — A Hpp) =1

= Rpplf.d,.a0)



2.2 THE FORWARD MO 39
The surface BRDF forward model

The incorporation of a surface BEDF forward model into the retrieval necessitates the defimition of
scveral additional terms not present in Equation 2.14. Firstly, the instead of just being described by
the Lambertian albedo it is necessary to deline three types of surface reflectance:

1. The surface bidirectional rellectance, Asppn. This descrnbes the reflection of the direct solar

beam into the viewing angle, and i= a function of hoth solar and viewing angles.

ra

The black-sky albedo, fe . This describes the diffuse reflection of the direct beam over the

whole hemisphere, and 15 a Function of the solar angle.

3 The white-sky albedo, gy, This describes the reflection of diffuse downwelling radiation,
assumed isotropic. Hence it is independent of the geometry, and i= cquivalent to the surface

albedo used inthe Lambertian forward model descnibed abowve.

As as further consequence of the definition of these three types of surface reflectance it 15 no
longer possible to combine 175, and T3, into 1), as they are subject to different surface reflectances.

Hence Equation 2,12 takes on a more complicated Form:

i = Rup 4 'ri'mls'r'."—'i"”'rll-ml!. | 'r.IIZII!-'”:"-‘l-“I:'r.I-:I_ 'r'|.:|s] (2.15)
I 'rl!.I:IFI“"l"" ||l
F A s n frn fans -r F A Plaow frn e ,r

b1 s fien Reuw Bpn e T

| ,I'i'!_” 'r'-l‘.-i LW ”FIZI”!-TIJ.".' Irl"'|'.'|:|.f-t-_\.:_|_-,-,; 'r.l.]

The 15 R T I term present in the Lambertian Forward model is replaced by twio new berms:

- .flmfl.,|||;..|'”|!_ 15 the dircct reflection of the solar beam into the viewing angle at the surface.

Because of this, it uses the transmission of the direct beam for both the dowoward and upward

paths through the atmosphere.

- .f””I.L,”!_I:J' - ”“:Ii!i1|'|1:djl'l'u::.::r1:|'|::r;1inn of the direct solar beam.
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Analagously to the Lambertian forward model, the term 'r|'||:'”!-'~l-1-‘-"r.|-: represents the reflected
diffusely-transmitted solar radiation. Succeeding terms represent multiple surface-atmosphere scat-
lering.

The following two approximations are made For this BRDE forward model to hold:

l. It is assumed that all directionality in the diffuscly-scattered radiation from the direct beam

irepresented by 45, flep 50 15 lost as it transmitted through the atmosphere.

I-a

When taken as a pair the surface and atmosphere act as Lambertian reflectors, so that any
dircctionality left in the reflected beam (77, flzpn ) is lost in that proportion which is reflected
back towards the ground. Hence alter the first pair of surface-atmosphere retlections, the fgp,
and ."'I.jl may be used for subscquent reflections.

Becavse of these approximations, the BRDT forward model should be thought of as a ‘simplificd’
BEDF rather than full BRDF forward model. However these simpliications greatly reduce the com-
plexity of the resulting equations, and arc more realistic than the Lambertian surface approximation.
The equivalent of Figure 2.1 for a visual representation of scattering in the BRDE forward model is
presented in Figure 2.2
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Figure 2.2 Aerosol layer - surfoce interactions vsing the simplificd BRDE forward model, after Thomas
(20007,

Analagously to the Lambertian Forward model, the scattering can be simplified to the Following:

ft =Hen 'r.l.:lI!-'”m!":"r.l.:lls - 'r.IIZII!-I'iIHL“'r.I.:II!-

| ('r.llills'”*'“'-" I 'r.I'sIZII'iI":"-""":l 'r.l.ill:] b Rerw fipn + By Afp + )
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Again, by applying the same scrics limit as before the TOA reflectance is given by:

R = Byp + Tha(Beun — Bee) Ty (2.16)

(.'ril“:‘lreﬁ'-” I .'r.II!IZIHSI.'IA').'r.I‘:l
1 — Repw firn '

Equation 2,16 15 used to calculate the TOA refllectance with the surface BRDE forward model. In
the casc of the three surface reflectances Fepn, flspe and Bspe being equal (e, the surface being

[Lambertian), Equation 2,16 simplibes o Equabon 2,14

An example of predicted TOA reflectance

TOA reflectance, 550 nm TOA reflectance, S50 nm
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Figure 2.3 TOA reflectance amiving at satellite channels as predicted by the forward model for 8, =600,
f, =55, a Lamberian surfoce albedo of 0.02 at all wavelengths and the maritime serosol class.

An example of TOA reflectance predicted by the (in this case Lambertian) forward model as a

function of = and r_ is shownin Figure 2.3, The mnge of optical depth and effective radii scanned was
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chosen to include commonly-cncountered values for this acrosol type (maritime). The measurements
provide the most information when contours on different channels are orthogonal. Similar pattemns
arc encountered for other geometrics and acrosol models. The change in TOA reflectance with state
variables is larger than the uncertaintics in the forward model (discussed later), showing that the

retricval 15 sensibve to the state vanables and so the measurements contain wseful information.

Forward model radiance gradient

The gradient of the forward model (¢ /) is required For the inversion of the non-lincar reflectance
model by the Levenberg-Marquardt algorithm, as discussed later.
The BEDF forward model gradient with respect to optical depth (or effective radivs, with &,

replacing A7) is as follows:

d_— o o ks

R aR a1l . T
= + (Rsnp — Hsue) (.f'l-m =i N .m!.) 1)
('r.'-“‘“"'“'-" I 'ri'sl:-”:-:-l.'.\':] 'r.l.:-”:-u.'l.‘.'%f_""'
(1 — Bz Rpn )
. . n'_.l']"'- -\.-'T". -\.-'T'I .
(II.:IISHFI.H I Irl;l:l”ﬁl-w:] T-u I (HHI'WTI:'R I lf't!-TI.Is o :] 'rIZI
(1 — RBepw Hpn)

The derivative with respect to surlace reflectance requires expression of the denvatives of Hsen
and fs  in terms of a derivative of Hgpaye. Since Aepn and fgy gy both depend linearly on fg, for

a given viewing geometry, the following expressions may be formed:

¥ I ol dHg l i (2.18)
& Hepp gy Mgpn o Algry B
¥ T A AR 1 af (2.19)

A fsL o Bz dHere _-,' A Herw

[n the above the parameters o and 2 are taken as the ratio of o and fs) g to fg e respectivel y.

The derivative may then be expressed as the following:

i . ,
m |r|':|”_|:l'"l — -\.£|||l Ej-:[]:]

oE
ot 4 Tty (Péefen + Tinfia ) 1)
| — Hepw flpp (1 — Fapw ”T-'n]:
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Equivalent expressions are casily obtained from these cquations for the special case of a Lamber-
tian surface by sctting Mgy, fepp and Fepye to be equal.
In the retricval. these gradients are used to form the weighting function matrix K. This has
and re, arc the number of measurcmentis and state variables respec-

dimensions 2, by n., where r,

tively.

2.3 A priori information

The retrieval algorithm makes vse of @ prion information on the state variables a2, This acls as a
constraint on the retrieval and o make the process less likely to retrieve unphysical values for s The
a priori valoes are also used as a first guess at the solution. Although it is not necessary for the o
pricrd and first guess to be the same, itis convenient for it to be. The precise treatment of the a prior

b the retrieval algorithm is discussed in Section 2.6

2.3.1 Aerosol properties

Fach different acrosol class in the retricval has its own associated a priori optical depth and effective
radius, with associated errors, dependent on ils compesition. These are listed in Table 2.3. The

prior uncertainties on 7 and r_ are assumed 1o be independent.

2.3.2 Surface albedo

Creating an a priori model of the surface for a pixel depends on whether it is a land or sea pixel.
In both cases feppy. fep s and fepgee are defined. The hidirectional reflectance = integrated owver all

satellite viewing zenith @ and relative arimuth o, angles to obtain the black-sky albedo for a given

Acroso]l Class | ORAC | Log optical depth | Error on | Log effective radius | Error on
labil lear [ 7] lewg (7 log(r, ), pm log(r,)
Continental clean | AG0 -1.2 [.0 -0.64 (.5
Dresert A3 -0.54 1.5 0.14 0.5
Maritime clean ADS -1.0 1.0 -0.08 0.5
Urban A9 -0.19 2.0 -(.82 (.5
| Biomass burning | All | -0.19 | 20 | -0.87 | 03 |

Table 2.3 A prier information for the aercsol classes used in the retrieval scheme. Quantities are logarithmic
as this is the form in which the retrieval code deals with them.
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solar zenith angle 8,

flf'rfl;r' Foppl @ 8 b eosfl sin @, df da,

Hep g |:t"'.-:|

-

iy T|J' cos 0, sin @48, dib,

I I - ]
- [ [ Hopnl @, 0., o, heos @, sind_d8, da, (2.21)
m, [n] <0

This is then integrated over all solar angles to obtain the white-sky albedo:

I By (8,) cos 6 sin ,d6,

S eos ), sin d,d6,

-”!-TI.'I.".'

2 [ . Flgp (i, ) cos d, sin 6,40, 222
<0

fopn s calculated as described in Chapter 3 for sea pixels and as described in Chapter 4 for land
pixcls. Ower the sea, Gavssian guadrature integration with four quadrature points has been found
to yicld results correct to three signibcant figures in calculation of fspp and Hepw: this provides
an a priori valoe for fspy for cach wavelength, For land pixels an analytic expression described
in Chapter 4 15 used instead. This process also provides the matios between fspn, Mere and Rsoee,

which are fixed in the retrieval.

Sun-glint

The specular reflection of sunlight from the ocean surface (Sun-glint) poscs a problem for nadir
measurcments over the ocean. Sun-glint is less of an issuc for the forward viewing geometry, for bvo

FCOs0ns:

# The forward geometry has a longer atmospheric path length, sothe relative acrosol contribution

tor the signal is magnified.

# Becawse the instrument orbits at an approximately constant local solar time, the Sun’s position
in relation to the instrument is always less favourable For the nadir view than the forward view.
In other words, the forward view is less likely 1o be alfected by sun-glint because it is not

pointing at the Sun-glint region.

Use of a BRDE forward model means that the differences in surface reflectance between Torward

and nadir viewing geometrics may be accurately accounted For, enabling dual-view retrievals in the
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nadir sun-glint region. This is one advantage of multiple-view sensors such as AATSE.

2.4 Discussion of forward model errors

[t is not feasible to model accurately the full range of varation in acrosol composition, size, shape
and wvertical distributions, atmospheric composition and surface propertics which affect the TOA
rcflectance. Even if all factors could be modelled the measuremenis do not provide sufficient infor-
mation to retrieve them all: mathematically, the problem is ill-poscd. The resulting approximations
and assumptions in the forward model will lead to errors in the retrnieved state parameters and it s

imporiant that these errors be quantified.

2.4.1 Surface reflectance and albedo

Crver the land, except in circumstances of extremely high acrosol loading (or cloud), the instrumen-
tal signal will be dominated by surface reflection, with the acrosol signature essentially adding a
perturbation. This is troe for both views, although more so for the nadir view (which has a shorter
path length). Although the surface albedo is a retrieved quantity, the ratios between fepn, fspe and
Fls1a are fixed and it is this which leads o a forward model ermor. This is discussed in more detail
in Section 2.6.20 As a result, accurate knowledge of the angular shape of the surface reflectance is
of key importance in determining the overall accuracy of the retrieval. Several points can be made

about surface modelling:

o Desert, snow and ice surfaces have a very high albedo, making the surface contribution to
racdiance even greater. This increases the impact of any problems in the assumed ratios on the

Forwarnd model.

o Surlace albedos at the four wavelengths are not independent, so correlations are applicd be-
tween the relevant elements of the a priori covariance matrix as described by Chaplers 3 and
4. It is important that these correlations are realistic and not oo strict, however, as an overly-
constrained surface would lead to errors in calculation of the speciral dependence of the acrosaol

scatlering.
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2.4.2 Aerosol size distribution
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Figure 2.4: Comparison of the phase functions at 5350 nm of two size distributions (shown in Figore 2.5 with
the same colour key), both with an effective madius of 2,83 pem.

Figurne 2.4 gives an example of the difference between the scattering phase functions that corre-

spond to bwo grossly different size distnbutions (shown in Figure 2.5), which have the same effective

racius. Although the difference can approach an order of magnitude for angles smaller than 300 or

larger than 1607, AATSR obscrves at scattering angles between approximately 50° and 1507, where

the phase functions are similar. As a result this disparity will have little impact for the bulk of scenes

which arc optically thin {(where single scattering. as opposcd to multiple scattering, dominates), [tis

likely, therclore, that this method of setting the effective radius docs not introduce significant errors

in the modelled mdiances. Furthermore as the distnbutions used in the retrieval scheme are drawn

from the literature (Hess et al., 1998, Dubovik et al., 2002) it is expected that they would be represen-

tative of real acros=al, hence extreme deviations of the assumed distribution From the true distribution

arc unlikely.
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i Two size distributions with r,=2.83 pm
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Figure 1.5 Aercenl size distributions vsed for comparison of phase functions shown in Figure 2.4, The
firsl distribution ¢(hlack) consists of the accumulation mode and coarse mode sea sall components Trom the
OPAC database (Hess et al, 19980 at 50 % relative humidity, with a mixing ratio of 300:1, while the second
distribution (red) is the sccumulation mode alone, with modal radius increased by a factor of 2.4 to give it the
spme effective radivs as the combined distribation (2,83 gim).

2.4.3 Sensitivity to vertical profiles of aerosol parameters

A simple 5-layer forward model from the ground to 2 km has been used to test whether the TOA
reflectance varics as a function of the acrosol number distibution, @y and g, This analysis was
performed using a previous version of the lookup table generation that used the asymmetry parameter
i to deseribe the angular distribution of the acmsol scattering, mther than a Legendre polynomial
expansion of the phase function (Thomas et al., 2006). The TOA reflectance was investigated For a
model with wy, —0.8 and g —0.61 for all layers. Surface albedo was set to zero. The following four

vertical profiles were tested for cach of acrosol number distribution, wy and g:

Exponentially increasing with height

Fxponentially decreasing with height

Lincarly increasing with height

Lincarly decreasing with height
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Impact of assumed acrosol number profile at 670 nm
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Figure 2.6: TOA reflectance values for each of the four verical sercsol N distributions at 670 om. Black
indicates an exponential inerease with height, red an exponential decrease, green a linear increase and blue a
linear decrense, Adapled From Thomas et al. (20065,

The TOA reflectances for the vertical profiles are shown in Figure 2.6, This higure shows that the
racdiance values for all profiles are identical—il wy and g were kept constant with height, the forward
model would not be sensitive 1o the acrosol proble. Varving wy, instead produces the set of graphs
in Figure 2.7, It can he seen that there is very little difference between the four plots when = < 001
however, for = = 0.1 the TOA reflectance s dependent on whether @y increases or decreases with
height. This can be explained by more of the incoming radiation being absorbed high in the model
atmosphere when Wy decreases with height. For the set of graphs in Figure 2.8 the only parameter
which is permitted to vary with height is the acrosol asymmetry parameter . Again it can be scen
that the TOA reflectance varies with its vertical distribubion.

The conclusion o be drawn from these tests is that the forward model 15 sensitive to the vertical
distribution of acrosal—although it is not directly sensitive to the vertical number distnbubion & it
ix sensibve to the vertical profiles of wp and g, Equations 26, 2.7 and 2.8 show that values for 7, o
and g within the layers of the forward model are dependent on 7, and hence on V.

Due to an absence of information about vertical acrosol distribution at a given place and time

this dependence cannot be accounted for by some parameterization, and the measurements do not
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G700 nm TOA reflectance
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Impact of assumed single scatter albedo profile at 670 nm
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Figure 2.7 TOA reflectance values for cach of the four vertical aercsol wq distributions at 670 nm. Black
indicates an exponential increase with height, red an exponential decrease, green a linear increase and hlue a

linear decrense. Adapted from Thomas et al. (20060,

Figure 2.8 7

Impact of assumed asymmetry parameter profile at 670 nm
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FOA reflectance values Tor gach of the Tour vertical aerosol g distributions at 670 nm. Hlack

indicates an exponential increase with height, red an exponential decrease, green a linear increase and hlue a

linear decrense. Adapted from Thomas et al. (20060,
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provide cnough information to allow the retrieval of the vertical distribution, as the differences in
TOA reflectance between likely profiles are small except in the case of very high acrosol loading. As
a rcsult this dependence contributes to forward model error in the retnieval, TE should be noted that in
reality, other acrosol distibutions (such as a peaked distribution or multiple discrete acrosol layers)
arc possible. The examples chosen serve o illustrate a general sensitivity of the measurements to the
acrosal vertical distribution for high acrosol loadings. If the assumed distributions were inaccurate,

this would manifest as a high value of the retrieval cost (sce Section 2U6.1).

2.5 Data preprocessing

The ORAC processor expects all input data to be presented in unformatted binary Gles. The primary
role of the preprocessing is to read in the required data inits own format (generally more portahle
standards), manipulate it and cutput it in unformatted Form. The use of preprocessing code inthis way
enahles the FORTREAN retrieval code to be treated almost as a "black box”, while the preprocessing
code can be written in a higher level language (here Interactive Data Language, 1DL, by TTT, 2008)
which is much hetter suited tothe quick development of new routines for reading different data. This
provides a stable, highly optimised retrieval scheme, while maintaining the texibility needed to allow
the casy application of the scheme o new input and ancillary data.

131 was sclected as the language For the majority of the preprocessing code as there are readily
available 'O routines for most scicntihc data formats and becawse of its inbuilt rovbtnes for data ma-
nipulation. Analysis of cutput data is also typically performed using IDL routines. The preprocessing

additionally performs some important functions required by the retrieval, as described below,

Land flagging

The ORAC scheme uses the operational ATSR land flag database, described in Zavody et al. (1994 ).
It consists of vector deseriptions of land, with outlines of rivers and polideal boundaries at approxi-

matcly | km resolution.
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Cloud Aagging

Retrievals are only performed on cloud-free pixels. Ower occan the ESA cloud flag product (ESA,
20007 produced in the ESA 85T retrieval is used. Ower land, the algorithm of Birks (2004, which
was developed to addness problems with the original operational cloud Aag, is used instead.

Cloud Aagging is performed at the full instrumental resolution regardless of the spatial resalution
requircd by the retricval, which minimiscs errors in cloud flagging due to sub-pixel clouds. Cloud
flags= in forward and nadir views may differ (due to both cloud movement in the time between views
and differences in apparent position due to parallax) and a pixel i= only flagged as clovd-free if bath

forward and nadir views register as cloud -Free.

Superpixelling

As well as running at full instruomental resolution of 1 km < 1 km the retrieval allows spatial av-
craging of data (“superpixelling”). IF run at redoced resolution, radiances not flagged as cloud are
averaged to give a mean and variance for use during the retrieval. The fraction of pixels within cach
superpixe] containing cloud is also calculated, to give a cloud fraction product. An advantage of
running at reduced resolution is that it cuts computational time by a factor of about #° for an n km
® 1 km superpixnelling as compared 1o running at full resolution. 1t also decreases the noise on the
measurcment by a factor of the square oot of the number of clowd-free pixels within the superpixel.
However, very large superpixelling may impact the accuracy of the retrieval, given Factors such as
varying geometry and scene inhomogencity.

Superpixclling is normally performed on a sinusoidal grid with 4008 cells along the equator,
resulting in appromimately 10 km = 10 km superpixels. The advantage of a sinusoidal grid over an
instrumental one is that the locations of the instrumental grid cells are not Oxed with time, while the
geographical sinusoidal grid cells are. This makes it simpler to, for example, compane to ground-

based targets (as the point on the ground will always lic in the same sinusoidal grid cell).

Driver file generation

The behaviour of the ORAC retrieval code is controlled by a driver, generated in DL preprocessing.
[t is a text Ole which passes various picces of information o the FORTEAM code such as Ole paths,

e priort and hrst guess settings, convergence eriteria, and active instrumental channels.
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2.6 The retrieval algorithm

The ORAC retrieval is an optimal estimation (OF) scheme which uses the Levenburg-Marguardt iter-
ation algorithm, detailed by Levenbera (1944 and Marquardt ( 1963). The basic principle of optimal
cstimation is to maximise the probahility of the retrieved state based on the value of the measure-
ments and ¢ priord information. Formally, it is required to maximise the conditional prohability
P P(x|v. %x.. b) with respect to the values of the state vector x, where . is the a priorf value
ol the state vector and b are all other parameters not modelled by the forward model. The full state

veolor % 1s dehned as Follows:
— . ]
X |-r-n-:- Feo fepwinnoy . feowieso) Msiwieno) . ”Hl.wm:-x--|

The terms, as previously mentioned, are the optical depth at 550 nm. effective radios, and surface
albedo at the four wavelengths. The previous nadir-view algorithm was only able to retrieve surface
albedo at one wavelength, and assumed a fixed surface spectral shape, so fg00m0) was the only

surface lerm in x.

2.6.1 Definition of retrieval cost ] and method of minimisation

The assumption is made that crrors in the measurements, g priori and model parameters have Gaus-
sian distributions with zcro mean and vaniance given by 5. 5, and 3, respectively. Then, the condi-

ticnal probahility takes on the quadratic form:

Plx) o exp |—(¥(x) — ¥..)S, ' (¥(x) — ¥..)7]
® exp[—{x — x,18] 'I:x - x,,]T|
% exp|—(b, — b)S, (b, — b)"| (2.23)

The three terms present in the equation represent weighted deviations from measurements, the
a pricori state and the model parameters respectively. Here y(x) refers to the values of ¥ predicted
by the model forward model from the current value of the state vector; For clarity, the measurement
vector is denoted by v, . b, has been written for the (unknown ) true values of the model parameters.

Maximising probability i= cquivalent to minimising the negative logarithm, so that the quantity to be
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minimiscd J, known as the retrieval cost, is cquivalently minimiscd for the minimom of:

Tz) = (¥(x) — v,.)8,  (w(x) — v )"
bl — 2,08, (3 — x,)T

b (b —BIS, (b — b7 (2.24)

The minimisation is done with respect to the state variable x, so that the derivative of J is inde-
pendent of the third term and & thercfore cannot be part of the solution. There are many technigues
usce in the minimisation of J. Essentially any method of finding the minimum is acceptable, with
the cawveat that in an operational context 1t must be robust and fast. The particular characteristics of

this problem are that:

1. First and sccond derivatives of J {with respect o x) exist and are contnuous. This implics
descent algorithms that make wse of the local gradient are possible, and these are gencrally

Faster than methods that do not.

ra

Multiple minima have been found to be unlikely (cost functions have only one distinet region
of low values). This implics that excessive domain searches 1o avoid them are probably not

required.

3 s likely to be approximalely quadratic in the region of the solution and far from quadmtic

clsewhere. This means that quick convergence from a poor starting position is unlikely.

The cost function to be minimized 15 4 reduced Form of Equation 2.24 since there 15 no explicit

dependence on b

Jiz) = (¥(x) — .08, (v(x) — v

Flx— %08 e —x)7 (2.25)
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The first and second derivatives of J with respect o x are given by:

i ,

= KIS (y(x) — wo) + 8. (x— x,)
o

gt KTS 'K, + 8! (2.26)
N

The matrix K is the weighting function (forward model gradient), as previously mentioned. The
expression for J* is a commonly-used approximation in that K, is assumed to be independent of =,
L. the radiative transfer is lincar in 2. This is only strictly true near the solution (in the region where
J is quadratic) but since J is only employed near the solution (as discussed in the next section) the
approximation is acceptahle.

When the retrieval solution is Found, the retrieved state is denoted by x while ¥ indicates the final

cslimate of the measurement vector ¥ as compuled from

The Levenburg-Marquardt algorithm

The minimum is found by starting at a “first guess" state s, (here set equal o the @ priord value) and
then proceeding to make steps A%, bascd on some algorithm. Assuming the value of J decreases
at cach step, the updated x vector is taking the process towards the cost function minimum. To be
consistent with the three points made above, the Levenburg-Marguardt algorithm is used to deline
the value of dx,. This algorithm uses a weighted combination of steepest descent and Mewtonian
descent according to the characteristic of the cost function.

When the cost function is near quadratic (generally near the solution) the cfficiency of the New-
tonian scheme is employed, while when the cost function is Far from quadratic { gencrally when Far
from the solution) the robustness of the stecpest descent algorithm is favouned.

The steepest descent algorithm is intuitively the simplest. The vector —J' defines the “downward’
direction of the local stecpest gradient. A move dx — —J' is almost certainly at least approximately
in the direction of the minimum (although it may be too far or hardly far cnovugh). The step is
therefore usnally scaled, dx — —aJ’ for some variable a. IF J is found to be decreasing (so the step
i= not far cnough) o can be increased to move Faster; if J increases (meaning the step was too far
in this dircction) then @ is reduced until J decreases. J must eventoally decrease with this method

otherwise there 1s an error 1o the calculation of J7.
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Steepest descent can be very slow 1o converge, especially near the solution where the gradient
becomes small. In contrast, Newtonian descent is very Fast near the solution because it will find it in
one iteration iF J 15 quadratic. Newton’s method finds the root of an cquation and is therelfore applicd
here in the form to lind the root of J° —0. The Newlon step is therefore defined as ox — —J' /",
The problem with Newtonian descent is that away from the solution Jf can be very non-quadratic:
the J* can easily be the *wrong” sign leading the step away from the solution. This is nol a problem
scaling can solve.

M combination of both methods as vsed in this retrieval achicves the best results. Belore cach
slep is taken, the resulting cost is checked 1o see whether it decreases. I 5o it is taken and the
next siep 1s adjusted to be more Newtomian. [ instead J increased, the step 15 not made and an
adjustment is made towards more “steepest descent” character. The resulting Levenburg - Marguadt
procedure becomes stecpest descent far from the solubion, and Newtonian iteration close to 1t. It can
he described formally by Equation 2.27. Here [ is the unit matrix (with size equal to n,, the number
of clements in x) and « the contral variable described. When o is large (compared to J") the step

tends to steepest descent; when small the step approximates Newtonian.,
dx = —[J" fal)y 'F (2.27

For the initial step, o is set proportional o the average of the diagonals of J* to obtain a reason-
able value:

ap = MQ e % Trace( ) (2.28)
After a successtul step with decreasing J, o 15 decreased as follows:

O (2.20)

Fa S _l,fl'.f,;?,nrl

Following an unsuccesstul step attempt @ is increased:

1 — c1, = A6

cmlup

(2.300)

In the ORAC retrieval the control parameters M0, and A0, have default values of 0.00]

Ep

and 10 respectivel y.
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Boundaries

The state space in which the solution is to be found is typically bounded by physical constraints and
the retrieval needs to ensure that values are not retrieved outside of these boundaries. These bounds
arc optical depths 75, of between 001 and 5, effective madii r, between 0.01 gm and 10 gm, and
surface albedoes of between 0 and 1. If an iterative step would overstep these boundaries, the state

veclor element is instead st to the corresponding limit.

Convergence criteria

The iferation process procecds until the decrease in J between consecutive iterations (4.7, ) is so
small as to be considercd negligible. The default threshold is (.05, This prevents a parameter which
15 not well constrained from oscillating or becoming unstable (hecanse the cost function 1= “Hat” in
that dircction). Such an instability makes it appear that the solution is not yet found whereas, in fact,
the cost is minimal and cannot decrease further. It convergence has not occurred atter 25 ilerative

steps, the retrieval is stopped and failure to converge noted.

2.6.2 Value of the matrix S,

As mentioned in Section 261, the covariance matrix 5, deals with errors on the measured TOA
reflectances, and as such i1s often referred Lo as the mearuremen! covariance mairix. As the retricval
Forward model is imperfect, however, additional terms are added so that this matrix more properly
represents the precision o which the retrieval algorithm should be able to it the measured TOA

reflectances. Thus E], includes the following errors:

& The measurement eror. As outlined in Table 1.2 and Section 1.2.4, there is an uncertainty on
the measured TOA reflectance. Superpixelling decreases this error by a factor of the square
root af the number of clond-free pixels in a supempixel, down to a minimoem digitisation limit.
The decrease in error for the forward-view channels is only 2/3 of the value for nadir-view

channels, due to approximately 173 of forward view pixels being cosmetically-hlled data.
# The numerical precision of the forward model.

& Errors in the TOA reflectance ansing from an incorrect acrosol model.
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o lirrors in the TOA reflectance arising from errors in the fixed forward model parameters (sor-

Face redectance matios Hepye @ Heppn and Hepee @ e gl

The birst source af ermor has been detatled in Scoction 1.2.4. The others are dealt with below.

MNumerical error in the forward model

ANTSR Mean absolute | Standard deviation of | Mean % | Standard deviabion
wavelength % error ahsolute % crror CITorT of % emor

3530 nm (&l (.65 .22 .02

G600 nm (.67 0.72 0.14 (.98

B0 nm (1.66 (.96 (.62 (1.08

1.6 pm (1.68 (.99 (.06 [.20

Table 2.4 Error arising from LUTT interpolation in the ORAC forward model. Defined as a percentage of the
DISORT=predicted sun-normalised reflectance. Results for the continental serosol model.

The LUT-based forward model equation deseribed in Section 2.2.3 15 an approximation of the
more accurate Forward model which would be obtained by running a full DISORT simulation. The
“fast” forward model using LUTs is necessary as running the full radiative transfer model is muoch
slowver and would be impractical for processing the AATSRK data, where many such calls to the
forward model are necessary. As a result, is is important o quantify how closely the forward model
matches the full DISORT output; any persistent trends or biases in the ORAC implementation may
lead to hiases in retrieved data. Assuming DISORT to be a perfect model of the atmesphere, a forward
model error can be defined as the difference between the sun-normalised reflectance as predicted by
ORAC and DISORT. There are two sources of disagreement between the ORAC fast Forward model

and the full DISOET code:

l. Simplifying assumptions in the ORAC forward model. The impact of these has been inves-
tigated by comparing the signal predicted by ORAC and DISORT For geometric and acrosol
conditions lying exactly on LUT points. For these cases, the mean absolute percentage error is
of the order of 0.1 % of the predicted sun-normalised reflectance For all four visible channels,
with no strong hiases or correlations with atmospheric or geometric parameters. The maximum
disagreement is (L6 % This shows that the ORAC implementation is a reliable approximation
af the DISORT forward model, for conditions cormesponsding to LUT points. Figures of these

results are omitted for brevity.
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2. LUT interpolation error. The ORAC [orward model lincarly interpolates between LUTT points:
il the LUT value docs not vary linearly between points then there will be an crror arising in the

moddelled sun-normalised reflectance from the error in the interpolation.

The impact of L1TT interpolation error has been quantihed by generation of an ensemble of 30,000
sets of random atmospheric, surface and geometric conditions and wsing ORAC and DISORT to
predict the sun-normalised reflectance scen by the satellite. For the continental acrosol model, this
leads to the results shown in Table 2.4, Similar results are obtained for the other acrosol classes.
Table 2.4 shows that the mean absalute percentage errors in the forward model are smaller than the
instrumental noise. This indicates that for the majority of conditions the forward model is sutficiently
accurate. Additionally, the mean percentage errors are (aside from at 870 nm) significantly smaller
than the mean absolute percentage errors, hence any biases due o interpolation are small. Figures of
these results are omitted For brevity.

[n this analysis the correlation between ORAC forward model percentage error and state or geo-
metric variables was small {always lower in magnitude than 025 and genemally under 0.15), except
in the case of surface albedo which showed a correlation of -0.79 at 550 nm, -0.72 at 660 nm. -0.56
at B70 nm and -0.54 at 1.6 ym. This can be explained in terms of Equation 2.14; over dull surfaces,
the Hep term is most important, and since it depends on all geometnic and atmespheric stale vari-
ables it is the most likely to suffer From interpolation error. As the surface albedo increases the TOA
reflectance increases. and although this increases the interpolation error this error increascs more
slowly than the TOA retlectance, resulting in a decrease of the relative forward model error.

These small correlations show that the ORAC forward model 15 a good approximation of DISORT
for all sets of atmospheric and geometric conditions, and o is unlikely to introduce any hiases in
retricval results. These negative correlations with surface albedo are not generally significant; as
the albedo is quite strongly constrained in state space by the a prieri it might be expected that the
reirieval cost (discussed 1n Section 2.6) would be losver over land surfaces than ocecan as the [ast
Forward model would be betier able to it the observed neflectance over brighter land pixels.

LUT interpolation crror could be further mitigated by cither an increase in the number of LUT
points or use of higher-order interpolation. Both of these methods have their downsides, however:
increased LU size means more storage space is required, and processing time increases as the LUTs

take longer to read in. Moving to gquadmatic interpolation similarly increases processing time. The



2.6, THE RETRIEVAL ALGORITHM 59
benefit gained from it is unclear as, although tests show it can decrease the mean forward model
interpolation error, the improvements are scen Tor the more severe cases of interpolabion crror (where
ORAC-DISORT disagreement decreases typically by approximately a third as compared to lincar
interpolation) while, for the bulk of cascs with small interpolation crrors, there 15 no overall beneht.

While Further studics could determine a more opimal set of LUT points to minimise ORAC
forward model disagreement with DISORT, as the Forward model error is gencrally small when

compared to the measurement error the forward model is considered to be of sulficient accuracy.

Aerosol model parameter error

Mo extra error term is added to 5, to deal with errors in the assumied acrosol model (such as particle
size, refractive index, shape and height). Souch errors will manifest themselves in a high retrieval cost
where the acrosol model is inappropriate; attempting the retrieval for all acrosol models should then
alloww an attempt at acrosol speciation by picking the acrosal model which retrieves with the lowest
cost. Conversely, it is possible that in some situations multiple acrosal models will be able o fit
the data within retrieval precision. Because of this degencracy, and as acrosol parameter error is not
the only source of error in the retrieval, lowest-cost speciation is not expected to always be reliable,

particularly in low acrosol loadings where the acrosol component of the signal is small.

Surface reflectance ratio parameter error

As discussed in the succeeding two chapters, BRDE models of surface reflectance are integrated o
provide black-sky and white-sky albedos, and the ratios Bepyy 0 Ay and ey 0 fep s are fixed in
the retricval. If these ratios are incorrect, then, this will lead to an inability to it the measurements.
The magnitude of this contribution to the total cmror has been estimated by numerical simulation
of data with a large (2,000 member) mndom ensemble of different representative geometric and
atmospheric conditions, This requires a knowledge of the precision of the BRDE and black-sky
albedo, For sca pixels, this was oblained via the same method as used to cstimate an appropriate
uncertainty on the @ prion white-sky albedo, as detailed in Scction 3.5.4. For land pixels, this was
estimated using the quoted uncertainty of 0.02 on the MODIS white-sky albedo (sce Chapter 4)
and the differing noisc-amplification factors for the BRDE, hlack-sky albedo and white-sky albedo

detailed by Lucht and Lewis (2000,
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| Wicw | Channel | Percentage error, | Percentage error, |

land pixels seca pixels

Madir 550 nm 25% 1.4 %
66l nm I2% 1.3%

270 nm 23% 36T

1600 nm 1.9% TR

Forward | 550 nm 1.9% .16 %
660 nm 25% .37 %

70 nm 21% (190 %

1&00 nm 1.B % 1.6%

Tahle 2.5: Forward model emrors in TOA reflectance arising from incorrect mocdel parameters (the fixed ratios
Feopwe @ Hegpp and Hgpaye 0 Bepe). Valoes are given as percentages of the measured TOA refllectance, for cach
view and for hoth land and sen pixels.

Values for the resulting error in sun-normalised reflectance, expressed as percentages of the mea-
surcd signal, are given in Table 2.5, The forward model shows different sensitivitics tothe reflectance
ratios for nadir and forward-view pixels because of the different atmosphernic path length and, over
the ocean, the different position of the sun-glint region along the instrumental swath. Generally, aside
from at long wavelengths over the sea (where the acrosol contribution is weak and the surface glint
stronger), the sensitivity 15 lower for sca pixels than land.

The errors tabulated in Table 2.5 were found tobe generally independent of geometry and surface
conditions (aside from whether the satellite zenith angle was from the nadir or forward viewing
acomelry ), with correlation coclficients generally smaller than 0.2 between error and conditions. The
exceplion to this is that a stronger anticorrelation (of hetween -00.4 and 4.8 dependent on wavelength )
was found between the error due o incorrect surface reflectance ratio parametrisation and the acrosol
optical depth. This can be explained by higher optical depths decreasing the relative contribution of
the atmosphere to the TOA reflectance. However, For simplicity and as there is no a prion way to tell

what the acrosal optical depth for a given scenc is, this dependence af the error is ignored.

Combining the errors

The three contributing factors to 8, imeasurement error, Forward model precision and model param-
cter error) are assumed 1o be independent of cach other and independent between wavelengths. Thus
cach element of 5 s created by simply adding the variances due to the three terms (the squares
of the errors described above)., As a result of the assumption of indepedence of errors at different

wavelengths, 8 is a diagonal matrix. Although in reality ermors may be correlated between wave-

.
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lengths, independence is assumed for computational simplicity and an exhaustive determination of
the appropriate correlations has not yet been undertaken due to time constraints.

Typical values of the total error arising from these terms are of the order of 4 %-5 % of the
measurcd TOA reflectance. Future work could look into a further improvement 1o the forward model
precision and an improved characterisation of the sensitivity of the forward model to ermors in the
fixed model parameters, but such work is unlikely to have a marked impact on the retrieval algorithm
as, with a small improvement to either term, the total error going into 8, is likely to remain of the
order of 4 %-5% ol the measurcd TOA reflectance and other parts of the retrieval crror budget are

likely to be more important.

Comparisen to treatment in previous versions of ORAC

The previous nadir-view version of ORAC had a simpler treatment of 8:

# Measurcment uncertainty in the visible channels was treated as a fat value, as discusscd in
Scetion 1.2.4. Mo adjustment was made to account for the decrease in error resulting from

supcrpixelling. This resulted in an overncstimate of the measurement error in most cascs.

# Forward model precision was not taken into account.

# Sensitivity boerrors in the surface albedo was assumed to be 20% of the surface albeda’s valoe,
with a comelation of (L4 between wavelengths. It should be noted that at this point the retricval
was 4 nadir-only Lambertian retrieval. retrieving only the albedo at 350 nm and assuming the
spectral shape of the a prior was correct, so this term also encompassed errors due 10 a non-
Lambertian surface and crrors in the @ prieri spectral shape. This high proportional value for
the error led o low costs over land, and the positive correlation led o biases in the residoals

(as a lower-cost snlution would be found when the residuals were all of the same sign).

The prior treatment of errors resulted in part from the fact that the retrneval developed as a cloud
retricval algorithm, where the surface albedo was assumed heed, so estimated accuracies in the sur-
face albedo were propagated through inta 5. As a result this work is the first time that a thorough
error analysis tailored to the visible-channel acrosal retrieval has been performed as part of the ORAC

rctneval scheme.



2 CHAPTER 2. AEROSOL RETRIEVAL ALGORITHM

2.6.3 Quality control information

This i= a very important aspect of any retricval as there needs to be an effective way of checking the
validity of the result. Fortunately, OF provides diagnostics which allow a reasomably strict quality

contral to be applicd. principally:

# The cost, J, a check of the *pocdness of 1" of the solution o its measurement and a priori

constraints. This should identify sitvations where the scene is not well-modelled.

# The retrieved error ficld. Scenes that are modelled successfully but have larger than expected
crrors can indicate problems such as a lack of information ino the measurements on a particular

slate varahle.

# The number of iterations. A Failure to converge indicates no solution has been Ffound, and
imstant may convergence suggests that the signal docs not contain information on the state (or

that the first guess at the solution was the correct state ).

MNodel fit

The value of J at the solution indicates whether the result is good to within the statistical accuracies
assumed for measurcments and a prier data. If, at the solution, none of the measurements deviate
From the caleulated values (ie. # — ¥) by signiicantly more than their expected noise (5,) and no
state variables deviate from their a prion values (e % — 2, ) by significantly more than the a prior
15, as before, the number of measurements used

crror (3, ), then J will be of order .y, ey (where

. ]

and 1, is the number of stale variables retrieved). S, and 7, are used to denote the measurement and

a prieri components respectively. J s divided by », on output; as J, will then have an expected
value of 1, this provides a quick check of the goodness-of-fit o measurements.

Because the state variables are bounded there are actually fewer degrees of freedom than ny, |,
A state variably looscly bound by 5. over its range, such as 7m0 bere, cannot contribute fully to
J. Theretore if there are my state variables that are bounded but without significant @ prien then an

acceptable solution will have J of order ey, 5, — w2y,

y
The retrieval keeps track of J and J, secpamtely (where the total cost is, from Equabion 2.25

= J b Inthe case of a high cost, the elements of ¥ — ¥ and ¥ — %, can be examined to find

the affending measurement or state vanable.
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Because f depends on the estimation of values for S, and 5, itis likely that .f will not initially be
of order n,, e, — e, as expected. Values too low imply an overcstimation of (probably ) measurcement
crror;, vilues too high imply cither underestimation of noise levels or convergence criteria that ane boo

loose.

2.6.4 Linear error analysis

OF allows rigorous ermor analysis of the retrieved state vector 32 [t is based on the assumption that in
the vicinity of the solution the radiative transfer model is linear. In this case, it can be shown that the

solution for the minimum of J (Equation 2.24% 15 found For;
(8, FKIS 'K, (S, 'k, KIS ') (2.31)
We can define an ‘inversion operator” D, = &Py at the solution, which will be given by:
D, — (8. + KIS, 'K.) 'KIs,’ (2.32)

D, is sometimes also known as the gain marrix and termed G. From Rodgers (2000), three error
sources can be identified. These are known as “null space” (or a priori smoathing) error, measurement
mapping crror and model parameter mapping error and are expressed as covariances 8., 84, and
&5 respectively.

Mull space error
This expresses error ansing from a lack of information in the measurement system (hence the term
“null space™. It is calculable as follows:

Sy — (DK, —[)S,(DK, —I)7 (2.33)

Measurement mapping error

This expresscs the mapping of the errors in the measurements onto the solution and is defined by:

T
S, = D,8,DT. (2.34)
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Model parameter mapping error

This cxpresscs the mapping of the errors in the Forward model parameters onto the salution. The
term is frequently neglected from error analyses on the grounds that 8, is cither small (all parameters
are well-known) or that all uncertain parameters are included in the stabe vector 3, and errors are
therefore manifest through 8. and §,,. It is also commaon to include the forward model error into
=, as is done in this scheme.

S = (DK, )8.(D,K,)" (2.35)

Error on the retrieved state x

The total of the null space and measurement errors gives the total error on %

z 1 Tao-lps -1
Sr— (8" + K E:r K. (2.26)
Mote that this expression is the same as that for JY in Equation 2.26. All error terms are co-
variances and the correlations implicd by the off-diagonal terms are important for interpreting the
information content of the measurements. Howewver, it 15 unrcabiste o output the Tull covariances
For all three error sources in an operational code environment and these are only available as special
breakpoint variables for diagnosis. The ORAC nominal output contains only the square root of the
diagonals for the total crror, 8¢ (or optionally S+ 8550, The following points are worth noting about
the error cstimate:
L. It applics to cach state parameter separatcly—a high cxpected crmor in one parameter docs not

neccssartly imply a high error in another.

[R*]

.t is conditional upon the correct solution being Found.

3. Itis conditional upon the fieed model parameters (such as the acrosol model and BRDF angular

shape) being correct.

2.7 Aerosol speciation

The Fact that the retrieval contains error means that it s sometimes possible for multiple acrosol

classcs o give a successfully-converging retrieval with low cost. This means that attempling a re-
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Figure 2.% Cost difference distributions for simulated continental acrosol data using all 5 aerosol classes. The
cost difference is calculated such that negative valoes mean the continental model retrieves with a lower cosl.
The method of calculation is described in the wext. The lefi-hand plots are for g land surface and the right-hand
side g sen surace. The lop o are for 7550 — 0005, with the middles row 7555 = 0.3 and the bottom 75, = 1.
[n all figures, the black line is the distribution for the desert dust aercsol class, the red line maritime, the green
line urban, and the blue line biomass burning.

tricval with all 5 acrosol classes (Tables 2.2 and 2.3, along with Dubovik et al.. 2002) and using the
lowest retrieval cost as a tool for acrosol speciation will oot always be reliable, particularly at low

acrosol optical depths or over land where the acrosol contribution to the signal is smaller.

Figure 2.9 illustrates this point. In this case the forward model was vsed to gencmate TOA re-
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Hectance for the continental acrosol class and typical geometrics (satellite zenith angles of 107 for
nadir and 557 for Forward view. a solar zenith angle and relative azimuth angle both of 457 ) and state
parameters (an cffective radivs close to the @ prion valoe of 0.23 ym and surface albedos of 0,10,
020, 0.30and 030 over land and 0,06, 0,06, 0205 and 0.05 over sca For 550 nm, 660 nm, 870 nm and
L& pm respectively). For 30,000 mndom samples, a typical forward model error of 4% of the TOA
refllectance was used to generate an ensemble of simulated measurements For this state, and retricval
costs caloulated for this state assuming cach of the different acrosol classcs in turn. This cxercise was
performed for me of 0005, 003 and 1.0 For land and sca pixels.

The cost difference in Figure 2.9 is calculated as the difference between the cost for the conti-
nental model, and that for cach other model, such that negative values mean the continental model
retricves with a lower cost. For reliable discrimination between different acrosol models these distri-
butions would be distinct and have most of their area in negative cost differences (indicating that the
lowest cost was Found with the correct acrosol model—in this case continental). The proportion of the
distributions where the cost difference is positive is significant, particularly for lower acrosol load-
ings and over land surfaces. This is an indication that the measurcments are insufficient to distinguish
between the different types of acrosol, and there is a strong likelihood of acrosol being misidentificd.
As the continental, desert and maritime classes are all predominantly scattering acrosols, it is partic-
ularly difficult to distinguish between them. Similar distributions occur for other geometries, acrosol
classes and particle sires.

The distributions above assumes that the correct retrieved state is obtained with the wrong acrosol
class. Another possible issue would be the retricval converging on the wrong state with the wrong
acrosn] class; this is amcliorated by the @ prion constmints, which should result in such situations
having a high rctrieval cost, but it is likely that for some pixels the incorrect state (albeit plavsible
within the precision of the forward model) will be retrieved. These would be best spotied via manual

inspection of the data, such as urban acrosol in the clean open occan.

[mproving constraints on measured and @ prien data may aid speciation by making these cost
distributions more distinet. Addition of thermal infrared channels to the retrieval may also provide
some additional contrast between the different acrosol classes. Due to the limitations of the instru-
ment, however, it is not possible to use J alone as an unambiguous tool For acrosol speciation. Future

aencrations of instruments will be requined for this purpose; Hasckamp and Landgraf (2007) and
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others have discussed that multi-angle multi-spectral instruments measuring both total light inten-
sity and polarization, ideally with both more viewing geometrics and measurement wavelengths than
AATSR or other present instruments provide, ane required to accurately retricve acrosol propertics of
interest without recourse to significant a priori information.

Awcrosol speciation 1s Turther discussed in Chapler 5.

2.8 Calculation of the Angstrom coefficient

As descnbed the brst two pleces of state information provided by the ORAC retrieval scheme are the
optical depth at 350 nm and effective radius for the best-ht acrosol model. As the acrosol propertics
uscd in generabion of forward model LUTs are known, additional LUTTs are used after the retricval o
provide an estimate of the optical depth at B70 nm, 7a7; . This is then used to estimate the .';':I.I'IEHLI'HTI'I

cocthcient, which is defined by:
e lag [7{ A ,
_— 237
d log [A] (2-37)

By assuming that 7 varics lincarly with A in the visible, it can be directly calculated from the two

optical depths:
loog [7arn f mhsal

L - . 238
FEEE T Jag [870/550] (2.38)

Information on the error on 7re0 and v is propagated through 1o calculations af 77 and A

2.9 Differences between this and other AATSR algorithms

Twi other algorithms, designated in this work as AATSRE-Swansca and AATSE-TNO (referencing
where they have been developed, to contrast with AATSRE-ORAC), have been developed and applicd
for acrosol retricval from AATSER. Similantics and differences between these algorithms are brictly
discusscd here. To date, no intercomparison of results from the assorted algorithms has been carried
out. This is becanse none of the algorithms yet produce output data routinely, and a thorough inter-
comparison 15 planned for a future date. Two studics, Thomas et al. (2007) and Kokhanovsky et al.
(200070, have involved the ORAC algorithm and one cach of the others. In the Former the nadir-view
algorithm was in use, and the latter involved an carlier version of the current dual-view algorithm, so

ncither provided a companison of the most recent versions of all the algorithms.



(&1 CHAPTER 2. AEROSOL RETRIEVAIL ALGORITHM
291 AATSR-Swansea

This algarithm is described by primarily by North ot al. (1999 and Marth (2002a), with validation
in ey et al. (20066). A more recent adoption of LUTs to increase the speed of the algorithm was
detailed in Crey et al. (2006a). It has been applied to both ATSR-2 and AATSR data. In contrast to
AATSE-ORAC, AATSR-Swansca is primarily an algorithm to retrieve the surface BRDE, with the
acroso] optical depth retrieved as a byproduoct of the atmespheric correction.

Morth et al. (1999 developed asimple BRDE model using a total of 7 parameters, which represent
the angular and spectral reflectance propertics of the surface. The B measurements are used to retrieve
5 of these parameters (the final one having been found to be approximately constant over natural
surfaces), with the acrosol optical depth as an additional parameter.

The retrieval scheme, like AATSR-ORAC, finds a solution by least-squares fitting of modelled
and observed data. However, instrumental precision is not taken inlo account and the opbmal esti-
mation framework is not used, which means that robust quality control and error measurements in
the manner of AATSR-ORAC are not provided. Like ORAC-AATSE, a range of acrosal methods are
used and the one resulting in the best fit to the observed data is adopted as the dominant acrosol tvpe
For a pixel. Crey et al. (2006b) also note that, like AATSR-ORAC, the measurcments are not always
sufficient to identify the correct acrosol mode].

An advantage of this scheme over AATSR-ORAC is that it does not require @ prier information
on the surface reflectance. However, AATSR-ORAC offers several advantages:

# The assumptions made for BRDE model developed in North et al. (1999 do oot hold Lor the

sca surface, so the published literature on AATSR-Swansca only involves retrievals over land.
Results have recently been obtained over the sea but are at present unpublished (Morth and

Bevan, 2008,

= Acrosol models vsed in AATSR-Swansca assume fixed size distributions; by retricving the
acrosn] effective radivs, AATSR-ORAC allows for more texibility in the retrieved acrosaol.

# Lack of the optimal estimation framework means AATSR-ORAC provides more information
about the guality of the retrieval.

= AATSR-Swansea retricves the surface BRDFE at AATSE wavelengths and view directions; it

docs not, however, provide information about the BRIDE at other viewing dircctions, or provide
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the surface white-sky albedo (which is a uscful data product) like AATSR-ORAC docs.

Comparison of the AATSE-Swansca retricved optical depths with AERONET is discussed by
Cirey et al. (2006b) and results arc similar in quality to those for AATSR-ORAC (discusscd in Section
5.1). The retrieved BRIDE data also compare well to MODIS and MISE-derived BRDE data. Optical
depth derived from AATSRE-Swansca matched well with that from MISE and less well with that from
MODIS and TOMS. The correlation with MISEK data was larger than that observed between AATSR-
ORAC and MISR (sce Section 5.4 but this is likely due to the fact that instantancons ohservations

were comparcd, rather than a monthly mean datasct, as presented later in this worke.

29.2 AATSR-TNO

The second acrosol algorithm considered was developed Ffor ATSR-2 imagery, but has been applied
to AATSE data too. It is described and validated by Veetkind and de Lecuw (1997), Veelkind and
de Lecuw (19983, Veolkind et al. (1998), Vecltkind ct al. (1999 and VWeefland et al. (20007 this
information is collected together in Veetkind (1999 Although the literature contains more recent
applications of the algorithm, such as Robles Gonezdlez et al. (2003) and Thomas et al. (2007), there
have been no further published algorithm refinements. Dievelopment of the algorithm has, however,
recently resumed (de Lecuw, 2008). Owver both land and sea the algorithm shows a reasonable match
with cther data sources, although no extensive global validation is presented.

An advantage of AATSR-ORAC over AATSR-TNO is that the former applics a consistent algo-
rithm over land and ocean. AATSR-TNO, however, applics different algorithms for land and occan

pixcls. Additionally, AATSR-TNO lacks the statistical framework provided by optimal estimation.

In both the AATSR-TNO land and sca algorithms the effect of Rayleigh scattering and absorption
kv atmospheric oxone are accounted for in a simpler way than that of Scction 2.20 They arc instead
treated as independent contributions to TOA rellectance from the acrosol, and these contnibutions
are subtracted from the TOA reflectance before the acrosol retrieval is performed. In this respect
AATSR-ORAC prowvides a more physicallv-accumle representation of atmospheric scattering and

absorption.
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Retrieval over ocean

The acrosol retrieval algorithm over water is hrst described by Veetkind and de Lecuw (19%7) and
Veetkind and de Lecuw (199%). It uses only one viewing geometry, although it can be applicd to i-
ther, allowing For a consistency check by comparing the two. The view to be used 15 dependent on the
aeographic location, as the nadir and forward views will be in the sun-glint region at different points
in their swath. Although the dull sca surface means a single view is often sufficient to characterise
acrosn] (as shown by, for example, AVHREER, MODIS and the previous version of AATSR-ORAC),
use of the dual-view as in AATSE-OBRAC allows for increased precision and the retrieval of more
slale parameters.

Surface reflectance over the ocean is bxed in the acrosol retrieval, based vpon a model drawing
upon similar sources to that described in Chapier 3. TOA reflectance is assumed 1o be a lincar
combination of that due to the surface and that due to acrosol; subtraction of the surface component
yiclds the radiance arising from acrosal.

A least-squares it is performed of the resulting radiance to that which would arise from a combi-
nation of externally-mixed acrosol models (cormesponding to anthropogenic and sca salt acrosal ); the
retricved parameters are the relative amounts of cach of these classes present for a scene, assuming
that the total radiance for an externally-mixed combination of the two acrosol types is simply the
weighted total TOA reflectance for both of them. A linear relationship between the radiance due to
acrosn] and the acrosol optical depth is assumed, and used together with the weighting parameters
derived 1o obtain the spectral acrosol optical depth.

This simple approach has the advaniage of being rapid, but makes many approximations which
will result in decreased precision as compared o AATSE-ORAC or AATSE-Swansca, and addition-
ally will be sensitive to crrors in assumed wind or occan pigment ficlds as the surface reflectance is
broed. It also allows for mixed acrosol types in a pixel, which AATSR-ORAC docs not, instead using

models containing assumed mixtures of components as described previously.

Retrieval over land

Ower land, a dval-view approach developed in Weelkind et al. (1998) is adopted. This approximates
the TOA reflectance in a similar way to the Lambertian forward model (Equation 2014

The assumption is made that the ratio of the surface reflectance between the Forward and nadir
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viewing geometrics is the same for all wavelengths. North et al. (1999 examine this approximation
but dismiss it in favour of the BRDEF model developed there (although they note that, For certain
surface types, it holds true). Additionally it is assumed that acrosol contribution to the signal at 1.6
pm s negligible, 5o the ratio between views of TOA reflectance obtained at this wavelength is used
as the assumed matio for all wavelengths.

The strong influcnce of vegetation at 870 nm means that the ratio assumption docs not hold here,
so this channel is not used in the retrieval.

These approximations are used to climinate the need for knowledze of the surface albedo, and
allowe the fitting of a weighted combination of two acrosol models to the TOA reflectance analagonsly
to the procedure performed over the occan. The spectral acrosol optical depth ab 330 nm., 550 nm and
1.6 pm is then computed in the same way, and may be used to derive the surface retlectance.

This approach has the advantage, like AATSR-Swansca, that it does not require a prieri infor-
mation on the surface reflectance. However the acrosol models must be carcfully picked for cach
location, limiting global applicability, and meaning the predictive power of the algorithm to spot
an acrosol type where it docs not typically occur is limited. Additionally, strong acrosol events or
certain acrosol types may have a non-negligible impact on TOA reflectance at 1.6 pm, meaning the

assumptions used to separate surface and atmospheric components will hreak down.






Chapter 3

A new sea surface reflectance model

As previously detailed in Section 2.3.2 the retrieval forward model requires that, For cach wavelength
uscd, three surface parameters are defined: the bidircctional reflectance Fepn. black-sky albedo
fls1n and the white-sky albedo Fepw. fspn is integrated over all satellite geometrics to obtain e,
which is then integrated over all solar angles for fgy.,. This white-sky albedo is one of the retrieval
products, although as the ratio between these different types of reflectance is fixed during the retricval
it is important that it 15 well-modelled.

This chapter describes a new algorithm For the calculation of sea surface bidirectional reflectance,
which can then be used o obiain the black-sky and white-sky albedos. Methods used for many ocean-
colour sensors (such as the 65 model of Vermote et al., 1997) are typically concerned with the region
From 400 nm to 700 nm. AATSR’s visible channels are from 550 nm to 16 um, hence new values
of parameters must be rescarched, and previous assumptions re-evaluated, o create a model suitable

for ANTSE.

3.1 Definition and components of reflectance

3.1.1 Definition of terms

The reflectance of a body is defined as the mtio of outgoing to incoming radiance. Hence a perfectly
white body has a reflectance of 1, a perfectly black body a reflectance of 0, and it is a dimensionless
quantity. The distinction between reflectance and albedo is that the former is defined for a particolar

vicwing direction, while the latier is not (either being debined for a solar angle in the case of fg

73
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or independent of geometry as for fgy ). The sea surface bidirectional reflectance Mg may be

parametrised interms of the following factors:
= Solar zenith angle 4, (measurcd from vertical) and azimuth angle ¢, (measured from north).
= Viewing renith angle ¢, (measured from verticaly and azimuth angle ¢, (measurcd from north).
= Rclative azimuth angle, o, — ¢, — .
» Wavelength A
# Complex refractive index = = r — 6 with real component » and extinction cocfBicient #.

» Wind speed o, measured inms ',

= Wind direction. Eotating clockwise from north by the wind azimuth ¢, direction y = oy, — .

# The total concentration 7 of phytoplankton pigments, principally chlorophyll-a, in mg m ™.

# The absorption cocflicient acpon at 550 nm doe to detritus and coloured dissolved organic

matier (CDOMY, inm .

3.1.2 The three components of Hspp

The total reflectance sy 18 defined by Kocplke (1984 as being composed of three terms, represent-
ing different sources of upwelling irmdiance. Firstly, light can be reflected off whitecaps in the rough
ocean surface; scocondly, it can be reflected off the foam-free portion of the surface. The contribu-
tions from these two factors will depend on the moughness of the sca surface, which is determined
by the wind speed. Thirdly, light penctrating the surface can be scattered back up into the atmo-
sphere by molecules within the body of water. The combination of these terms leads to the following
relationship:

flann = Woe + (11 = Wpg + (1 - Wp, )p. (3.1)

[n the above W, is the contribution from whitecaps (where 117 is the fractional cover of white-
caps and g, their retflectance); g, the sun ghint; and 5, the ‘underlight” term from radiance reilected
just below the surface of the water. These three components are dealt with individuoally here. g, 1=

welghted against by a Ffactor of (1-17) because specular reflection and whitecap reflection are dealt
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with scparately. Similarly, g, is weighted by a factor of (1-017p, ) because light reflected by white-
caps cannot be re-reflected as underlight. g, includes a correction to account for light lost due to

glint reflection at the surface (sce Scction 3.4).

3.2 Whitecaps

Whitecaps are where the ooean appears white due to the action of wind creating a foam. The most

simple of the three components of fsgp, their only dependence is on wind speed and wavelength.

3.2.1 Calculation

From Equation 3.1, the contribution of whitccaps o reflectance is the product of the proportion W
ol the surface covered by whitecaps and their average reflectance g Older work such as Koephe
(1984 treated g, inthe visible region as constant with wavelength, although noting that in the near-
infrarcd it might be expected to decrease due o absorption by water molecules. More recent coastal
(Frowin et al., 1996) and open ocean (Nicolas et al., 2001} work suggesis a decrease of about 40°%
at B50 nm and 85 % at 1.65 pm. with a reflectance of about 0.4 at shorter wavelengths. These ratios
have been adopted here for use at the nearby AATSR visible channel wavelengths, with reflectance
at 550 om and 650 nm assumed equal to 0.4,

The whitecap fraction M7 is here parameterised in terms of wind speed by a simple power law
according to the method of Monahan and Muircheartaigh (1980). With the caveat that 17 cannot be

grcater than 1, the fraction of whitecaps is given by:
W = 2.05] 3 10 ™™ (3.2)

It should be noted that determination of W is complicated and vanous formulations based on wind
specd and other eovironmental factors have been developed. An overview of some of these methods
15 given by Anguclova and Webster (2006). The method of Monahan and Muoircheartaigh (1980} is
usci as it has been widely adopted (for ecxample by Kocpke, 1984 and more recently Vermote of al.,
199977 and requires only wind speed data. In the ORAC retrieval scheme, &-hourly winds at 1 degree
resalution from the Furopean Centre for Medivm-range Weather Forecasts (ECMWE, 2008), lincarly

interpolated 10 space and time, are used throughout.
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3.2.2 Magnitude of contribution

Wind speed | Whitecap fraction | Contribution to refllectance at 550 nm
17, ms W [ A T
0 205« 10" L1&=10-"
5 B.23: 10 32010
10 977 10-% 301 10-°
15 196 10+ TR 107
20 11210 44810

Table 3.1 VWalues of W oand W o= g the whitecap fraction and contribution © sea surface reflectance at 550
nm, calculated for a range of representative wind speeds w from Equation 3.2,

The contribution of whitecap reflectance to fspp For several wind speeds 1s listed in Table 31,
For wind speeds of approximately 10 ms " and higher the whitecap fraction and contribution to the

rcflectance are considerable.

3.2.3 Uncertainties
There are several sources of uncertainty with this section of the algorithm:

# There 15 a large uncertainty of up o 50% in o, (Frouin ot al., 1996, Nicolas et al., 2001),

which will map into a corresponding uncertainty into its contribution to fepy.

= Anguclova and Webster (2006) reveal that different parametenisations of W can lead to cs-
timates differing by up to an order of magnitude, as a simple dependence on wind speed is
madequate to explain observed variability. This may be a significant source of crror in high-
wind, low-chlorophyll eovironments away from the sun-glint region but over most of the open
ocean the low values of 17 mean that the whitecap contribution is masked by the glint and

underlight terms.

3.3 Glint reflectance

The contribution 2y resulls from rays of light striking the sca surface and being specularly reflected
in the observer’s direction. It is calculated uvsing the Fresnel equations, modified to account For

the roughness of the wind-ruffled sea surface according o statistics developed by Cox and Munk
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(1954a), (1954b). More complicated than 5., g, depends strongly on geometry, wind speed and

wind direction, and weakly on wavelength.

3.3.1 Calculation

Slope distribution

The algorithm delines a coordinate system (P X, Y, ) such that P is the observed point on the

surface and 7 the altibude with #Y 10 the direction of the Sun and PX in the direction perpendicular

to the Sun’s planc. The surface slope is defined by the following two components:

¥l )

v f}_’i sinfeatani3) (3.3)
A ) _

Z, r}_] coE| o Jtand 3] (3.4
i

In the above « is the azimuth of the ascent (clockwise from the Sunj and 2 the tlt. Z, and 2 are

related to the incident and reflected directions as Follows, where ) < /2 and #, = 0:

L]

—zin(f, jsinlal
coalf, ) + cos(d,)

(3.5)

sin(@,] + =sin(@, Jeoa(d)
E eoa(f,) 4 cos(d,)

(3.6)

In reality. the slope distribution will be anisotropic and dependent on wind direction . We can
rotate the axes clockwise from the north by ¢ to define a new coordinate system (2 X7 Y7, &) where

Y is parallel to the wind direction. Then the slope components may be re-expressed:

& = ey ) Z o+ sinly )2y (3.7)

.-".'_' —sin{y)Z, + cos(y)Z, a8
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The slope distribution is described by a Gram-Charlier series:

1 it 1
Pz g el 1 EE‘._,,LH —1 (3.9)
xON

1 |
B (Y — B2 4 3
a0 aal 77 nl 5 J:||:'- TR A

I'.I
| - . _ | . -
I —I':’-ﬂlif,' — 1) =14 Ei’mw" — 67 1?-]]

Terms in this sernes come from Cox and Munk (195340 and, For a clean surface, are defined as
Fral liowwes:

s [ = 2/ and g Ef;,l.'rr:"'? where o and o arc the root mean square values of 27 and £

respectively. The value of /7 is given as 0.003+0.00192w£0.002 and -:'.l":l,2 0.003 ] 00004

« 'y and O are the skewedness coclhicients. These have values of 0.01-0.0086w-£0.03 and

0.04-0.033w 0.1 2 respectivel y.

# o, Con and Coy are the peakedness cocfiicienis. These have valoes of (00404023, 00 124£0.06

and 0.2320.41 respectively.

The Fresnel reflection coefficient

Wavelength A | Real component n | Imaginary component s
350 nm 1.341 19610
66l nm 1.338 223x10°F
70 nm 1.334 3091107
1.6 um 1.323 B.5510"

Table 3.2 Refractive indices @2 for water b relevant wavelengths., Both real w and imaginary & components
are given, although only the real part is vsed in determining the Fresnel coefficient. Adapted from Hale and
Cuerry ¢ 1973 and Cuan and Fry ¢ 19955,

The Fresnel reflection cocfficient 7 describes the proportion of light hitting the surface that is
reflected back., Cox and Munk (1954a) provide a method to compute f1 that neglects the complex
part of the index of refraction (a valid approximation becavse this is a small term, as shown in Table

3.2). For unpolarised light, /7 is calculated as Follows:

| [ein(&— ] [tan(® — &))"
A=z ===~ _— 310
3 (Linlﬁl | -:-:r]] ' [l:—m[(-:l | :—:f]] ) (3.10)
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Figure 3.1: Geometry of Fresnel reflectance: the angle € is the angle of incidence o the surface and angle of
reflection from il, both measured relative to the nommal. &0 s the angle of the refracted beam in the water, As
water has a higher refractive index than air, by Snell’s Law & = &', Red lines represent paths of light mys.

Here & 15 the scattering angle while 87 is the angle of the refracted my passing into the waler, as

shown in Figure 3.1. Snell’s Law describes the relationship between these angles:

Bl = s (3.11%

The real component of the refractive index of air, r;, . is taken as 1LOOO29 for all wavelengths, For
water, real components of refractive indices were calculated at 550 nm and 670 nm using the method
of Quan and Fry (1995) assuming a typical temperature of 15°C and salinity of 35 parts per thousand.

but arc cornect to four significant figures over the mnge of typical temperatures and salinitics.

This model extends only to 700 nm, so for the longer wavelengths values For pure water from
Hale and Querry (1973) were used. At shorter wavelengths there was an offset of around (L0065
between the refractive index as predicted for pure water and that of salinity typical for the sca, so
thiz adjustment was also applicd to the pure water data used at 870 nm and 1.6 gm. Values for the
imaginary part of the refractive index werne likewise taken from Hale and Querry (19733 The final

data used are shown in Table 3.2, More recent optical propertics are not readily available.
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The angle & can be calculated from Equations 3.3, 3.4, 3.5 and 3.6, and is described in the o and
O coordinate system by Cox and Munk (1954a). The following result can be obtained in terms of the

known values 8, and &, which indircctly provides ©:

eos(28) = coslf, Jeos(0,) + sin (@, Jsin(#, Jeosi g, ) (3.12)

From this and the previous cquations £ may be caleulated at the wavelengths ol interest.

Combination of terms
The total contribution gy is given by the following equation (Cox and Munk, 1954a):

TP 2R

! - 313
Fa decs (B, ) cos(d, oot 3) I: )
The tlt & may be calculated from:
sl o, )
cos() cas(d,) + cos(f,,) (3.14)

W 2+ Qoo 289
3.3.2 Magnitude of contribution

Ohver the range of & sampled (from 0 to around 607) the reflection cocthoient i shows slow variation
up to 40° and a consistent spectral shape. This is shown in Figure 3.20 F varnes sharply with wind
speed: For very low winds it is of the order 1077 or smaller, leading to a very low g1 although
For winds of about 5 ms™" or more it can reach values approaching 10, F shows strong angular
dependence: the shape of pg for a given angle owes as much to /7 as it docs to £, as shown in
Figure 3.3, The presence of multiple points at the same © but different g 15 due o the geometnic
dependence of Equation 3.13.

In summary, the magnitude of s, can vary widely, with common values in the region 10 o 1077
and approaching 1 toward the centre of the glint region. There is a weak dependence on wavelength
but a strong one on geometry and wind speed.

As discussed in Scction 2.3.2, the sea surface BRDFE is integrated using Gavssian quadrature
with 4 points to obtain Mg and fep. The glint contribution requires a large number of points to

caleulate accurately: as a result a precalculated LUT {using 360 quadrature points) of the integrated
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Variation of reflectance coefficient with angle
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Figure 3.2: Variation of the Fresnel reflection cocfhicient 2 with &, the angle of incidence and reflection to the
normal of the surface. Black is 550 nm, red 660 nm, green 870 nm and blue 1.6 gm.
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Figure 3.3: Left: Varation of slope coeflicient /* with scattering angle &, Right: Variation of gy at 550 nm
with &_ In both cases, black diamends represent values for o wind speed of 5 ms—" while red are for 15 ms—".
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g1+ 10 terms of wind speed (for ) and wind speed and solar zenith angle (for fizpp) is used in

the retricval For speed.

333 Uncertainties

COhver a range of typical conditions, the uncertaintics in the cocficients vsed in the Gram-Charlier
serics lead to a vanability of around 10% in P, causing a cormesponding uncertainty in gy of the
same amount. This vanability decreases at higher wind speeds, and is unlikely to be something that

can be improved on.

3.3.4 Prior treatment by ORAC

Belore this project began, the ORAC scheme used a similar methodology o the oy calculations
prescnted here 1o generate the sea surface albedo. Although the equations calculate a directional
reflectance, previously this was used as the Lambertian albedo. Hence this sea surface reflectance
model, which correctly accounts for directionality as well as the effects of whitecaps and dissolved

pigments, represents a large improvement over the original version of the algorithm.

3.4 Underlight

Underlight is upwelling irradiance From just below the surface of the ocean. As such, g is influenced
strongly by pigment concentration and wavelength, and weakly by geometry, The model described
here is designed for Case [ waters, following the nomenclature of Morel and Pricur (1977). In Casc
I waters (typically open occan) the chlorophyl]l concentration is high compared to the scattering co-
clbicient; in Case II waters (typically coastal and so additionally shallow) scattering by inorganic
particles dominates. The semi-cmpirical relationships between occan constituents and surface re-
Hectance developed by Maorel and Pricur (1977) and later work are different. This work focusses on
Case I waters because they cover the majority of the Earth’s surface, and scattering in Case [T waters

i5 less well-understood.
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Figure 3.4: Terms important in calculation of underlight. Bed lines represent light rays.

3.4.1 <Calculation

The underlight contribution may he caleulated using the method presented by Austin (1974), with the
work begun in Maorel and Pricur (1977) and developed further in Morel and Gentili (19491 for calcu-
lation of the water body retlectance /7. The upwelling irradiance p) is described by the following

equation:

. 5 T::.'n.

'r'l:.ir Ir.-||||||:|r|w I ] |'I'|-.-I‘i'|:| ['1 ]q':l
'I'I-i-nl-\. r I - ".ul: 'rl.hw I 1 T.l-rl:}'i.ljl

Pll-'

The factor of @, [/n*

- Jneoanises as the dux from a solid angle underneath the surface is refracted
ower i larger solid angle above it The various parameters £, the transmittance coetficient for down-
welling radiation at the surface, ry. the reflectance coetficient for downwelling radiation at the sur-
face, . the transmittance cocthicient for upwelling radiation at the surface, r,. the mean value of .
the reflectance cocflicient over all ohservation angles for upwelling mdiation at the surface, and .
the water body reflectance, are described in succeeding sections of this document. The parameters
i, and [, arc the tansmittance through the body of water and the reflectance of the bottom of the
sca respectively, These terms are visually represented in Figure 3.4,

Several approximations may be made involving these last bwo terms. Firstly, as /7, is likely 1o
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be small (discussed later) and 7y, is necessarily less than 1. £, 07, may be taken as very small, and
s the denominators of Eqguation 3.15 where the term appears will be very close to 1. Secondly, the

transmittance ¥, may be calculated as follows:

= e (3.16)

[n the above b, 15 the absorption cocllicient of the water, and z the depth. For pure walter, @, can

be calculated from the complex part of the refractive index:

L= —K (3.17)

Values of & were tabulated in Table 3.2 and, assuming pure water, may be used to calculate 2, and
hence ', for a variety of depths. Over all wavelengths of interest, and even in shallow water (with
= — 100 m), the transmittance 1), is very small (with a maximum of 102 for z =100 m at 550 nm,
and orders of magnitude smaller For deeper water or longer wavelengths). These calcolations are For
pure water, and substances in seawater would further decrease 7. As a result, .l':i Iy, the proportion
ol light transmitted through the water, reflected off the bottom and then transmitted up through the
waler body, may be neglected as almost zero. Then, with the first approximation of .02, being

small, Equation 3.15 may be simplificd as follows:

nd it it
= e Tt 318
fut = 0 1 _7.R, (3.18)

This is the expression used to caleulate @, in this scheme.

Downwelling transmittance coefficient, ¢

The term ; in Equation 3.18% represents the transmittance of downwelling radiation, and assuming
the underlight contribution is Lambertian and a tlat sca surface may be calculated as follows alter

Yoermote ot al. (19977
iy | — [ / I R, (0., 04, d)eos(@ )=in{# ) i, de (319
1] A0

[n the above, # ) represents the zenith angle of a salar beam reflected from the rough water surface.
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variation of t; with =solar angle
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Figure 3.5 Downwelling transmittance coefficient £ a5 a function of solar zenith angle @, Black is 550 om,
red GO0 nm, green 870 nm and blue 1.6 gm.

As integration is carricd oot over all @ and azimuth angles ¢, £, is dimensionless. The coclhicient
e 15 the Fresnel reflection cocfhicient for a ray incoming in at zenith angle &, and reflected at #4
with relative azimuth angle ¢ between them. ... is calculated as described in Section 3,301, using
fa for @, and o for ¢ 1n BEquabion 3,12,

The variation of i with #, is shown in Figure 3.5, The range of variability is not high, and there
is o comparatively weak dependence on wavelength, A lookup table is generated at 17 intervals and

lincarly interpolated during the retrieval preprocessing.

Upwelling transmittance coefficient, ¢,

Analagous to ,, the paramcter ¢, represents the transmittance of rays from below the water surface

up to the obhserver at zenith angle &, It 1= caleolated as follows:
t, = 1= [ [ . R, 0.0, deos(d, Jsin(i@y) dd, ddb (3.200)
N A0

The relevant geometry is shown in Figore 3.6, The angle @, represents the zenith angle in the

water of an upwelling light beam refracted to the observer in the air at . The cocthcient M, is
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Figure 3.6: Geometry system defined for caleulation of £, Solid black lines are the verticals zenith is measured
against and the nommal to it, while dotted are the inclineation and normal o the tue sea surface. Red lines
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Figure 3.7: Upwelling transmittance cocfficient §, a5 a function of instrument zenith angle @, Black is 350
nm, red G060 nm, green 370 nm and blue 16 pm.
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the Fresnel cocthicient for a beam of zenith angle #, coming up from the water and refracted to @
hence, &, cannol simply be used directly in Equation 3.12 as we instead need to know the angle ©

this incoming beam makes with the water-air interface, which can be obtained as follows:

tanfz — - (321
aniz) — ot eop(f, 4 6,)
Equation 3.12 may then be used to caleulate f, | vsing = in place of @, (¢, + @, — 7} in place

of #, and o for ¢, Care must also be taken when using Equation 3.11 to calculate &7 as light is
travelling from water to air, rather than air to water: © and 67 are effectively interchanged. Figure
3.7 shows the variation of ¢, with @, . Again, variability is small with both angle and wavelength, so

an angular lookup table has been generated and i= lincarly interpolated during wse.

Mean upwelling reflectance coefficient, r,

The final geometric term v, is the mean reflectance coctlicient For upwelling radiance at the water-air
boundary, and is defined as follows:

Pl [ (0, Jeos(8, Jsin(8, ) dA, (3.22)
]

Rather than calculate this explicitly, Vermote ct al. (1997 adopt a constant value of 0485 hased
on values oblained by Austin (1974, This is done as calculation of v, is computationally expensive,
the value docs not vary greatly with conditions and, as will be discussed in the next section, the
generally low values /2, takes means that g is not affected by small changes in r,. Therclore the

value of 0485 15 also adopted here.

Water body reflectance, M,

Perhaps the mest important of terms in Equation 3,15, /., depends on the opbcal propertics of the
water. [t is known as the water body reflectance, and is debined as the ratio of upwelling radiance

from just below the surface £, ( A) to downwelling radiance just abowe it £,( A

., NI (3.23)
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| Wavelength | Absorption cocfficient |

A of water ., m !
3530 nm 0.064
BA0 nm 0410
B0 nm 565
1.6 ym 672

Tahle 3.3: Absorption coefficient ., (m ") for water at AATSR visible channel wavelengths, See Morel and
Pricur ¢ 19773, Table 3.2 and Equation 3.17.

The method of calculation 15 based on the method presented st n Morel and Prcur (19777,
and further developed and discussed on many occassions (for example in Morel, 1988 or Morel and
Cientili, 19913, /.. 15 calculabed from the optical propertics of the water as Follows:

i, — o)

w =1 al )

(3.24)

This describes the colour of the water as the ratio of the total backscattering coclhcient by (A) 1o

the absorption cocfhcient al A), multiplied by some factor f.

Absorption coefficient

A more thorough treatment can be given to the absorption cocfheient of water than the approximation
made previously. The total absorption coctiicient @ of scawater can be thought of as the sum of the
absorption due to pure water, «,, (as in Equation 3.17), that duc to phytoplankion pigments a4, and
s the absorption due to detritus and coloured dissolved organic matter (CIDOM), also known

as gelbstofl (hterally, “yellow stufl™):
al A] = @ [A) + ap(A] + acpou(A) (3.25)

The absorpion cocfbcients used for water are tabulated in Table 3.3, Values for 5350 nm and 660
nm are taken for seawater from Morel and Pricur ( 1977); for longer wavelengths data are unavailahle
o, at 870 nm and 1.6 pm is estimated using imaginary components of the refractive index from
Table 3.2 with Equation 3.17. Use of this approximation is justified as the underlight contribution 1o
Fizpyy 15 small at these wavelengths, as discussed later, so any error is minimal in effect.

For s the two-component model outlined by Sathvendranath ct al. (2001 is vscd, with coclh-
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cients from analysis of multiple measurement campaigns in different regions as described by Dievred
ct al. (2006]). This relates the absorption due to phytoplankton o the concentration 7 of chlorophyll -
& in mg m 7, assuming a mixed population of two phytoplankton types, and reproduces observed

absorption with a RMSE of just under 30%:, by the [ollowing cquation:

A (A) = U1 — e 509 pal( M) (3.26)

The parameter U is delined as Follows:

D(A) = O (at(A) — al(A)) (3.27)

In the above O is the maximum chlorophyll- concentration associated with phytoplankton
population 1 in mg m 7, and & and ! are the specific absorplion cocflicients in m ' (mg chl-a) !
of the two populations at the wavelength of interest. 5, describes the nonlinearity of absorption and
has units of m” (mg chl-a) .

For a global dataset, Devred et al. (2006) found <77 — 062 mz m ", &) — 0.0109 m ' (mg chl-
)t at 550 nm and 00173 m ! (img chl«) " at 660 nm, af — 0.0064 m ' (mg chl-a) ' at 350 nm
and D.0085 m ' (mg chl-a) ' at 660 nm, and 5, — 1.61 m® (mg chl«) . Absorplion by pigments
15 neglected at 870 nm and 1.6 pm; the very strong absorption of the water at these wavelengths
(Table 3.3) means this has approximation has negligible impact. This model results in the profile of
it g, shown in Figure 38,

It i not appropriate to consider a4, as simply the product of © and a reference pigment absorption
cocthcient, as a4, is observed o vary non-linearly with €, due to dependencics on plankton cell size
and structure and the presence of accessory pigments (sce, for example, Fojiki and Tagochi, 2002

Operationally, data for both chlorophyll concentration and CDOM/detritus absorption are ob-
tained from the GlobColour project (Barrot et al., 2006). This provides global values of various
ooean colour parmmeters from merged satellite (MERIS, ScaWIFS and MODIS) datasets. Monthly
mean values on an approximately 23 km o x 25 km grid are used. with gaps filled vsing an annuoal
mean (shown for 2004 in Figure 3.9).

Figure 3.9 shows mean pigment (chlorophyll-r and phacophytin-a, normally abhreviated as just

‘chlorophyll™) concentrations over 2004, The large spatial variability, as well as range of concen-
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Variation of phytoplankton absorption with chloraphyll concentration
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Figure 3.8 Absomption due o phytoplankton pigments a, tm~ ") at 550 nm (black) and 660 nm (red) as o
Function of chlorophyll-a comcentration & (mg m— 7). Solid lines indicate 2,y and dashed lines the error bounds
corresponcding to the uncertainty in & from Barmrol et al. (2006). Dotted horizontal lines are the absorption a.,

of water at these wavelengths.
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Figure 2.9 Left: GlobColour-derived chlorophyll-z concentration (mg m~). Right: CDOM and detritus
ahsorplion coefficient at 550 nm (m~ '), derived from GlobColour 442 nm absorption cocficient data. Both
maps show annual mean data for 2004

trations spanning scveral orders of magnitude, is evident. In the open ocean, typical values are in
the range 0.05 1o 1 mg m* but near the coast the concentration can reach 10 mg m—* or higher.
Chlorophyll content is also important For calculating the backscattering cocflicient, as discussed in
the next section.

According to Roesler et al. (1989}, absorption from detritus and CDOM can be treated as one
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paramcter due to their similar spatial distributions and absorption propertics: hence, the quantity re-
tricved by occan colour algorithms is the total absorption coctficient for both subsiances. GlobColour
provides the absorption cocfiicient at 443 nm which is related to absorption at longer wavelengths by
the following equation:

oo (A = depoal443)e Sih—ad (3.28)

In Equation 3.28 the parameter 5 deseribes the spectral slope of the absorption. Koesler et al.
(1989) found different values (generally in the range OU01 1 to QU018 ) worked well For different regions
af the world, with 0.014 a good value for global studies. This value of 0.014 is used here, as well as
assorted other studics (such as Chen et al., 2003).

The CDOM absorption cocthicient, as shown in Figure 3.9, tends to covary with chlorophyll
concentration. Typical occan values are in the mange 0L001 to 001 m~ ' but again higher valucs,

', can be observed in productive or coastal waters.

gencrally up to (L] m

This algorithm only takes @cp0 into account at 550 nm. At 660 nm the value of 5 means
that COM absorption is only around a fitth as strong as at 350 nm. Combined with the fact that
absorption by water and chlorophyll increases by roughly an order of magnitude, the CDOM contri-
bution to the total absorption cocfhicient is negligible. At longer wavelengths this effect is even more
pronounced. Taking into account the decreasing importance of g, with increasing wavelength, this

approximation has minimal cffect on resulis.

Backscattering coefficient

The term by( A) represents the total backscattering cocfficient, defined after Morel and Pricur (1977):

Bl M) = By (M) + b(A) (3.29)

This equation simply states that the total backscattering cocthcient &, is the sum of backscattening
due to molecules, b, and particles, by, These terms may be further parameterised; irstly, b may
be represented as b /2 (molecular seattering is forward-back symmetric so the backscatter coefficient
by, 18 hall of the molecular scattering cocthcient b,.). Sccondly, in Case 1 waters scattering due o

particles may be regarded as the product of the particle backscattering probability II-.I|_ and particle
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backscattering cocflicient b, leading bo Equation 3.30:
L s
Y E"ka)‘-.‘ b A (330

Values for b, For pure water from 380 nm to 700 nm were given by Morel and Pricur (1977
Muorel (1974) tabulated values from 350 nm to 600 nm for both pure water and typical scawater. The
data were shown to fit a power law with a dependence on A%, with scawater scattering around 1.30
times as much as pure water. This relabionship has been used to extrapolate this data to the 660 nm,
870 nm and 1.6 um channels. The values obtained for b, are 193107 m~ ! at 550 nm, 8.77= 10
m ! at 660 nm, 26610 m' at 870 nm and 1.91x10 " m " at 1.6 pm. The value predicied For
660 nm is in good agreement with that given for pure water at 660 nm in Morel and Pricur (1977)
multiplicd by the aforementioned factor of 1.30. Another point to note is that &, is gencrally small
(hath in absolute terms and when compared to b)) at longer wavelengths, meaning any crror in this
extrapolation is minor in terms of inflluence on 7,

The sccond parameter in Equation 3,29, I'-.I_l__l: A, is the backscaticring probahility: the ratio of the
backscattering 1o scattering cocfhicients of the pigments. It is related to the total concentration € of
chlorophyll a and pheophylin a, measured in mg m*, and wavelength A, measured in nm, by the
following cxpression:

_ I.'I.':{]
b(A) = 0002 4 0.02(0.5 —[].i-!.":lc:;_-h,,jt”]jT i(3.31)

The final term in the backscatber component of Fquation 3.29, b is calculated as:
b= 03000 (33

The relationship between b and © was derived by Morel ( 1988) for data at 350 nm; the wavelength-
dependence of particle backscattering is taken into account by the A" factor in Equation 3.31. Tt
should be noted that although parametrised in terms of 7, the models were developed to account For

scattering from suspended organic matter as well as pigment.

Ratio multiplier [ and combination for water body reflectance f7..

Morel and Pricur (1977) initially gave f, the multiplier of the mtio of total backscattering 1o total
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lering ratio g, based on o pigment concentration of 0.3 mg 4 The black line shows values for 350 nm, red
for G40 nm, green for 870 nm and blue for 16 gm.

absorption used to calculate the water body reflectance /. a value of (.33, Subscquent work has
found it to depend on the solar geometry and the optical propertics of water. The method used here
was put Forward by Morel and Gentili (1991), stated to be accurate within 1.5% for solar #enith
angles smaller than 707, It relates [ o the proportion of backscattering due o water molecules

i1 = b, /Bu) and the cosine of the solar zenith angle (g, ) as follows:

F= 08279 — 10,2227y, — 0.0513g° + (—0.3119 4 0.24657, ) . (3.33)

Assuming a pigment concentration of 0.3 mg m ?, representative i values are approximately
(.32 at 350 nm. 0.20 at 660 nm, 0.0 ab 870 nm and 001 at 1.6 gm. The resultant variation of s
depicted in Figure 3,100 revealing a weak dependence on wavelength and a stronger dependence on
solar angles. From this it can be seen that according to this parametrisation the constant valoe of (.33
for would in most cases be an underestimate.

The above equations allow computation of H, al varying representative pigment concentrations,
a selection of which are displayed in Table 3.4, The strong dependence on both A and ©F should be

noted.
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EE|
Comgm Y| B, at550nm | A, at 660 am | B, at 870 nm | fZ, at 1.6 pm |

0.1 1L18x 107 13010 65210 ENERA

1.0 249102 M= 10" 1.8 10 040 107

100,00 480102 S 16x10" 45310 270 10"

Table 3.4: Water body reflectance /2, at AATSRE visible wavelengths and pigment concentrations O The solar
zenith angle was taken o be 407, and the CDOM absorption coefficient aqpopy D005 m b at 350 nm.

3.4.2 Magnitude of contribution

ol Underlight contribution to reflectance p

107%| ",

Reflectance
=
Y

1077}

? K|
404 B0 A00 130 1200 1440 16G0

II'FH".'I\'."L'II.II_L.':. MY

Figure 3.1 1: Variation of g, with wavelength, with data poinis at the AATSE visible channel positions. The
satellite and solar zenith angles are taken as 107, Red points are for a pigment concentration © of 0.1 mg
m 7, green for 1 mg m— and blue for 10 mg m~— . the CDOM absorption coefficient @ noss was taken o be
0,005 m ' al 550 nm. The line across o, — 10" shows the minimum value of surfoce reflectance vsed in the

AANTSE retrieval.

The contribution g, 15 dominated by the shape of /2, and is shown in Figure 3.1 1. At the shorter
wavelengths it is of the order of 107°-107", and is likely equal to or larger than other contributions
to Hspp. Henoe knowledge of 7 s essenbal to accurately judge the magnitude of the contribution
to the total reflectance. As it shows a stronger wavelength-dependence than g and py, the spectml
shape of fzpn will be largely determined by 2. outside of the sun-glint region.

At longer wavelengths the contribution is low: for the 1.6 pm channel it is calculated 1o he
lovweer than the minimum increment used in the AATSR retricval at even the highest chlomophyll

concentrations normally ohserved.
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3.4.3 Uncertainties

The major uncertaintics associated with g are errors arising from poor characterisation of pigment
and CDOM distibutions and scattering. The small size of the underlight term at the longer twio

wavelengths means that errors in g will only have minor impacts on the modelled reflectance.

# The relationship between Il-.l|._ and " was developed for Case [ waters (according to the debi-
nitions of Morcl and Pricur, 1977) and s0 may not accumtely characterise scattering in Casc
IT waters (where pigment and scattering particles do not covary in the same way). This may
cause the algorithm to perform less well over Case [T waters, Case 1T waters arc largely coastal
and as the inhomogeneity of coastal regions presents other problems for acrosol retricval no
adjustment for Case II waters has been developed at this stage. This would, however, be a

desirable goal for future work.

s The assumplion of zero absorption by pigments at the longer wavelengths is not considercd to

b a problem given that g, is very small at these wavelengths.

o lirrors arising from use of monthly means for chlorophyll and CDOR values. The GlobColour
chlorophyll products have a stated accuracy of 31 %, CDOM ermors are not given by Barrot

ctal. (2006). Further errors arise due to variations on shorter timescales than a month.

& There may be regional biases from using 0014 as a global CDOM spectral slope 5, as Rocsler
ctal. (1989 found values from 0011 o 0018 in different parts of the world.
o PMeglecting CDOM and detritus absorption at wavelengths longer than 350 nm has a negligible

clfect on results due to the differing wavelength-dependences of absorption by pure water,

chlorophyll and CIDOM.

3.5 Typical values, patterns, and errors

3.5.1 The BRDF

Figures 3.12 and 3.13 show example nadir-view and forward-view BRDFs genemted vsing this
scheme at 550 nm and 1600 nm. Sun-glint is visible in the centre of the nadir-view swath and

toward the north of the forward-view swath. These glint patterns persist for different orbits as the



el

Loy

Loy

Lot

Loy

Loy

CHAPTER 3. A NEW S5EA SURFACE REFLECTANCE MODEL

Madir-view BRIDE, 550 nm
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Figure 3.12: Madir-view sca BRDE at 550 nm ¢left) and 1600 nm (right). Data for an AATSE swath on

September & 2004,
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Figure 3.13: Forward-view sca BRDE at 550 nm (left) and 1600 nm (dight). Data for an AATSR swath on

September & 2004,
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satcllite geometry remains the same. Perturbations to this glint shape arise due to variations in the
wind speed and from increased reflectance due o cocanic whitccaps or underlight, particularly at
550 nm. BRDF at 660 nm and 870 nm takes values in between these two wavelengths: ab 550 nm all
contributions to the BRDE are important, while at 1600 nm the shape is glint-dominated. The exact
location of the glint region varics scasonally.

The BRDF can take values from around 10" to | dependent on the wavelength and location with
respect 1o the sun-glink region. The highest values are observed for shortest wavelengths; near the
glint region the BRDE can be nearly spectrally flat while far away there can be orders of magnitude
diffcrence. The BRIDE for the Forward and nadic views 15 often quite different. For example, for i,
SO e 45 g 45 g 20w — 10ms L0 = Img m 7 and acoom s — 0005 mo',
with i, = 100 the BRI i 00183 at 350 nm, 0.00634 at 660 nm, 0.00457 at 870 nm and 0.00406 af
16000 nm. In contrast with a forward-view geometry of @, — 35 the BRDT is much lower and more
spectrally variable with 00131 at 550 om, 0.00193 at 660 nm, 0.00033 at 870 nm and 0.00006 at
16000 nm.

3.5.2 Black-sky albedo

The black-sky albedo, shown at 550 nm and 1600 nm in Figure 3.14 for the same swath as the previ-
ous BRDE example, is almost identical for both of AATSR's viewing geometries (whose solar angles
differ by under 17 for any given pixel). Valoes increase as the solar zenith angle increases: as with the
shape of the BRDY, perturbations to the basic shape arise due to the wind and pigment distribution.
The same scale is used as in Figures 3.12 and 313 to illustrate the comparative variahility of the
reflectance and albedo. Again, values at 660 nm and 870 nm are intermediate between these twio
wavelengths.

The black-sky typically takes value around 107 (where the sun is high) o 10" {where the sun

is low), and is slightly larger at shorter wavelengths.

3.5.3 White-sky albedo
Figure 3.15 shows the a prion white-sky albedo genermted for this overpass. Being independent of
geometry it is the same For both instrument viewings and variahility over the globe is determined by

wind and pigment distributions: the glint shape of the BRDF is *averaged out” by the inlegrabion,
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Black-sky albedo, 550 nm Black-sky albedo, 1600 nm
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Figure 3.14: Sea black-sky albedo at 550 nm (left) and 1600 nm (right). Data for an AATSRE swath on
September & 2004,
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Figure 3.15: Sea white-sky (Lambertian) albedo at 350 nm (left) and 1600 nm (ight). Data for an AATSR
swalh om Seplember & 2004,
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which contributes around (.05 to the albedo. The white-sky albedo is spectrally flatter and less vari-
able than the BRDF or black-sky albedo. Typical valoes are in the range 0.05-0.08 at all wavelengths,
with the shortest wavelengths being brightest. The same scale is again used as in Figures 3.12 and

3.13. to illustrate this comparative lack of variability.

3.5.4 A priori error and correlations

UIncertaintitics in the different terms comprising the sca surface reflectance, such as pigment con-
centrations or foam reflectance, were detailed in the preceding sections. It is important to assign
a reasonahle error to the @ prier albedo genemated: oo tight and the retrieval will be unduly con-
strained by an imperfect model, but too loose and some of the information on the stale is effectively
thrown away. Appropriate uncertaintics have been determined in the following way:

» Ciencration of 1,000 random sets of typical ocean and viewing states (for example differing

wind speeds, chlorophyll concentrations and geometries).

o For cach ooean state, generation of figyn and integration for fg, g and fepye For an ensemble
(530 members cach) of random perturbations to the uncertain model parameters (such as the
Foam reflectance Tactor or sea slope characteristics from Cox and Munk, 1954h). The mag-
nitude of the perturbations is determined by the stated uncertainty on the model parameter as

previously described in the text.

e Calculation of the ensemble mean rellectance (or albedo) and (s standard deviation For cach
ocean state, for cach of fspn, Hep g and gy, The rabio of the standard deviation o the mean
15 a measure of the sensitivity of the siate to crrors in the model parameters: a larger ratio means

that the calculated reflectance or albedo 1s more sensitive o errors in the model parameters.

» (Calculation of the mean of these sensitivity ratios for cach wavelength, over all the oocan states.
For flzy, multiplying these means by the a prior values genemated for a pixel and squaring
will give the diagonal elements of the @ prion covariance matrix 5. corresponding to the four
af priort Hepaye for that pixel. For gy and fep g, the analagous values are used to cstimate

Forward model error, discussed 1n Scction 2.6.2.

This process leads to values of the mean proportional sensitivity 1o pammeter crmor for fg o of

00.20 b0 2 decimal places at all wavelengths. The equality between wavelengths i= an indicator that the
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dominating terms and, namely the integrated glint contribution, are similar for cach. In the retrieval,
multiplying thesc sensitivitics by the a priont albedo gives the a prion cror estimate for a pixel.
Ecpetition of calculations with a larger ensemble of random perturbations gives the same results to 2
significant figures.

Analagous values for the sensitivity of the BRDF for nadir-view geometries are 1.23 at 550 nm,
129 at 660 nm, 1.34 at K70 nm and 1.35 at 1600 nm and for forward view geometries 1113 at 350 nm,
L.14 at 660 nm, 1.15 at 870 nm and 1.15 at 1600 nm. For the black-sky albedo, sensitivities arc (.21
at 550 om, 0019 at 660 nm, (.20 at 870 nm and 0.20at 1600 nm. The higher sensitivities for fsen as
compared to fsen or s arise due o its strong geometric dependence. These values were used to
estimate the sensitivity of the forward model to errors in the matios e @ Hepn and fsow 0 Bsep as
discussed in Section 2.6.2.

The collection of occan states can also be used to calculate the off-diagonal clements of the co-
variance matrix. The value of matnx element i,7 is the product of the uncertainty on (i, the uncertainty
on j and the correlation between the parameters @ and j. Using the previously-genemted set of white-
sky albedos leads to the correlation matrix shown in Table 3.5; again, replication leads to agreement
to bwo significant figurcs. A flag may be set in the retricval to use these values (and if not sct, the
albedo in cach channel is assumed independent). The high correlations are indicative of the fact that

the same factors (1.c. high wind and pigment levels) lead to a brighter surface at all wavelengths.

Wavelength A | 350 nm 660 nm 870 nm 16X nm
550 nm 1.00 0.47 0.37 (.36
GA0 nm 0.47 1.00 (.58 (.87
270 nm 0.37 (.85 1.00 .94
1600 nm (.36 (.87 (.94 L.00

Table 3.5: Correlation matrix for & priesd white-sky albedo al ANXTSE visible channel wavelengths over ocean,
caleulated from a range of representative ocean states.



Chapter 4

Land surface reflectance

Accurate modelling of the surface reflectance is particularly crucial over the land, as its increased
brighiness as compared to the coean results in a higher contribution to the satellite signal. A= the
land surface is both temporally and spatially highly variable, an anxiliary dataset is employed to sct
the a priori.

This chapter describes the use of the MOD43BE] data product detailed by Wanner et al. (1997)
tov obtain the MODIS surface BRDFE, black-sky and white-sky albedo Fapy . Hepgog and Fap
(the subscripted 3 indicates MODIS refectance or albeda), which are converted to a reflectance and
albedes suitable for AATSRE for vse in the retrieval. Error estimates and correlations between the
white-sky albedo at the four wavelengths of interest are also discussed,

It should be emphasised that the MODIS BRI retrieval algorithm is independent of the MODIS
acrosol retrieval algorithm. Theretore errors in the MODIS acrosol product will not lead to crrors in

the BRDE (which could manifest as biases in the ANTSE retrieval).

4.1 The MODIS BRDYF product and forward model

4.1.1 The kernel-driven model

The MODIS BEDE product consists of a set of weights derived by fitting observed reflectances to a
semi-empirical kernel-driven model of surface reflectance. The product allows use of the Ambrals
(Algorithm For MODIS hidirectional reflectance anisotropy of the land surface) forward model (Wan-

ner ot al., 1997) to calculate the BRIDE Hepps o For a given viewing

)
E=

zeometry, given these weights

L]
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and a sct of kerncls (detailed by Wanner et al., 1995) which describe reflectance from various kinds

ol surlace:

II-I1:.;|=|:|_:.| [lljk| |:'||1 I'_.Jr] _Il.i,...lrl-ih..l:ﬂ_.- I'.i" I'_..lr :| I _|I:|..,_||r.'~._.||: |'.i'h |:Ill.I {-:'r] I .|r5|'--'r'-!.;|'\--|:r'.'l.-' II}'\." ':}r | [:"1'-] :l

As before the Following angular notation is adopted:

= Solar zenith angle 4, (measured from vertical) and azimuth angle ¢, (measurcd from north).

= Viewing renith angle ¢, (measured from verticaly and azimuth angle ¢, (measurcd from north).
= Rclative azimuth angle, &, — ¢, — o,

The three kernels k.. koo and ke parametnse isotropic scattering, volume scattering (from
dense vegetation) and geometric scattering (shadowing effects hetween canopics, such as large iso-
lated trees) as functions of the viewing geometry. The pammeters ., f, and [, are the respective
weights of these kernels, characteristic For surfaces of different types, and so differ for cach pixel.
As the first kernel represents isotropic scattering it has no geometric dependence and is equal o 1 For
all geometrics. The Ross-Thick kernel fpr is used for &, and the Li-Sparse kermel by 5 15 used for
K- The forms and derivations of both of these kernels and others are given by Wanner et al. (1995,

Hence Equation 4.1 can be reduced tothe following form:

Regn lf, @ dbe) = fue + Foabmr(fa, o, i) + fpeokis (B, 0, d) 4.2

[n this retrieval scheme fspnog is obtained vsing the above cquations vsing the parameters pro-
vided in MOI43B1 with the appropriate kernels, and integrated to provide the black-sky and white-
sky albedos For a MODIS-like sensor using a precalculated LUT of kernel integrals and an expression
provided by Lucht et al. (2000) respectively. To account for the differing shapes of the instruments

visihle channels, they are then adjusted to give the AATSR equivalents for use in the retricval.

4.1.2 MOD43B1 output data

Walues for the weighting parameters [ are obtained by inversion of atmospherically-comected re-

Hectances from the MODIS instrument aboard Term according to the algorithm of Lucht et al. (20007},
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Collection 4 of the data are currently being uscd. Parameters arc obtained for MOIDIS visible chan-
nels (4 of which are centred near AATSRE channels) and 3 broad bands on a 16-day repeat cyele.
This repeat cycle allows for sampling of multiple angular parts of the BRI by dilferent satellite
owverpasses, under the assumption that the surface propertics do not show great variability during this

time period. It also ameliomtes the effects of cloud cover on sampling.

The weighting parameters are supplicd on a 1 kmx1 km sinuscidal grid. The data are supplicd
in granules, with the globe divided into 460 granules (of 1200 km: 1200 km cach); to reduce file
size, cach granule is down-sampled to approximately 2.5 km:< 2.5 km resolution and the broadband

datasets removed before processing. Data are available for the whole of the AATSR mission.

Broadband white-sky albedo derived from the Collection 4 BRDEF model parameters has been
validated (Jin et al., 20034, Jin et al., 2003b) and found to generally meet the accuracy requirement

of 002 in comparison to Oeld measurements.

For surface data from 2007 cnwards, the MOD42B 1 product is unavailable and MCI43B 1, which
uses combined observations from MODIS-Aqua and MODIS-Terra, 1s used instcad. The methodal-
ogy associated with MOTM3BR 1 is otherwise identical to that described here. When reprocessing and
validation of the new dataset are completed, it will be adopted instead of MODM3E ] (provided it is

no worse ). MOTMAB] s part of the newest Collection 5 of the MODIS product suite.

4.2 Adaptation to AATSR channels

MODIS and AATSE are different sensors and cach channel measures not a single wavelength but
a narrow band. As a result, the albedo reported by MODIS s an average albedo over the band,
weighted by the instrument’s response function. Figure 4.1 shows that the visible channel response
lunctions [or these instrumenis do not match, so if the true spectral albedo vares across cach band
then the albedo cach instrument would sce for the same underlying surface would differ. This cffect
would be the most pronounced for the 680 nm and 1.6 um channels, as these have the least similar
response functions between the two instruments. It is important that the magnitude of the error use

of MODIS data introduces be quantibied, and, if possible, the MODIS reflectances corrected for
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Figure 4.1: MODIS (black) and AXTER (red) nonmalised visible channel response Functions. MOS channels
closest to corresponding AATSR channels are shoam.

4.2.1 High-resolution spectral databases

The ASTER (Hook, 1999 and USGS (Clark ct al., 2003) spectral librarics provide high-resolution

data on the reflectance of a large variety of natural and man-made substances from laboratory mea-

surements. A sclection of 47 spectra from the ASTER library and 100 from the USG5 library, chosen

as representatives of surfaces that might be found in the real world (such as various types of vegeta-

tion, sand and soil, or man-made substances such as concrete ), can be used to quantify the impact of

the visible channel shapes shown in Figure 4.1 on the MODIS-reported white-sky albedo as compared

to AATSE, and suggest routes 1o minimise that impact. This requires the following assumplions:

# The spectra chosen are representative of the spectra of surfaces that make up the real world.

s The difference found between integration of the spectra over the instruments" visible channel

response functions can be related to differences between MODIS and AATSR white-sky albe-

dos (as the spectra lack directional information), and any correction applicd to the white-sky

albedo can then also be applicd to Heppn g and Hep g to obtain fsypn and g .
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Figure +.2: Differences between albedo reported by MODIS and ANTSR as caleulated For the 147 spectra
selected from the ASTERSMTSGS libraries, for bands comesponding o AATSE visible channels, as a function
of albedo caleulated for AATSR. Green spectra are vegetation, blue sand, orange soil and black man-made
substances.

The spectra werne chosen with the Birst assumption in mind; the effect of surface inhomogeneity
in a satellite pixel is discussed 10 Section 4.2.3. The second assumption requires that the satellibe-
observed reflectance is propodional to the surface’s reflectance spectrum. For a Lambertian surface
this should hold, but it is possible that For a non-Lambertian surface the difference between Heppnou
and fgpp will not be consistent over all viewing geometrics. Unfortunately there is no way at present
to test this; as the difference between the MODIS and AATSR visible channels is small to begin with,

howvever, this 1= considercd a mimimal additional error,

These spectra can be grouped according o the type of surface that they represent: 35 soils, 6
sands, 8 man-made substances and 104 assorted types of vegetation. Spectm corresponding to snow
or ee were not used as MODGIB] (Collection 4) does not provide BRDEF parameters over snow-
covered surfaces. Convalving these spectra with the instruments" visible channel response functions
leads booa set of 147 pairs of simulated “observed” albedos. The differences between albedo reported

From MODIS and AATSRE calculated for these spectrais given as a function of the AATSE “observed”
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albedo in Figure 4.2.

The largest departures, as predicted from Figure 4.1, are for 660 nm and 1.6 gm. with a clear bias
particularly visible at 1.6 uym. The mean absolute differences in Figure 4.2 are 0.0034 at 550 nm,
00058 at 660 nm, (.0014 at 870 nm and 0.012 at L6 gm. Given the white-sky albedo derived from
the MODIS product being accurate to within 002, these differences can be significant. Making some

correction to account For these differering response functions is therefore desirable.

4.2.2 Singular value decomposition of spectrally-derived albedo
Theory of singular value decomposition

Singular value decomposition (SW1D) is a statistical tool that may be applicd to describe the variability
in a scbof data: in this case 1t 15 applicd to allow the prediction of an AATSR-observed albedo for a

spectrum given that observed by MODIS. The SV of an m-by-n matrix W is defined as Follows:

M — UEXV* (4.3)

This states that M may be expressed as a product of three matrices. U is an m-by-m unitary
maltrix and V" an n-by-n unitary matrix. The matrix ¥I is an m-by-n diagonal matrix with the nonzero
elements in descending order. The transpose of V7, 'V, is the mairix of interest here as it describes
the patterns of the varability in M. U contains a sct of basis vectors which can be used to deseribe
M. The columns of U7 and V' arc known as singular vectors. The clements of %, known as the
singular values, describe how important cach singular vector v in W ois to the variability in W: the
contribution of a singular vector in 'V to the total vanabhility i= its corresponding singular value as a
proportion aof the total value of the singular values. Hence the first singular vector contains the most
information on the variability. Standard computational routines are available to compute the SV in
most programming languages.

The matrix M in this context consists of the simulated albedos reported by MODIS and AATSE
[or cach spectrum; hence, it has one column for cach spectrum wsed (1470 and one row [or cach
instrument channel. Resuolts are presented vsing just the 4 AATSR channels and their equivalent
OIS bands (for a total of & rows), as well as three additional MODIS bands centred at 460 nm,

1.2 pm oand 2.2 ym (for a total of 11 rows). In this discussion ny, refers to the number of MODIS
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bands used, and n 4 the number of AATSRE bands (always 4).
SVD fitting and fi!_q._“- calculation
Element detailing Singular vector
visible channcl 1 2 3 4 3 6 7 B
MODIS 550 nm | -0.191 | 0150 | 00380 | 0563 | -00418 | 0376 -(1.2096 L1498
MODIS 660 nm | 0215 | 0376 | 40346 | 0355 | 000362 | 0650 | -0.238 41,294
MODIS 870 nm | -0.500 | 0477 | 00985 | 20105 | 004710 | -0.0412 | 0593 £1.383
MODIS L6 pm | -0415 | 0292 | 0468 | 0108 | 0712 | -0.0590 | 0.038]1 | 000538
ANTSE 5350 om | <0195 | 0168 | J38] 0513 | L0569 | -0.294 (1.340 0367
AATSE 660 om | -0217 | 0404 | 0335 | 20500 | 00418 | 0583 (. 185 0227
AATSR 870 nm | 0501 | -0479 | 00930 | 0108 | -0.0140 [ 00408 [ -0.593 (.382
AATSR L6 pm | -0.399 | 0322 (.49] D072 | D695 0.038T | -0.035]1 | 000822
Singular value Q5RO | 2362 1550 | 0366 | 00638 | 00260 | 0.0115 (1005
Table 4.1: Walues of the singular vectors obtained in the analysis of spectea, for the case of oy Fand s L.

Singular vectors are numbered in order of their significance (with 1 being most significant). The values of the

clements are given to 3 significant gures here, bul in calculations foating-point precision is vsed. The final
ronw gives Lhe comresponding singular value for cach singular vector

After computing the SVID as described above, the singular vectors Vomay be obtained. These

may be used 1o make an estimation .II-EH_“- of the AATSR albedo given the MODIS albedo fgpy o at

cach wavelength, for any spectrum contained within A7, by the following method:

s A simultancous lincar fit of the Arst 7y, elements of cach singular vector v; (elements referred

Lo as o, ) o the gy MODIS albedos Flgp o in question is pecformed. These clements of

describe the varahility in the MODIS channels. This yiclds a series of 7y, coctheients o, such

that the MODIS albedo (at all =y wavelengths) can be calculated exactly as the following:

R (1,3, .. oy

E Sl

i

4.4

# These coclficients arc used to cstimate the iy, AATSR albedos using the same summation, but

with the last ny elements of the singular vectors (referred to as o, ) instead of the first my,.

These describe the variahbility in the AATSR channels, and lead o the following prediction of

the value of the AATSR albedo at all ny wavelengths:

rapd

”:-il.'-'n'-: 12,040 E il A

(4.5)
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The more singular vectors used, the greater the proportion of the varability in the spectra will
be capturcd by them and so the more accurate the prediction .II-E:.:L“- of Fgppe. A maximum ol vy,
singular vectors may be used: any more and the Ot of sy o described above will have non-unique
solutions.

In practice, from 4 to 7 singular vectors will be used with the same number of input MOTDIS
albedos to provide 4 10 7 cocflicients respectively 1o it the AATSRE-reported albedo at 4 wavelengths.
It all singular vectors were used (8 [or ry, 4 or 11 for vy, 7)1 then M would be reconstructed
perfectly. but the values of the AATSR albedo would be needed in the input to fit the data and so
there wiould be no predictive power. Hence there is a trade-off between the number of values which
can he predicted and the accuracy of the predictions which can be made.

[n this casc if the Y1 is performed vsing the 4 MODIS channels comesponding most closcly to
AATSE wavelengths, the frst 4 singular vectors capture 99.2 % of the variahbility in the spectra. I all
T MODIS wavelengths are used then this increases to 998 % These values suggest that in hoth cases
the fitting process described above should reconstruct the AATSR albedos well. The singular vectors
obtained for n,, 4 are tabulated in Tahle 4.1, together with their singular values; the similarity
between clements corresponding o equivalent channels is an indication of the fact that the channels

arc generally ohserving similar albedios.

Quality of SVD fit

The value of the fit and estimation process can be quantificd by comparing the error in the AATSE
albedo that would result from vsing the MOIDIS albedo as an estimate, sy — flsow . 1o the ermor
resulting From using the SV D -predicted cstimate, Aspe — fu"a_.“_-,-.-. This first quantity is referred to as
the expected difference e, and the second the AATSE reconstruction error ez 1F |r r| < |f~ | then the
SV 6Ot has enabled an improved estimate of Agpa,.

Plots of e, against ¢, arc shown for the cases of =y, — dand rye — 7in Figure 4.3 In both cases,
and for all classes of surface, the mean value of |¢.| is smaller than the mean of |e.|. The impact of
using 7 singular vectors mather than 4 is shown dircetly in Figure 4.4, For g — 4, the mean value of
e, | is 0.0011 at 5500 am, 0.002 at 660 am, 0.00097 at 870 nm and 00048 at 1.6 pm. For o, — 7,
these values are OO0O08T at 550 om, 0.0016 at 660 nm, 0.00060 at 870 nm and 0.0038 at 1.6 pm.

These are all well below the 0,02 uncertainty quoted on fg o although individual spectra may
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Figure 4.3: Expected difference in albedo e against reconstruction error e, for the 147 spectra used in the
analysis, at AANTSR visible channel wavelengths. Presented in units of absolute albedo, vsing 4 MODIS
channels and singular vectors (top 4 graph=) and 7 MODIS channels and singular vectors (bottom 4 graphs).
Cimzen spectra ane vegetation, blue sand, orange soil and black man-made substances. The 1 : 1 line is in red.
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have reconstruction crrors larger than this valoe.

Figure 4.5 shows the reconstruction emors For both cases as a function of the true AATSR-
ohserved albedo ey A comparison with Figure 4.2 shows that the use of singular vectors gives
recomstruction errors with emaller overall biases (particularly at 1.6 gm ) and less clustering of similar
spectral types than dinect use of the MODIS data.

[n summary. the use of S¥1D techniques gencrally allows an improved prediction of the AATSRE
white-sky albedo for a surface as compared to using the white-sky albedo derived from MODY3RE]
as-is. The itting process results in estimates of s generally within the uncertainty on Sy .

with the largest discrepancics at 660 nm and 1.6 pam.

4.2.3 Composite spectra

As real surfaces are unlikely to conform exactly to those spectra present in the libraries vsed, it
i= important to quantify how well the singular vectors in Table 4.1 can predict fg ., For surfaces

consisting of a composite of these spectm. Genemtion of an ensemble of a million composite spectra,
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Figure 4.6: Scatter density plots of expected difference in albedo o, against reconstruction error e, Tor the
ensemble of composite spectra used in the analysis, at AATSE visible channel wavelengths, Presented in units
of absolute albedo, vsing 4 MOIIS channels and singular vectors, The bin size for density caleulations is
00001, The 1:1 line is in black.

cach caleulated from a lincar combination of between 2 and 4 randomly-weighted and randomly-
picked spectra. yiclds an ensemble of a million matched sets of fey and g0 . From there,
distributions of ¢, and ¢, arc calculated after making the SYID fit; a million cnsemble members
ensures stabistics robust to 2 significant fgures.

Except at 1.6 pm, the mean absolute expected differences for the ensemble of composite spectra
arc smaller than the corresponding values for the group of 147 single spectra. This suggests that
to some extent the impact of the differences between MODIS and AATSR is cancelled out by the
different materials in the composite spectra. The mean absolute values are 0031 at 350 nm, 0,004 ]
at 650 nm, 0.0012 at 870 nm and 0.012 at 1.6 gm.

The SV technique proves effective in the case of composite spectra;y for g, 4 the mean
absolute ¢, are 000086 at 550 nm, (L0015 at 660 nm, 0.00066 ab 870 nm and 0.0034 at 1.6 pm. A

slight improvement is again found by using all 7 MODIS singular vectors, giving valoes of 000063
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Figure +.7: Scatler density plots of expected difference in albedo e, against reconstroction error 2, for the
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at 550 nm, 0.0012 at 660 nm, 0.00046 at 870 nm and 0.0027 at 1.6 gm.

Figurcs 4.6 and 4.7 show that ¢ is gencrally independent of <. This suggests that the SV tech-
nigue performs cqually well for all surface types. Additionally, the reconstruction error 15 smaller
than the expected differcnoe in the majority of cases, and always lower than the sy o accuracy
threshold of 0.02, The reconstruction crror 15 also independent of Hepye (oot shown in plots), with
small correlation coefficients |¢| < 0.1 For all wavelengths for ny, — 4 ar 7. Given these independen-
cies 1t 15 usclul to consider the frequency distributions of the reconstruction errors themsclves. These
are shown in Figure 4.8; for both nyy — 4 and ry,y — 7 the distnbutions drop off rapidly as comparned
to the distribution of cxpected differences. Additionally, the distnbutions for 7, — <4 and ry, ¥
have very similar Forms and close means.

Similar results are obtained if the number of spectra in cach composite spectrum is changed

(such as allowing 2-6 spectra rather than 2-4); the higher the maximum number of spectra allowed,
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Figure 4.8 Frequency distributions of reconstroction error for the ensemble of composite spectra used in the
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the smaller the expected differences and reconstruction errors. The ratio of the mean of 2, o the

mean of ¢, remains similar.

4.2.4 Application to the retrieval

In the preprocessing of the acrosol retrieval Hepp . fepp g and fepge oy are obtained from the
MOD43B] product for cach pixel. The singular vectors obtained from the 147 spectra are used to
caleulate .fL,l-,-.,-, which is used as the a priori value of 2, inthe retrieval. The ratio J'-EH_“- N [P R T
i= calculated for cach pixel and then applicd as a scaling factor o Feyp o and f5 0 to obtain the
AATSE BRDY and black-sky albedo. This preserves the ratio between the three reflectances as
oblained from MODY43R1.

Albedo is caleulated at full instrumental resalution: as the MODIS ard is downsampled to ap-

proximately 2.5 = 2.5 km resolution some MOIDIS data may be replicated in the AATSR superpixel.



4.2, ADAPTATION TO AATSE CHANNELS 115
The unigue values (typically up to around 207 within cach superpixel are then averaged to give the su-
perpixel mean gy, fep e and flgp, used in the retricval. The singular vectors for the case my,, — 4
arc uscd as the improvement gained by using 7 singular vectors instead is small when compared
to the (0L02 accuracy of the MODIS white-sky albedo. Only requiring the BRDE parameters for 4
wavelengths as opposed to the 7 amounts 1o a substantial saving in space required o store the data
It for any wavelength the ratio I-I:;m- ¢ Mepyy o 18 larger than 1.5 or smaller than 0.5 in a super-
pixcl. then it is deemed a poor fit of the singular vectors and no adjustment is made. This constraint

helps to prevent unphysical estimates of fspn, feee and e
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Figure 4.9 Adjustment Heppe — Heppy g made o the MODIS white-sky albedo ot AATSR visible channel
wavelengths, Presented in units of absolute albedo, vsing 4 MODIE channels and singular vectors, The scene
covers continental Europe and parts of Morthem Adrica for an AATSHE swath on Seplember 5, 2004

An example of this in practice is shown in Figure 4.2, Well-defined arcas of differing land surface
cover result in adjjustments made to Bspwe m of diffening signs and magnitudes, with a strong agree-
ment between the sign of the adjustment and the sign of the cxpected AATSR-MODIS differcnce for
spectm in different categories (such as vegetation, sand and =oil) shown in Figure 4.2,

Histograms of the magnitude of the adjustment for this scene are presented in Figure 4107 the

wavelength-dependence of the magnitude of the adjustment (smaller at 550 nm and 870 nm, larger
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Figure 4. 10 Frequency histograms of the magnitude of the adjustment [Feg ., — ."-u’g.;|_1,1,-_,,|| mucle Lo the MODE
white-sky albedo at AATSRE visible channel wavelengths for the scene shown in Figure 4.9, Presented in units
of absolute albedo, vsing 4 MOIDIE channels and singular vectors, The bin size for density caleulations is
0001, The dashed black line indicates the mean of the distnbation. The dashed red line indicabes the mean

adjustment of the ensemble of a million composite spectra discussed in Section 4.2.3, and the solid red line the
maximum adjustment of the million-member ensemble,

at 660 nm and 1.6 ym) is also consistent with the single-spectrum results. Additionally, the means of
the distribution of adjustments For this scene and in the ensemble of composite spectra [rom Sccion
4.2.3 are similar to cach other: they would not be expected to match exactly, as the mean of the scenc
depends upon the composition of the land surfaces in it, but the fact that they are similar suggests

that the spectra provide a reasonable representabion of land surfaces.

Together these figures provide confidence that the method, which was shown in carlier sections to
provide results valid for individual and composite spectra, also yields physically reasonable estimates

of the AATSR white-sky albedo when applicd to real MODIS BRDE data.
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4.3 Uncertainties and correlations

The retrieval algorithm requires knowledge of the uncertainty on o priori parameters and the correla-
tions bebween them. As with the sca surface, the value of clement mndex ¢, 7 1n this covanance matrx

. 15 the product of the uncertaintics on parameiers ¢ and 7 and the correlation between them.

4.3.1 Inter-wavelength albedo correlations

Cienerating flzpyy at full instrumental resolution (as opposed to superpixel resolution) enables the
calculation of correlation cocfheients ry; - for cach pair of wavelengths for cach superpixel from the
unique MODIS albedos inside the superpixel. I fewer than 10 wnigue MODIS valoes are Found ina
supcrpixel then the correlabions are set o zero. This is because, with a small number of data points,
the derived correlation may not be reliable. Only the unigue values are vsed to determine correlations
as repeal values would over-emphasise the strength of any existing correlation.

In the casc of the retrieval being performed at full AATSR resolution, the assumed cornelations

become #ero.

4.3.2 A priori errors for white-sky albedo

Meither the stated errors of the MODIS white-sky albedo nor the absalute AATSK albedo recon-
struction errors ¢ depend upon the value of the white-sky albedo in question. Therelore the a prior
uncertainty on this retricval parameter is treated as being the sum of these two sources of error. The
a priori covariance matrix clement (4,7 is the product of the uncertainty on variable i, the uncertainty

on j and the correlation between them. For the land surface. this is expressed by:

= & (4.6)

ro . . T ] ) -
ad.g ) Erlé) Eeli )6 5] L Rsew,sann = Fsiaw e Tig

In the above the SV reconstruction errors e For 4 singular vectors and the 147 single spectm
are used, namely QU001 at 550 om, 0.002 at 660 nm, 0,001 at 870 nm and 0004 at 16 pm. 85 15 the
Kronecker delta; reconstruction error was found to be uncorrelated between wavelengths so the SV

error term vanishes For the off-diagonal clements of 5, 5 .15 the MODIS albedo uncertainty

R

i0.02). The bnal term, r, ;. is the correlation between the superpixel fepyy o at the two wavelengths,

as descrnibed abowve.,
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Analagously to decreasing the measurement error in 8, resulting from superpixelling, decreasing
the ar prieri uncertainty on fzpy, by a factor of the square root of the number of unigque MODIS valocs
in the superpixel has been attempted. This approach was abandoned as it was Found to substantially
increase the retrieval cost, and additionally led toa poorer match of retrieved acrosol optical depth
with AERONET data (in terms of the correlabion coclflicient and root mean square difference bebween
the datascts). This suggests that this was too strong a constraint and there are other sources of error

which should be taken into account, such as temporal variability of albedo.

4.3.3 Temporal variability of albedo

The MOD43R ] product provides the mean albedo from observations over a 16-day period. As the
AATSE retricval is for an instantancous ohservation, temporal variability of the surface over this
period may result in the instantaneows true albedo being significantly different from the 16-day mean.
Unfortunately it is difficult to infer the variability of surface albedo within the period from the data
itsell, which i= why the retrieval vses the gquoted uncertainty of (.02,

Une method to probe the vanability is to look at the variabilty of surface albedo between con-
secutive 16-day peniods. Figure 4.11 shows a time serics of the MODIS white-sky albedo during
2002 for a vegetated region in Southern France, as well as the change in albedo between cach 16-day
period. From this it can be scen that, while the variability hetween cach period is often smaller than
the quoted MODIS uncertainty of 0.02, in many cascs (particularly at longer wavelengths) it is not.
Furthermaore, the variability itself is not constant with tme.

Figun: 4.12 shows an analagous series of plots For an arid region on the Momocan-Algerian bor-
der. Variability here is genemlly smaller. Together these plots illustmate that the temporal vanability
ol surface albedo is complicated and a factor of surface type as well as local metcorology, Conse-
quently there i= no simple way to account for the temporal variability of albedo in the a prion crrorn.
Une possibility would be to estimate the variability on a pixel-by-pinel basis based on the data for the
preceding and succeeding 16-day periods, but this has not yet been attempted as it involves a greatly
increased computational overhead.

Another aspect is the variahility of albedo within a day. Although difficult to quantify, this is not
anticipated to couse significant error—the BRDEF model should be able to capture changes in surface

reflectance resulting from differing solar geometrics, and as AXTSR and the MOIDIS platforms orbit
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Figure 4.11: Surface albedo for a 10 kme: 10 km superpizel centred on 4470247 M, 1232167 E in Southem
France. The lefi-hand side shows the mean MOIDIS g, for the superpixel for each 16-day period during
2002, for all 4 bands near AATSR channels.  Error bars are the quoted MODIS uncertainty of 0.02. The
right-hand side shows the difference between the albedo for cach period and the albedo of the previous 16-day
period (with the first point being the difference from the year’s final 16-day period). The horizontal red line
shonws the MODIS uncertainty of 002 on the 16-day mean albedo,
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Figure 4.12: Surface albedo for a 10 km o« 10 km superpizel centred on 2997007 N, 4. 79608 W near the
horder between Moroceo and Algeria. The lefi-hand side shows the mean MODIS ey for the superpinel
for each 16-day period during 2002, for all 4 bands near AATSE channels. Emor bars are the quoted MODIS
uncertainty of 002, The right-hand side shows the difference between the albedo for each period and the
albedo of the previous 16-day period (with the first point being the differcnce from the year's final 16-day
perind). The horizontal red ling shows the MODIS uneertainty of 0002 on the 16-day mean albedo.
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at similar times of day the whitc-sky albedos provided by MODIS are derived at a similar local time
to the AATSE overpass.

In summary. neglecting to account for temporal variahility of albedo means that there is scope for
further refinement of the treatment of @ priond albedo errors. However, as in many cases the variahbility
ol surface albedo between consccutive 16-day periods is smaller than the quoted uncertainty on the
MODIS data used, this is not suspected to be a significant source of error. The implications of this arc
that the & priori component of cost at the retrieval solution may be larger than expected over surfaces
showing high temporal variability, and data about where this occurs could be a uscful first step into

gquantifving where temporal variability may be important over the globe.






Chapter 5

Results and validation of the new algorithm

The development and application of a new algorithm should be complemented by a study into how
well it performs. This validation gives confidence that the results are believable and can provide an
indication into where 1t performs well and where it 15 poor. Furthermore, a validation exercise can
provide information on what parts of the scheme contain scope Tor further improvement, and perhaps
suggest avenues [or improvement in other datasets.

The validation exercises presented here are both internal and external. The internal validation of
the algorithm examines the statistics of the output data. External validation consists of a comparison
with coincident AERONET ground-based measurements in different parts of the world, and a global
comparison of monthly mean data with acrosol optical depth derived from MISR data. Statistics and
ABERONET comparisons with the previous nadir-only version of this algorithm are also discussed. to
illustrate the impact of the improvements made to the new algorithm.

In all cases, AATSRE data from the month of September 2004 were used. This month was chosen
hecavse all relevant instrumental and ancillary data needed For the retrieval, as well as the AERONET

and MISE data, were availahle.

5.1 Intercomparison with AERONET data

3.1.1 Methodology
Validation of retricval results against an independent set of measurements is an important method of
determining the reliahility of the derived data products. To this end, AATSR data for the month of

123
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Scptember 2004 was processed in the regions of ground-based AERONET siations, resulting in 58
cloud-free coincidences between AATSR and AERONET. Dates. times and station locations of these
coincidences are presented in Appendix B, AEROMNET 15 a standard datasct for validation of satellite
reiricvials of acrosol optical depth, and bere the validation method of [choko et al. (2002 is adopted
For use. In all cases, Level 2.0 AERONET data (cloud-screened and quality assured) is uscd.

A direct comparison of AERONET and satellite retrieved data is diffiicult; the ground-based sta-
tion is a point measurement, whereas the satellite retrieval pixel is much larger in size (here, 10
km = 10 km). Hence the ground measurement may not be representative of the region as a whole.
Additionally there will be some time delay between the ground measurement and satellite overpass,
during which conditions may change. Ichoku et al. (2Z002), as well as this analysis, attempt 1o account
For these issucs by assuming that the variability in space and time of the two datasets is correlated
through wind. Additionally, AERONET stations thought to be unrepresentative of the larger region
they are in ( Kinne, 2007) arc removed from the analysis.

The validation then procecds via the following method:
& The pixcl containing the AERONET station is identibied.

# The retrieved 7, and 7g-p within 20 km of this pixel (alter Ichoku et al., 2002) arc taken,
with the number of good retrievals, their mean and standard deviation noted. Cuality control
15 applicd to the AATSE retrieved data, as described later. The standard deviation 1s used
as opposcd to a retrieval error as frequently variability in the AATSE measurements will be
larger than the retrieval error (typically small and fairly continuous), suggesting a change in
the acrosal propertics over the box. Thus vsing just the retrieval error would overcstimate
the extent to which the AATSR data would be expected to agree with AERONET; using the
standard deviation in this case includes both the variability resulting from the random error on

the AATSR retrieval and the true acrosol variahility.

= AFRONET measurements For the given ground station within 30 minutes of the satellite over-
pass are cxtracted from the Level 20 bles. Again following Ichoku et al. (2002), this time

', as was found o be typical in that

is uscd assuming an acrosol transport rate of 50 km h
work., Where 7y, and 77 are not directly recorded For a station, they are estimated from op-

tical depths at other wavelengths and the ﬁngﬁlnﬁm cxponents provided in the Level 2.0 data.
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Again, the number of good retricvals, their mean and standard deviation are recorded.

The quality control applicd to the AATSR data are as follows:

The retrieval cost, S, must be under 10, This ensurcs poor-quality fits are discounted.

The number of iterations must be between 2 and 25, to ensurc that the retrieval converged and

did not =it on the first guess value.

The retricved 7=, must be larger than 0.01 and smaller than 5, as retrieved states lying exactly
on the limit are not reliable. Similarly, v, must be between 0.01 and 5 gm: although the retrieval

permits ¢, up b 10 gpm, large radii are generally evidence of cloud contamination.

The retricved 350 nm surface albedo must be greater than 0 and less than 020 This is becansce
the retricval is less reliable over bright surfaces, and a bright albedo can also be an indication
of cloud contamination. MNote that oo such constraints are placed wpon retrneved albedo at the
other wavelengths, as the land surface 1= brighter and more varable at longer wavelengths so

this would not be an cfbicient test.

s The fraction of cloudy pixels identiBied within the superpixel during the preprocessing stage of
the retrieval (Section 2.5) must be less than 0.5, to minimise residual cloud contamination and

crmors arising from, for example, cloud adjacency effects.

The choice of an appropriate cost threshold to cut the data 15 an important one; too low and good
retricvals are misscd, leading to a low number of comparisons, but too high and poor quality data
included will decrease the overall quality of the comparison.

With 8 measurcments and 5 constrained retrieved parameters, the expected mean retrieval cost
is approximately 1.6, Assuming residuals on measured data and @ priord vanables to have Gaussian
distributions and their errors to be set appropriately, it follows that most (over 99 %) good retricved
pixels should have costs less than 3 times this mean (approximately 51, The probability density
function (FDF) for cloud-contaminated pixels should have a somewhat higher mean cost. Therefore,
it would be expected that there would be little change in the statistics of the comparison for cost
thresholds set between 5 and near typical values for poorly-retricved clovd-contaminated pixels.

The change in the statistics of the comparison for the continental acrosol class is shown in Figurne

5.1. The gencral trends are as expected; many matches are obtained by a cost threshold of 5, but
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the number of matches continues 1o increcase until a threshold of approximately 15, The fact that the
best-ft statistics exhibit only a small change over this range is cncouraging, as it suggests that the
exira matches obtained by the increase in cost threshold are largely well-retricved points. As a nesult
a cost threshold of 10 has been chosen, as it provides a high number of matches but is low enough to
weed out most poorly-retricved pixels.

The AEROMET comparison was carmicd out For 7= and mu- for cach of the five acrosol classes in
use. Additionally, a comparison using a simple attempt at speciation (hy considering the lowest-cost
acrosol model for cach pixel) is presented.

Mo comparison is presented over the sea. AEROMET stations are all located on the land; there
arc some coastal stations, but these are naturally inhomogencons locations where the retrieval is not
expected to perform as well. Additionally, the sea surface model is designed for open water and
changes in, for example, sca bottom depth and sediments or debris in the water which occur on small
scales may result in it not providing a representative model of the sea reflectance. It would be a
uselul exercise to sece how well the retrieval does in such situations, but for this test month of data
there were only 3 coincidences with coastal stations available, which is insufficient information from
which to draw conclusions. Acrosol optical depth over the ocean 15, however, compared with MISE

data in Secton 5.4,

A note on AERONET instromentation

| Central wavelength | Bandwidih |
0340 pm £1.5nm | 2 nm £0.5 nm
0380 pm £1.50m | 2 nm £0.5 nm
(.440 prm 42 nm [0 nm +£2 nm
0.500 gm 42 nm [0 nm £2 nm
0675 um £2 nm | 10 nm +£2 nm
0LET0 pm 42 nm [0 nm £2 nm
0937 pm £2nm | 10 nm +£2 nm
1.020 prm 42 nm [0 nm +£2 nm
L6400 pm +4 nm | 25 nm £5 nm

Tahle 5.1: AEROMET Sun-photometer channel locations and banchwidihs,

The standard instrumentation used at AERONET =sites is the CIMEL CE-318 Sun-photometer,

which has nominal channel centres and bandwidths as given in Table 5.1 (CIMEL, 2008). Each
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intercept. The red line indicates an inteept of @ero. Thid row: Gradient of the ling of best it of the data,
a1 550 mm (left) and 870 nm (right). Error bars show the uncerainty on the gradient. The red line indicates
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momth. All results for the continental sercsol model.
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instrument is unigue, however, leading to slight differences in band centres and widths. These bands

arc narrower than those of AAXTSRE (Table 1.1

5.1.2 550 nm optical depth validation

Scatter plots comparing doal-view AATSR and AERONET retricvals of 7,5, arc shown in Figure 5.2;
as the majority of AEROMNET stations in the analysis are continental land stations, it is suspected that
the most appropriate acrosol class 1o use is the continental class (top-left part of the hgure). This is
also found o be the class that provides the best mateh to the AERONET data.

[n all cases, aside from the urban acrosol model and lowest-cost speciabion attempt, the correlabion
between these independent acrosol datasets is high, with best Gt lines which, within uncertainty, pass
through the origin. This is an important result as it demonstrates the consistency between satellite-
hased and ground-based measurements of acrosol. Such agreement at AERONET =ites is a picce of
evidence that the AATSE retrieval could be used to obtain reliable estimates of acrosol propertics at
locations where there is no corresponding ground-based measurement.

Several further comments can be made about the individual graphs in Figure 5.2:

# The best match (in terms of smallest intercept and gradient closest to 1 of line of best fit) was
for the continental acrosol model, sugaesting that if the true acrosol type for a scene is unknown

then use of the continental model as a first guess s the best idea for the retrieval

# The continental model comparison has some outlying points with a positive AATSR bias; one
of these is a coastal station, in which case it is possible that continental 15 not the most appropri-
ate acrosol type for this pixel. The four largest outlicrs also have a large standard deviation on
the AATSRE estimate, suggesting perhaps some residual cloud contamination in some superpix-
cls or natural acrosol inhomogencity meaning that the assumptions of [choko et al. (2002) are
not valid for these points. Alternatively it is possible that these stations are either unrepresen-
tative of the wider arca or the assumed a prior uncertainty on the MODIS surface reflectance

product is not very good For these pixels.

= Hoth the desert and maritime classes are more strongly correlated than the continental class
with AERONET data (r = [.55), but show larger biases (gradients of 1.24 and 0.91). As desert

acrosol can contain nonspherical particles, it 15 possible that phase function errors introduced
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Figure 5.2: Comparisom of spatio-lemporally averaged doal-view AATSRE and AFRONET aercen] optical
depths at 550 nm during Seplember 2004, assuming different aerosol models for the AANTSR retrieval. Top-
left: Comtinental serosol model. Top-right: Desent aerosol model. Centre-left: Maritime acrosal model.
Centre-right: Uthan serosol model. Bottom-left: Biomass burning serosol model. Bottom-right: Comparison
vsing the lewest-cose acrosol mode] for each pixel. The hlack doted line is the 1:1 line, the red solid line the
best it and red dotted lines its upper and lower limils, Slope and intercept coesfficients of the line of best il are
given above the plots, along with the correlation coefficient. Emror bars on the data are the standard deviations
of the spatio-temporally averaged measurements.
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by using Mic theory's spherical approximation lead to systematic errors in the phase function
iand hence optical depth) at scattering angles sampled by AATSE. For maritime acrosol, simi-

lar errors could arise if the relative humidity (assumed 50% in LUT generation) is incorrect.

& Por the urban acrosol model the agreement with AERONET is almost non-cxistent. This is not
unexpected—the acrosol present at most of the AERONET stations is unlikely 1o be similar
tor the urban acrosol model, which is highly absorbing (in contrast to the mostly scattering

continental, desert and martome classes).

= Attempting acrosol speciation by lowest-cost methods gives a poorer result than assuming that
the acrosol conforms to the continental model; the gradient of the line of best-fit is poor (0.66)
and there is a substantial offset (0.15). This suggests that AATSRE does not have sufficient
information to discriminate between acrosol types, and the retrieval is able to fit the measured
reflectances within observation error for a variety of acrosol models. This is not necessarily
a problem with the retrieval scheme but a limitabion of the instrument itself. Therefore, in a

comparative study it is uscful to have some idea of the type of acrosal that is being observed.

5.1.3 870 nm optical depth validation

Figure 5.3 presents analagous results to Figure 5.2 but for men; . This is not a quantity directly retrieved
in the ORAC scheme, but instead calculabed from 72, v, and the ratio between 2, at 5350 om and 8710
nm in a separate LUTT for the acrosol model chosen. Together with validation of 7., this provides a
test of the validity of the acrosol models used.

The same general comments as made for validation of 7., can be made for validation of 77,
although the level of agreement with AERONET is poorer than for 7. This is an indication that
the retricval is not always able to partition correctly the spectral dependence of the measurements
between effects of the particle size and the surface’s spectral shape. [t may also indicate errors in the
assumed optical propertics or size distnbutions. Nevertheless there is clearly some correspondence
between the two datasets.

[mprovement of retricved 77 may be aided by eventual adoption of the infrared channels into
the retricval scheme as, particularly in the case of absorbing acrosols, particle size has a large impact

on the signal in the infrarcd for large particles.
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Figure 5.3: Comparisom of spatio-lemporally averaged doal-view AATSR and AFRONET aercen] optical
depths at 870 nm during Seplember 2004, assuming different aerosol models for the AANTSR retrieval. Top-
left: Comtinental serosol model. Top-right: Desent aerosol model. Centre-left: Maritime acrosal model.
Centre-right: Uthan serosol model. Bottom-left: Biomass burning serosol model. Bottom-right: Comparison
vsing the lewest-cose acrosol mode] for each pixel. The hlack doted line is the 1:1 line, the red solid line the
best it and red dotted lines its upper and lower limils, Slope and intercept coesfficients of the line of best il are
given above the plots, along with the correlation coefficient. Emror bars on the data are the standard deviations
of the spatio-temporally averaged measurements.
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5.1.4 Improving aerosol speciation: class-based cost thresholds

MAcrosol class Maximum cost | Maximum cost
over land OVET 504
Continental clean 10.0 0.5
[Desert dust (] (]
Maritime (.5 10.0
Lirhan 0.5 (.5
| Biomass burning | 1.0 | 1.0 |

Tahle 5.2 Cost thresholds for gach clazs, as used in the serosol speciation described in the text.
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Figure 5.4 Comparison of spatio-temporally averaged dual-view AATSRE and AEROMNET aerosol optical
depths during Seplember 2004, assuming acrosol speciated by the limited lowest cost method, using the thresh-
olds in Table 5.2, Top: Comparnison at 550 nm. Botiom: Comparison ot 870 nm. The black dotted line is the

121 line, the med solid line the best e and red dotied lines is upper and lower limits. Slope and intercept
cocfhcients of the line of best it are given above the plots, along with the correlation coefficient. Error bars on
the data are the standard deviations of the spatio-temporally averaged measurements.

Section 2.7 discussed the limits of lowest-cost acrosol speciation, and showed that particularly
For low acrosol loadings multiple acrosol models may it the data well. The next simplest approach to
acrosn] speciation is to adopt different thresholds of cost for different acmosol classes when deciding
whether a retrieved value is “good” or not. This approach has been explored to allow for a slightly
more intelligent attempt at speciation. Different methods were experimented with to sce which gave
an improved match between the bwo datasets; the cocllicients in Table 5.2 were found to be suitable
thresholds o vse in this lmited lowest cost speciation.

When comparing costs to determine the best model to pick, the lowest-cost acrosol model i=
chosen, 5o long as it has a cost lower than the threshold value given in Table 5.2, With these values,

this elfectively means that the continental class is favoured over the land and maritime over the sca
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(as typical background acrosol types), unless the data strongly suggesis that one of the other classcs
provides a very good 1. The threshold for biomass acrosol is higher than that For the other atypical
acrosol classes as this acrosol type shows behaviour more distinguishable than continental, desert or
marilime acrosol and so it is less likely that it will be misidentified (sce also Figure 2.9, Although
urban acrosal is also distinct from the more scattering classes, it is thought unlikely to dominate arcas
the size of retrieval pixels. and more relaxed thresholds for it resulted in markedly pocrer comparisons
with AERONET.

This i= a conscrvative approach to speciation, meaning acrosol may be wrongly classihed as
continental or maritime. However For an acrosol event extending over several pixels it is likely that
some of the acrosal will be lagged appropriately, giving an indication of, for cxample, a dust event.
Conversely the conservative thresholds minimise the chances ol a dust event being fagged in the data
when none oocurred in reality. It should be emphasised again that this method is intended to provide
an indication of the dominant acrosol type, and any other information on likely acrosol type should
be taken into account for any usc of this data.

As Figures 5.2 and 5.3 show, the fact that similar optical depth comparisons are obtained for
cach aerosol class (aside from urban) means that the misclassification of a dust or biomass event as
continental or maritime is still likely to result in 2 reasonable optical depth, particularly at 350 nm.
The fact that different acrosol classes give similar 350 nm optical depths in turm means it is ditheuolt
to find a set of thresholds which do make a noticeable difference, as many of the changes in the
comparison are within their error bars.

MApplication ol the cost thresholds shown in Table 5.2 to the data for September 2004 leads 1o the
comparison shown in Figure 54, The resulting dataset consists mostly of continental acrosol, with
small amounts of the other classes. The correlation and RMSE of the data are both slightly improved
as comparcd to the matches with the continental class and particularly the full lowest-cost speciated
data, as is the gradient of the best-0t line at 870 nm. The gradient at 550 nm is slightly further away
from | than for the continental class, though stll matches within emor bars.

In summary, the vse of different cost thresholds for different acrosol classcs provides a shightly
improved match of the data to AEROMNET measurements as compared to lowest-cost speciation with
a uniform cost threshold. Addition of further constraints to the retrieval, in the form of more tightly-

constrained measurements or a prierd data, may help in the future to differentiate between the acrosol
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classes more strongly (as an inappropriate acrosol mode]l may be affected more strongly by these
consiraints than the most appropriate onc). [Eis surmised that a foture addition of the infrarcd mea-
surcments into the retrieval could improve speciation due to the differing behaviour of the acrosol
muodels in the infrared. Carboni et al. (2008) have found that measurements at 11 pm and 12 gm are

sensitive 1o acrosols with radii of approximately 1 ym or larger.

5.1.5 General comments on AERONET validation

All acrosol retrievals from visible/near-intrared satellite imagers suffer from similar difhculties,
which lead to imperfect comparisons with cach other and ground-based measurements such as

AERONET. These include the following:

= Radiances from cloud are gencrally stronger than radiances from acrosol, meaning undetected
residual cloud ina superpizel will lead to (generally positive) biases in retrieved acrosol optical
depth. Cloud masks and the cost function can ameliorate this problem, but there 15 4 compro-
mise between lax clowd Aagging (and lots of residoal clowd contamination) and over-zealous
cloud Hagging (which may wrongly eliminate strong acrosol events, leading to a negative bias
in optical depth). As noted by Koren et al. (2007) and others, there is a *twilight zone” between
clouds and acrosals, with modified acrosol propertics and enhanced radiance in this region.
In this case, the correlation between the AATSR-AERONET difference and the AATSE cloud
fraction was 0.33 at 350 nm and 0.43 at 870 nm, sugaesting some possible cloud contamination

(assuming unflagged cloud i= likely to occur near lagged cloud).

 Assuming cloud Nagging to be perfect. crrors may also arise due 1o adjacency effects wherehy
there is an enhancement of radiance near cloud, from scattering into the ficld of view on one
side, or a decrease, from shadowing on the other side. This is not currently accounted for by the
retricval forward model, and could also explain clevated optical depth reimeved from increased

radiance near cloads.

= As is shown by the scatter plots presented. the retrieved acrosol propertics are strongly de-
pendent upon the assumed compositon of the acrosol (refractive index, size distribution and
particle shape). Satellite measurements generally provide insufhcient information to retricve

these; speciation by methods such as lowest cost, as shown above, cannot always accurately
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pick from the best acrosol model provided. Errors in the assumed acrosal model manifest as

crrors 1n the retneved propertics.

s [hver bright land and sun-glint regions in the sca, the majonty of the TOA retleciance comes
from the surface. The acrosol contributes only a small amount, meaning that it can be diffi-
cult o attribute accurately radiance to surface or atmosphere; small emrors in the land sorface
reflectance can cause larger errors in retrieved acrosol propertics. This explains, For example,

the difficulty of performing retrievals over sand or ice as opposcd to the dark ocean.

s Dhfferent instruments do not have identical measurement wavelengths or filter shapes. The
standard AEROMNET photometer, For example, lacks a 3530 nm measurement (Table 5.1) and so

crmors are introduced by interpolating optical depth at other wavelengths to 5350 nm.

s Although the spatio-temporal averaging method of lehoko etal. (2002 is designed o minimise
the effects of representivencss cmror, it is still unrealistic to expect perfect agreement bebween

the datascts within their ermors.

Finally it should be emphasised that, althcugh as an independent data source it is uselul o validate
against ALRONET measurements, AERONET itself is not necessarily a perfect representation of the
truc state of the atmosphere. Therefore while usetul to check results are reasonable, excessive tuning
ol results to improve the match against AERONET (or any other data source) is undesirable and may
even be counterproductive. As an example, rather than 85T derived from the (AJATSR sensors being
validated against buoys, in some cases now the buoys are calibrated against the satellites (Donlon
et al., 2008). Of cqual importance to external validation should be the investigation of retricval
slabistics, as these can be diagonostic of where the retrieval algorithm is doing well and where it is

doing poorl y.

5.2 Retrieval statistics

Az well as validation of the retrieval products with independent data sources such as AERONET, it
iz an important exercise to examine the statistics of the retrieval. Unexpected patterns in the data can

ke indicative of cither a problem with the input data or the retrieval process itself. Figores 5.5, 5.6
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Figure 5.5: Histograms of retrieved aerosol propertics for September 2004, vsing the continental aerosol model.
Results presented For retrievals that converged with a cost lower than 20, The left-hand sides show the retrieved
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Figure 5.6: Histograms of retrieved surface propertics for September 2004, using the continental aercen] model.
Results presented for retrievals that converged with a cost lower than 200 The left-hand sides show the retrieved
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Figure 5.7 Histograms of retrieval qualicy statistics for September 2004, vsing the continental acrosol model.
Results presented for retrievals that converged with a cost lower than 20, The mean and median values are
inclicated above cach histogram. Top-lelt is the total retrieval cost, top-right the @ priosd component, bottom-
left the superpixel cloud fraction, and bottome-right the number of iterations for comvergence. Mote that the
clond fraction is defined as the proporion of cloudy pixels within a superpizel for only those pigels where an
percen] retrieval was performed, and hence is nol a measure of the roe cloud cover,

and 5.7 present histograms of retricval statistics For acrosol properties, surface propertics and quality
control statistics respectively for retrievals during September 2004

Results are presented for retrievals using the continental acrosol class model. The only quality
control applicd to the data is that the retrieval converged and had a cost less than 20; this removes
mosl remaining cloud contamination and pixels where there was a problem (e.g. missing channels
or missing land surface reflectance data). Similar results (omitted for brevity) are obtained using
the other acrosol models or the speciated dataset. The continental model is assumed here to allow a
direct comparison with the previous nadir-view retrieval; their different sctups would mean that the

speciated datasets would not be directly comparable.

5.2.1 Retrieved parameters

Figures 5.5 and 5.6 show the frequency distributions of retricved quantitics: aside from 7, and r,

the distributions arc smoothly varying, with no tendency for the retrieval to stick at particular values.
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The sudden dips in the 70 and r, distributions occur as at LUT point values there is a discontinuity
in the forward model gradient (as LUTTs are lincarly interpolated ) which can hamper the iteration.
As the convergence criteria depend on the steepness of the cost function, which will be steeper on
the side of the LT point with the steeper forward model gradient, this leads to a slight clustering of
retricved data on this side of the LUT value.

This introduces some small-scale biases into the retrieval, although such errors will likely be
encompasscd by the retrieval’s crror estimate for that state parameter. One method to solve this
problem would be to move to higher-order LUT interpolation, to provide a smoothly-varying forward
maodel gradient. A finer grid would also decrease the size of these artefacts (by spreading them out).
Both methods carry an increased computational everhead and are discossed later as possible Future
developments to the algorithm.

The distributions for surface albedo are multimodal becawse different surface types (such as
oocan, dense dark vegetation and bright vegetation or rock) have their own characteristic bright-

In all cases the mean walue of the error frequency distribution is significantly smaller than the
mean of the retricved value frequency distribution. Multiple peaks in the emor distributions can gen-
crally be linked to whether the pixnel is a land or sca pixel. Owver the dark sea surface, it is possible o
assign the contributions of surface and atmosphere to TOA reflectance with more certainty, resulting

in a lower error estimate on the retrieved parameter.

5.2.2 Quality control statistics

Cost

The mean retricval cost, as indicated by Figure 5.7, 15 3.27 with a measurement component of 1,83
and an a priori component of 1244, As the cost is divided by the number of channels on cutput, with
¥ measurcments and 6 constrained parameters (of which 5 are strong constraints; the optical depth
constraint s weak) an expected mean cost would be 163 (13/8) of which measurement cost would
account for 1.0 (B/8) and a prieri cost 0,63 (5/8).

The relative contributions of measurement and a priori cost are approximately as expected. sug-
oesting that the correct weight is being given to measurement and a priori by the retrieval scheme.

However, as the mean total cost is larger than expected this indicates that the Forward model is not ac-
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Figure 5.8 Left: Cumulative function of the measurcment component of retrieval cost. The r axis shows the
cost, with the i axis the proportion of pixels converging with that cost or smaller. The black line is For retrieval
data using the continental ¢lean acrosol class throughout September 2004, and the red line is a theoretical curve
for a chi-squared distribution with 8 degrees of freedom (remembering that the cost function is divided by &
on output) Kight: The same, excepl [or the g priori contribution © cost, and a chi-square distribution with 5
degrees of [reedom.

counting for all the factors affecting the TOA reflectance. Such factors may include imperfect acrosol
or surface models, improper constraints on the measurements or ¢ prior data, or the approximations
made of acrosol vertical distribution or sphericity. These histograms also show that by a cost of 10
ithe threshold adopled For AERONET comparisons) most of the converged pixels are accepted.

Cost distributions can be used to check whether the retrieval resulis are consistent with the mea-
surements and @ prier data. Residuals should follow a Gavssian distribution, meaning the retricval
costs would have a v* distribution, which is tested for with the test of the same name. For this pur-
pose it is not appropriate to consider the distribution of total cost as the retrieved state depends on the
measurements, so the measurement and @ prion components of cost are not independent.

Fallowing Rodgers (2000), separate 3 tests are required to check for consistency of the retrieval
with measurement and a prior data. The covariance matrices for these lests are nol 5 and 5,
respectively, as the it of the measurements is constrained by the a prior (and the converse for the
bt to the & priori data). Instead, for the measurements the covariance 55, of the residuals ¥ — ¥ is

required, which can be shown to be:

S5 — SUK.S.KT 1 8)'S, (5.1)

o

From Equation 5.1 it follows that S will have smaller values than 5. This is intuitively true
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as the with more state varniables ¥ — v should become smaller as the retricval 15 better able o it the
measurements. The term K, S_K” maps the ¢ prior uncertainty into measurement space; again.,
as the a priori becomes less well-defined or the weighting functions get stecper the fit of ¥ should
improve. Rodgers (2000) also suggests the approximation of using 5, for S5, noting that 1t will
provide a ‘loose” estimate of the goodness-of-hit. Calculation of S, explicitly for cach pixel carries
a large computational overhead. [t has been found that, for the majority of cases, performing the
test with 5, instead of S;; yiclds similar results (with e using Ss; about 10% higher). Therefore
By 15 approximated by 5, here.

The resulting distribution is compared o a theoretical ¥~ distribution with 8 degrees of freedom in
Figure 5.8. The distributions are similar, suggesting the retricval performs well. An overabundance of
pixcls with a lower-than-expected cost may indicate regions of overcstimates of measurement crror.
Converscly the il of the observed distribution is larger than that of the theoretical, indicating errors
where the Forward model is not adequately fitting the data. Part of this region will be due to the
acrosol model being inappropriate (and repetition with the speciated product leads to an improved
match with the theoretical distribution in this region): other reasons For the discrepancy would be
lactors not accounted for in the retrieval (such as acrosol vertical distribution or surface clevabion) or
convergence criteria that are too loose.

Despiie these differcnces the steepest parts of the obscrved and theoretical distnbutions occur for
similar values of measurement cost. For a +* distribution with & degrees of frecdom (and normalised
bv dividing y" by 8), approximately 99% of pixcls would be expected to show a v statistic of 3 ar
less. For the observations that figure is around 80 %, suggesting the retrieval is generally performing
well and consistent with the measurements.

Acsimilar matrix 5, is formed o check for consistency with the a prior. Analogously to Equation
5.1, this maps the vncertainty on the measurements into stale space and results in a matrix slightly

tighter (in the sensc of having values smaller in magnitude) than the a priori covariance matrix 8.
8.~ S.KT(K,5, K] | 8,) "K.5, (5.2)

Again the resulting matrix can be approcimated by 8, and the resulting +* distribution has
approximately 5 degrees of freedom (really slightly more than 5 but fewer than 6, as 7 is weakly

constrained over the range of the stabe limits). The approximation of 8, by 5, has again been found
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to have small impact using simulated data, and the resulting distribution is shown in Figure 5.8;
similar comments as made for measurcment cost apply.

Additional checks are defined by Rodgers (2000) to check for consistency of the measured =ignal
and e priori. and the retrieved signal and a prior. As these are similar in principle to those discussed
here, and generally speaking all checks should give the same answer if the retrieval has correctly
converged, they are omitted for hrevity.

[n summary, the retricval is in general consistent with measurements and @ priori data. This gives
confidence that it is performing correctly. Departures from theoretical distributions indicate factors

unaccounted for by the retricval forward model.

Clond fraction

The histogram of superpixel cloud fractions shows that most of the retricvals were under largely
cloud-free conditions. As these histograms show only retrievals which successfully converged, this
15 not unexpected: fully cloudy superpixels are rejected in the retrieval preprocessing, and many other

supcrpixels with a high clowd fraction may not converge it there was nearby unflagged cloud.

Mumber of iterations

The mean number of iterations for convergence is 6,42, Almost all iterations require 2 or more

steps, indicating that they move away from the a prior values, and most have converged within 15
iterations. The fact that very few pixels require more suggests that the cotofl of a maximum of 235

steps belore the pixel is abandoned is not having a significant impact on coverage.

5.2.3 Residuals

Examination of the residuals on both measurement and o prier data is an important task: it reveals
how well the forward model and retricval method are able to fit the data, and gives an indication of
any hiases in the scheme, as well as providing an indication as to whether the assumed error budget
is appropriate or not,

All the residuals discussed in this section are given as normalised residuals: the normalised resid-
ual is simply obtained by dividing the residual by its assumed error (from 5, or 5, for measurements

and a priori data respectively). The result of this is that the distributions of residuals would for a
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perfect retricval be Gauvssian with a mean of O and standard deviation of 1. Approximately 68 % of
the distribution should Fall between +£1 and over 99 % within £3.

Fesults are presented for the continental acrosol model for all pixels which converged success-
Fully with a cost smaller than 20 and state variables not lying exactly on their boundarics as specificd
b the retrieval. As such it represents a “worst case” of successtul retrievals, as this model may not
he globally applicable. Similar results, with slightly different hiases, are obtained vsing other acrosol

classes or speciated products.

Residuals on measurements
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Figure 3.9 Hislograms of residuals on measured TOA radiance for September 2004, normalised to the tolal
uncertainty (foraard model and measarement) on the value. The left-hand side shows nadir-view measuare-
mients and the right-hand side forward-view measurements. From wop to botiom the graphs show the modelled-
predicled residoal at 550 nm, 660 om, 870 nm oand 1.6 pm. Red lines indicate rero, £1 and £3, Daa for
successfully-converged land retricvals using the continental acrozol model.

Distributions of normalised residuals on measured data are presented For land pixels in Figure 5.9

and seca pixels in Figure 5,10, Positive values indicate the forward model predicting a larger TOA



144 CHAPTER 5. RESULTS AND VALIDATION OF THE NEW ALGORITHM

BAD nmn , nodiF, aps piseks R0 Aim, Formord, aee pizel
- . - 410 — B —— 3
= |
= il Ir,I el = e :
u I © . i 1 |
,; PRl g | i rER(=g I' ." I
Fu it __.l"-. :I P T8 T I l'\\ :
b v i of | e |1
¢ z 1 2 4 f 3 o 7 !
e vy gl g e By vyl e i R
BEL nm, nodr, seo pikeks B0 nmry, forword, sea plxels
1ot 3 gataf E
2 n, i ]
& gomiot L i Eﬁ""" |l
"1 ]
L] '_.-'_"."E l | dain! [
E - | - 1
R ! g | ] I
8 owioth A 1 s |
e - at .-._- i = Al L II‘_
soic?| - . ! . A\
| i S NS a | I
i 7 1] rd L] 5 r | n 2 '}
hormaiead ranicd o Wee ol imad o o
B0 1T T 1w b AT are, Formaed, a0 pizek
‘_._.\,.r — T —T— e AT —
E——y il 1 L BE1dt s
o) | £
| ¥ ownn
{; _— [ Y | g Amief r-"' !
g ') AR | §amr [
Y A '\ - ! IIH_
1 e - | n — . |
L] —— -l — 4 - 5 ——
¢ 3 o 2 4 f 2 i ) 4
g rraa il il it o Wi sl i il
1800 rem, nodi, seo pixels TEED nmy, lorword, meo pivels
Al K| e ¥ _|
|| b | 1 (]
e Jwter | [l { g /i
- o | E i [l
L F i) ! | 1 L
T | J-__,J" \ - L Py
Loy | | [~ i
I .. % | .1t )%
¥ — ]
] T Bl N . S B | a — | "H"— —
L} E 1] F 4 1 n = 4
Mo iz Enad ranic o Wee il imad o ool

Figure 5.10: Histograms of residoals on measured TOA radiance for Seprember 2004, normalised to the total
uncertainty (forwand model and messurement) on the value. The left-hand side shoeas nadic-viess measune-
ments and the right-hand side foreand-view megsurements. From top to bottom the graphs show the miodelled-
precicled residual ar 550 nm. 660 nm, 870 nm and 1.6 pm. Red lines indicate zero, £1 and £3. Dala for
successfully-comverged =ea retrievals using the continental acrosal model.

raciance than obscrved, and vice-versa. Ower land, distributions are gencrally monomaodal; slight
biascs in the mean are found for different wavelengths and views: these may be partially explained
by the acrosol model not being able to it the data perfectly or errors associated with an improper land
surface retlectance. This may be associated with the humps in some of the distribotions: these tend
to arise from data clustered in particular regions of the world, mther than being uniformly spread,
which supports this hypothesis of regional issues. There is some hint that the assumed emors at 350

nm and 660 nm are slightly loose, as the distribution of residuals is narrower than expected.

Residuals for sea pixels as shown in Figure 5.9 also show evidence of gencerally being narrower
distributions than expected, again suggesting the errors in 5 could be slightly tightened. Multiple
peaks in some distributions arise due to the differing behaviour of the water in shallow water (such

as coastal regions) and open ocean: the surface retflectance model is designed For open water, so may
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nol provide an accurate BRDE in turbid shallow waters.

In summary, these distributions suggest that the retrieval scheme is generally able to Ot the mea-
surcments well. There are hints that the assumed error budget may be too lax in some cases; smaller
values of 3 should lead to smaller error estimates on retrieved quantities, and may aid the lowest-cost
speciation method as fitting errors from an improper acrosol model would be amplibed. Distributions
are generally monomodal. Departures from a Gavssian shape can be explained by a combination of

an improper acrosol model being used, and errors in the surface reflectance.
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Figure 5.11: Histograms of residuals on @ prord data for Seplember 2004, normalised to the a prior uncer-
Lainty on the valoe. The top row shows retrieved-a prior m--, Cleft) and » (red). The middle row shows
retricved-a pricd Hzpw soo deft) and Ssow seo (rightl. The botlom row shows retrieved-a prior Bspw sm
Clefty and Fgppe gsen (ightl., Ked lines indicate wero, £1 and £3. Data for successfully-comerged  Tand re-
tricvals vsing the comtinental aerosol medel.

The a priori data vsed by the algorithm acts as a constraint to stop the retrieval of unphysical

values. As such, looking at the a priori residuals is important, as a retrieval overconstrained by
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Figure 5.12: Histograms of residuals on @ prios’ data for September 2004, nommalised to the a priced uncer-
tainty on the value, The wop row shows retneved-a prior 750 el and =, (red). The middle row shows
retrieved-a priori Rgpapye con (left) and Heppe g (right). The bottom row shows retrieved-a priord g g
(left) and Rsow soo (ight). Red lines indicate zero, £1 and £3. Data for successfully-converged sea re-
tricvals using the continental aerosal model.

a prier data will not give sufficient weight to the measurements. Figures 5,11 and 512 present the
distributions of normalised residuals ona prior values For land and sea pixels respectively: a positive

value indicates the retricved state being higher than the @ prior, and vice-versa.

Chver both land and see the histograms for 7y, are significantly thinner than normalised Gaus-
sians; this is because, as the acrosol optical depth i the primary product of intercst, the a prior
constraint on it 15 intentonally weak so it will be fully described by the observations. Hence the a
priori uncertainty on this parameter s large and its resultant residvals (and contribution o cost) arc
small. Structure in these distributions arises from the slight preference of the retricval for state values
lying on LUTT points, as mentioned previously. Sharp cutoffs at the edge represent the state limits

imposed on the retrieval (001 < 7pn <50

Similar structure is observed for effective radius residual histograms, although as the effective
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radius is more tightly constrained for the various acrosol classcs the distribution is wider.

For the retrieved surface albedo, the distributions look quite different for land and sea pixels:

» (hver land., although the distributions have appropriate widths, there is a persistent bias wherchy
the retrieved surface albedo is generally lower than the @ prien at all wavelengths, This could
indicate the MODIS product systematically undercorrecting for acrosol, a problem with the
BREDF model or a problem with the acrosal models vsed in this scheme. This hias is also
scen in histograms for other acrosol classes, and may result in the AATSR retrieval returning a

higher acrosol optical depth than others to compensate.

o [hver sca, distributions also generally have appropriate widths. This indicates that the real
sca shows variahility similar to that predicted by the model (as this was the method vsed o
estimate appropriate uncertaintics). The distributions have their peaks close to zero, although
there is a small positive bios at all wavelengths, This may stem From a factor such as an
underestimate of the reflectance of oceanic whitccaps (which, as mentioned in Section 3.2.3, is
highly uncertain). Foam is a likely canse as it occurs globally and is dependent only on wind
specd; the monomodality of residual distributions suggesis a persistent factor. Alternatively
the choice of acrosol model could be o blame; the bias s reduced (but not climinated) if the
maritime class is used instead of the continental. Together these results give confidence that

the sca surface model developed in this work 15 appropriate For usce.

These hgures show that the @ priow constraints are generally appropriate, as the distributions are
close to Gawssian. The exception is m-,. which is thinner becavse it is comparatively unconstrained
within the state limits. The sea surface model provides a priori data in good agreement with the
retricved state, with the resulting distributions of residuals close to theoretical shape. The land surface

albedo retrieved is generally lower than the a priori. although the reasons For this are unclear.

5.2.4 Averaging kernels

The averaging kernel matrix, A, provides information on how much of the retrieved state comes

from the measurements and how much from the @ prer value (Rodgers, 20000, It is dernved from



145 CHAPTER 5. RESULTS AND VALIDATION OF THE NEW ALGORITHM

the inversion operator D, (sce Equation 2.32):

(3.3)

Fach row and column of A corresponds to an clement of x, with clements indicating how much
a change in the troe state leads to a change in the retricved state. Hence the diagonal terms represent
the sensitivity of the retricval to the troe state, such that in the perfect case the trace of the matrix will
cqual the number of clements in the state vector (e the state is fully described by the measurements
and the @ priew information is not necessary ). Off-diagonal clements, then, indicate how scensitive
the retricved state is to changes in the ether true stabe vanables; in the ideal case, the off-diagonal
clements will be zero and the stabe vector clements will be independent of cach other. From the
definitions of I, and K it follows that in the ideal casc the averaging kernel A will be the identity
matrix L.

Due to the limits of the information provided by the satellite measurements, the acrosol retricval
averaging kernels are non-diagonal and generally have a trace significantly lower than 6 (the number
of state vector clements). Three general cases of pixels with differing averaging kernels can be

described:

|. Seapixels. In such cases the trace of the averaging kernel is typically 5 or higher. Off-diagomnal
clements are small. The element corresponding 1o optical depth is typically close to 1, with the
others being lower (as the effective mdius and surface are more constrained by their a priori

information ).

=]

. Mormal land pixels (forest, Geld). Owver most land pixels the averaging kernel’s trace is between
4 and 5. Effective radius and surface albedo kernel elements are again lower than those For
optical depth. There are typically off-diagonal elements between elements relating to effective
radius and surface albedo, as these both strongly influence the spectral dependence of the

measurcd TOA refllectance.

3. Bright land pixels (desert, snow). In these cases the trace of the averaging kernel is often lower
than 4. All elements relating to state vectors are noticeably less than 1, particolarly effective

raclius, and the off-diagonal elements between effective madius and surface albedo are large.
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These values are as cxpected, and indicate that the most well-retrieved parameter 15 725 (115 av-
craging kermel diagonal clement is generally closest to 1), Ower the occan particle size and surface
alhedo may be retricved, but over brighter surfaces the a prion becomes more important. This in-
dicates the importance of thorough investigation into @ prieri crrors, as they have a non-negligible
influence on the Onal solution.

Improved constraints on land surface albedo should result in off-diagonal elements of A hetween
elfective radius and surface albedo becoming smaller. This may also lead o an increase of the
averaging kernel clement describing effective mdius over land, but it is likely that this will still
contain a signilicant amount of information from the a prior. Off-diagonal clements between surface
albedo at different wavelengths will likely remain significant becanse of the strong constraints on the
surface albedo, particularly cver land (sce Chapter 4, but this is not a problem as the primary data

procucts of interest are the acrosol information.

5.3 Improvement on validation of previous nadir-view retrieval
Fricr to this work the AATSRE ORAC retrieval algorithm was simpler, as follows:
# [t uscd only the nadir-view channels (as opposced to both views).

» The surface reflectance was assumed Lambertian, with the sea albedo approximated by the

alint contribution to the BRDF and the land albedo using the unadjusted MODIS albedo.

o Az aresult of only using the nadir-view measurements and having consequently less informa-
tion, the spectral shape of the surface was fixed by the a priori spectral shape, and only the 550
nm albedo (rather than all 4) was retrieved. The o priori surface error was sct to (.01 for hoth

sca and land pixels: a likely overcstimation of the former, and underestimation of the latter.

5 was simplificd and not optimal for acrosol retricval (lat measurement error, no considera-

tion of numercal precision, simplificd model parameter error).

To illustrate the improvement in the acrosol retrieval arising from improvements in the acrosol

algorithm, the month of September 2004 was additionally processed using the old nadir-view scheme.
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Figure 5.13: Comparison of spatiodemporally averaped nadir-view AATSR and AERONET sercenl optical
depths at 550 nm during September 2004, assuming different aerosol models for the AATSR retrieval. Top-
left: Continental aerosol model. Top-right: Desert aerosol model.  Centre-left: Marnitime geroso] model.
Centre-right: Urban asrosol model. Bottom-left: Biomass buming asrosol model. Bottom-right: Comparison
using the lowest-cost aerosol model for each pixel. The black dotted line is the 121 line, the red solid line the
best fit and red dotted lines its upper and lower limits. Slope and intercepl coefficients of the line of best G are
given above the plots, along with the comelation coefhicient. Error bars on the data are the standard deviations
of the spatio-temporally averaged measurements.
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Figure 514 Comparison of spatio-temporally averaged nadir-view AATSR and AERONET aerosol optical
depths at 870 nm during Seplember 2004, assuming different aerosol models for the AANTSR retrieval. Top-
left: Comtinental serosol model. Top-right: Desent aerosol model. Centre-left: Maritime acrosal model.
Centre-right: Uthan serosol model. Bottom-left: Biomass burning serosol model. Bottom-right: Comparison
vsing the lewest-cost aercen] model for each pixel. The hlack dotted line is the 1:1 line, the red =olid line the
best it and red dotted lines its upper and lower limils, Slope and intercept coesfficients of the line of best il are
given above the plots, along with the correlation coefficient. Emror bars on the data are the standard deviations
of the spatio-temporally averaged measurements.
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5.3.1 AERONET validation

AERONET validation of this previous nadir-view retrieval is shown for 72, in Figure 5,13 and for
Tymo 10 Figure 5,14, In comparison with Figures 5.2 and 5.3, these results show that particularly in
the case of - there 15 a great improvement in the level of agreement with AERONET in terms of
the correlation between the two datasets and the gradient and intercept of the line of best Gt between
them. This clearly demonstrates the advantages that the dual-view technique of AATSR allows over
other scnsors, and represents a large step forward in the ability to quantify accumately the distnbution

of atmospheric acrosol from space with AATSE.

5.3.2 Retrieval Statistics
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0747 £0.178
0.053 £0.004
0066 £0.003
0,122 £0.004

0260 £0.257
0083 £0.006

0569 £0.115
0.014 £0.002
0007 £0.001
0006 £0.001

Retricval Mean, Mean, Median, Median,
quantity dual-view nadir-vicw dual-view nadir-vicw
The0 0287 £0.037 | 0244 £0.156 | 0189 £0.01 | 0116 £0.142
Tuto U192 £0.027 | 00137 £0.090 | 00125 £0.009 | 0.059 £0.078

0.237 £0.270
0.052 £0.007

Fspw 1600 0,117 £0.003 - 0.006 £0.001 -

Retrieval cost 3.27 1.36 20 074
Retricval a priori cost 1.44 (.48 (.65 .20
Superpixel cloud fraction .42 1447 (.38 .31
Mumber of iberab ons .42 515 .00 300

Table 5.3: Comparative retrieval statistics for the dual-view algorithm presented here and previous nadir-view
ORAC algorithm. Results presented for the month of September 2004 and the continental acrosol model, The
uncertainties quoted are the mean or median retrieval uncertainty on each retrieved quantity over the month, as
oppessd Lo the slandard error on the monthly neean voloe, to provide an indication of retrieval precision. Mote
that the cloud Fraction is defined s the proportion of cloudy pixels within a superpixel for only those pixels
where an acrosol metrieval was performed, and hence is not a measure of the tue cload cover.

A summary of the mean and median retrieval statistics from Figures 5.5, 5.6 and 5.7 for the dual-
view retrieval are shown together with the cquivalent values for the nadir-view retricval in Table 5.3
Again results are presented for the month of September 2004 and the continental acrosol class; in the
interest of brevity, the distributions themselves are not shown (although are discussed below).

These results show that the nadir-view retricval estimates, on average, smaller values of =, (and

hence 7575 ) than the dual-view retrieval for this acrosol class. The fact that the distributions of optical
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depth change when the forward view measurements are added into the retrieval is important, as it
tells us that the forward-view channels, sampling a different part of the atmospheric phase function
than the nadir-view channels, are providing new information. Section 5.1 shows that the dual-view
retricval provides a betier match to ground-based acrosol optical depths; clearly, the use of the dual-
view technique is an advantage to the retrieval scheme. The nadir-view retrieval also shows larger
errors on retrieved optical depth than the dual-view (which is to be expected. given fewer channcls
arc uscd) and suffers from the same issue of perindical *sticking” at values close to LUT points.

The nadir-view effective madius generally remains close to the a prier value, with its crror esti-
mate taking a similar value. This shows that by itself use of the nadir viewing geometry docs not
provide cnough information to adequately retrieve v The distribution of crrors 15 himodal, with
smaller errors over the sca and errors of 100% or larger over land. The dual-view results in a signif-
icant improvement in the retrieved effective mdius: it moves away from the a prierd value, and the
crror estimates are smaller.

Surface albedo at 550 nm is retrieved with a similar distribution of values and errors for hoth
the nadir-view and dual-view algorithms. This may be cxplained because, having a strong effect
on the TOA reflectance, it is a simple quality For the retriceval to it and so the addition of further
measurements o the retrieval then resulls in improved characterization of aerosol properties. The
error arising in the nadir view retrieval from not having enough measurements to retrieve surface
albedo at all 4 wavelengths simultancously may explain the poor comparison of retrieved nadir-view

optical depth to AERONET, shown in Figures 5,13 and 5,14

Both total and @ prior cost ke lower values on average for the nadice-view retrieval than the
dual-view retricval. This is again expected behaviour: as discussed in Section 5.2 the expected mean
cost for a dual-view retrieval is 163, while for the nadir-view retricval with 4 measurements and 2
constrained state varables (again, 7 is not tightly constrained) leads to an expected cost of 1.50
(/4. The distribution of retricval costs is similar, with the nadir-view retricval converging on average
slightly faster. This may be related to the cost convergence criteria: with fewer measurements o fit,
the cost function gradient is likely shallower for the nadir-view retrieval than the dual-view, meaning
the point to stop iterating can be reached sooner.

Finally, the mean cloud fraction shows a slightly higher value for the dual-view retricval than the

nadir-view, which can be explained as the dual-view retrieval checks for cloud in both views and so
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is= more likely to flag a pixel as cloudy. Although it decreases the potential covernge of the retricval,
it also acts as a sccondary check to avoid cloud-contamination.

[n Table 5.3 medians, as well as means, are presented. In most cases for both dual-view and nadic-
view retrievals the distributions are skewed with the median value smaller than the mean. In the case
of acrosol optical depth, this may be an indication that stronger acrosol events are comparatively
uncommon (.. the background acrosol optical depth is low). For all state parameters this may also
be becanse sca pixels outnumber the land, and so a median value is likely to correspond to a sea state
thenee low median surface albedos in particular). For quality control statistics such as cost this is
an indication that the majority of retricvals perform better than the mean would suggest, and a few

outlicrs where the forward model fits poorly inflate the statistic.

5.4 Monthly mean data and comparison with MISR

5.4.1 Methodology of MISR comparison
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Figure 5,15 MISK (black) and AXTSE (red) normalised visible channel response functions, for spectral re-
gioms when: both instruments measure,

AERONET provides a long time-serics of acrosol measurements at distinet locations; a major
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advantage of satellites is their greater global coverage, so as an additional validation exercise the
AATSR 735 has been comparcd with MISRK data. MISR was chosen as, like AATSE, 115 a muli-
angle sensor on a sun-synchronous polar orbit and sois able to provide global acrosol data over both
land and sca. Monthly mean acrosol optical depth is compared rather than daily optical depth: the
satcllites orbit at different times, so there is no instantancous overlap, and the overlap of daily orbital
swaths 15 poor.

Figure 5.15 compares the spectral responses of MISR and AATSE for spectral regions where hoth
instruments measure. There is a good correspondence at 550 nm and 870 nm but measurcments at
60 nm are less dircctly comparable. MISKE has an additicnal band near 440 nm but lacks the AATSRE
1.6 pm and longer-wavelength channels.

The MISE dataset is on a 1 =1 grid. Therefore the AATSR orbits must be processed to provide

an equivalent dataset, as follows:

1. All AATSR orbits are processed on an approximately 10 km< 10 km sinusoidal grid, and the

limited lowest cost speciation method deseribed in Section 5.1 .4 applicd.

ra

Additiomal quality control constraints (clowd fraction less than 0.5, number of iterations greater
than | and state variahles not lying on state limits) are applicd to the retrieved == to filter which

pixels o consider in the comparison.

3 The globe is divided into 17 %17 hins, matching the MISRK data. Forcach bin, all pixels through-
out the month lyving within are averaged to provide a mean 7=, for that grid cell. The standard
deviation, number of good pixels, and proportion of pixcls corresponding to cach acrosol class

are also noted.

5.4.2 Intercomparison of optical depth

The resulting monthly mean maps of mro for MISR and AATSR are plotted (for points where both
instruments have data) in Figure 5,16, Visual inspection reveals similar features in both maps, such
as elevated optical depth in hiomass burning (South America and west-central Adrica), desert dust
(China, Sahara desert and Atlantic Ocean off the coast of Africa) and industrial (south-cast Asia)

regions. In contrast acrosol optical depths over open occan are gencrally low.
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Figure 5 16: Monthly mean acrosol optical depth at 5350 nm from MISKE (left) and AXTSR (ighti ona 1% ]
grid. Data for the month of September 2004,
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Figure 517 Left: Difference (AAXTSE-MISK) in monthly mean 75z, Missing data are indicated with a grey
[l value., Kight: Standard deviation of AATSE optical depth. Data for the month of September 2004, on a
1" =17 gric.

Figurne 5.17 shows the difference (AATSR-MISE) in monthly mean optical depth reported from
the two satellites; over sea there are regions of high and low bias as compared o MISRK, while
over land AATSR gencrally has a high bias. There are several plavsible reasons for the differences

between the optical depth from the bwo sensors:

o AATSR generally retrieves lower-than-a prior surface albedo over land (Figure 5117 with
a duller surface. the AATSR retrieval may be compensating with an increased acrosol optical
depth. It the MODIS BRDFE product is cornect, this would explain the discrepancy. The MISE

data does not make use of the MODIS BREDFE product.

# MISE lacks infrarcd channels and soits capabilities to detect cloud are poorer than those of

AATSE. Hence a conservative cloud mask is applicd to the data, which may lead to the removal
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Figure 5.18: Spociation of acrosol retrieved by AATSR for the month of September 2004, The top row shows
the proportion of retrieved pixels with each 17 =17 grid hox assigned the continental serceol class (left) and
the desert acrosol class (right). The middle row shows the proportion of maritime (left) and urban (right). The
hottom-left plot shows the proportion of pixels classified as biomass buming aerosol, and the bottom-right plot
the number of good data points going into each grid box. For the speciation maps, missing data are indicated
with o grey fill value.
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of stronger acrosol cvents and a resulting low bias in the MISK acrosol ficld.

# The satellites’ swaths are not coincident: MISE overpasses at 10:30 rather than 10:00 and
has a 360 km swath. Additionally, the daily orital paths do not tack cach other. Hence
atmospheric conditions may differ when the satellites view a particular picce of the globe;
Figure 5.17 shows o high standard deviation in AATSE 7o in many regions where the AATSR-
MISE difference is large. This is likely over, for example, Saharan dust regions where acrosol
travels a long distance over a few days. The problem could be ameliorated by averaging over
a longer imescale, which has not yet been done duc to data access 1ssues and computational

bime regquired.

s Assumed acrosol models for AATSE (shown in Figure 5.18) ar MISRE could be inappropriate.

resulting in incorrect Ty

# The sampling of one or both of the satellites could be insufficient to provide a representative
view of the acrosol within cach grid box. Figure 518 also shows the number of AATSE
data points within cach box; this is highly variable, from approximately 600 over the Sahara,
Awustralia and southern Africa (where skics are typically clear) to under 100 for much of the
ocean (which is often cloudy ). As AATSR has an orbital repeat cyele of 3 days, for some parts
of the globe the monthly mean consists of data from a single orbit. This problem could also be

reduced by averaging owver a longer timescale.

Despite these difficultics, the correlabion cocllicient over land is 046 and sca 0,50, which arc
statistical ly significant. The fact that AATSRE compares much more favourably to AERONET, which
15 an instantancous comparison, than it does to the monthly-averaged MISRK data, suggzests that sam-
pling issucs can explain a large part of the discrepancy between the two datasets. The speciation of
the AATSE data as shown in Figure 518, further discussed in Section 5.5, provides some confidence
in the method used.

[t should be cmphasised again that perfect agreement between the bwvo datasets 1= not to be ex-
pected so the differences are not necessarily indicative of problems with the retricval. The instruments
miake dilferent measurements in dilferent locations at different times, and vse different retrieval al-
aorithms to obtain the optical depth. The correlations are significant, and both instruments report

similar trends of 7 over different regions of the globe.
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5.5 Examination of other monthly mean AATSR data products

The monthly-mean datasets gencrated For the MISE comparison provide interesting information in
themsclves; although only 7q; 15 compared with MISR, as the retricval is performed simultancously
[or all parameters 1115 uselul to examine them boo,

Plots show only those regions of the globe whene MISK optical depths are available over the
month; as gaps arc gencrally due to persistent cloud cover, there is little increase in coverage by

adding in those grid cells where no MISRK data arc available but AATSR data arc.

5.5.1 Speciation of data

Figure 5,18 shows the result of the speciation method described in Section 5.1.4 applicd to the month
of data (on an individual-pixel scale). The arising distributions of the various acrosol models arc
gencrally plavsible, lending some confidence to this method.

Continental acrosol is predominant over land; continental dagged over the occan may be aged
biomass or desert acrosol (which, when mixed with the maritime acrosol, becomes more scattering).
[t is also likely that some is incormectly flagzed, due o incormect optical propertics for mar time
acrosol meaning the model used is a poor fit at some geometrics.

Desert dust is sometimes picked over the Sahara, though not over several other source regions.
Additionally. it is absent in the plume off north-western Adrica. These results show that the lim-
ited lowest cost speciation employed is likely oo conservative—although the Fact that some dust is
flagged suggests that dust is present.

The maritime acrosol class is picked for mest ocean pixels, and is generally not chosen over land.
This i= partially a result of the speciation method, but is also not surprising as the ocean is relatively
homogencons so the model would be expected 1o it well globally.

Urhan acrosol is rarely chosen and does not dominate anywhere, There is some indication that
it i= more prevalent over certain urban regions, such as parts of North America and southern Asia,
although as it is also sometimes picked over open occan or desert these may be artefacts.

Finally, biomass burning acrosol is Found in the expected source regions of South America and
southern Africa. Apparant biomass burning over the Sahara is likely an artefact of the speciation

method; some also appears over southern Asia, which is plausible. Biomass acrosol present over
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the sca is likely in some arcas (off the coast of south-west Adfrica) but may be an artefact in others.
The fact that hiomass acrosol over the sca is often found in regions where continental acresol is also
picked may indicate ageing of the biomass acrosol; it may also indicate problems with the maritime

phase function at certain scattering angles.

5.5.2 Effective radius
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Figure 5. 1% Left: Monthly mean aerceol effective radivs (microns) derived from AATSR data. Kight: Stan-
dard deviation of effective radivs, Data for the month of September 2004, onoa 17 =017 grid.

Particularly over land, the retrieved effective mdius contains a strong constraint from the a prieri
data, and so the quality of the retrieved effective radius beld is dependent upon the quality of the
acrosn] speciation. The monthly mean effective radius For cach grid cell and its standard deviation
arc shown in Figure 5,19

There is a visible plume of acrosol with a large effective radivs off the west coast ol the Saham
desert, which corresponds to desert dust acrosol being blown over the occan. Figure 5,18 docs not
Hag dust over the ocecan, but the fact that dust-like particle sizes are being retrieved shows that, over
the sca, information about the particle size can be retricved despite possibly the wrong acrosol model
being chosen. The lower effective radius over the Sahara itself shows that, for bright surfaces, most
ol the retrieved state comes from the @ prior and so correct speciation is important.

Another identifiable feature 15 small particle sizes off the coast of south-west Adrica, which cor-
responds to biomass burning particles blowing off the coast. This is coincident with the speciation
picking cut hiomass burning acrosal. Other Ffeatures in the cffective radios field are difficult to in-

terpret, although as 77 (calculated from 75 and r) shows reasonable agreement with AEROMNET
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owver land there is some confidence in retrieval results.

High standard deviations associated with larger effective radii may indicate heterogencity within
cach grid cell, but may also arise from poor speciation (iF several classes with differing a prior
cllective radii are fagged within cach cell). Evidence would point towards heterogencity within the

regions, as they are often scen in Figure 5,18 to consist largely of just one acrosol type.

5.5.3 Surface albedo

The retrieved surface albedo, shown in Figure 5.20, looks much as wounld be expected. The sea
surface is comparatively dark and the land brightness gencrally increases with wavelength.

The sea surface has a low standard deviation, suggesting spatial and temporal homogeneity. The
land surface shows more variability, which is evidence of both spatial and temporal inhomogeneity.
This i= particularly pronounced at 870 nm, which is strongly affected by the presence of vegetation.
These large standard deviations indicate why a dataset such as the MODIS BRDE used in this re-
tricval is used instead of assumed regional values: the land surface is too variable to adopt a simpler
approach.

Retrieved land surface albedo has not been validated in this work. Simultancous retrieval of all
slate parameters means that, to a certain extent, a good validation of acrosol propertics means that
the surface albedos described must be reasonable for the retrieval to arrive at that solution. The Fact
that similar models to that developed in Chapter 3 are widely used in the literature and retricved and
a priori data match as expected given uncertaintics (Figure 5.12) adds further confidence. Validation
ol the land surface albedo against MODIS albedo is unsuitable as the latier is the retrieval a pricr,
but Figure 5.11 similarly indicates reasonable agreement between a prior and retricved siates.

It should be emphasised, however, that these comments do nol constitute a validabion of the
retricved surface albedo; mather., they suggest that the values are physically reasonable. No extensive
validation was carricd out due 1o time constraints and the dificulty of finding an appropriate datasct
to validate against. Hence any use of this AATSR-derived surface albedo should ke carcful note of

the quality control statistics as an indicator for where the data should be most reliable.
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Figure 5.200 Monthly mean surface white-sky albedo derived from AATSRE data ona 17«1 grid. Data for
the month of September 2004, The left-hand plots show the albedo and the right-hand the standard deviation
within each grid cell. From top to boltom, data for 350 nm, 6860 om, 870 nm and 1.6 gpm.
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5.6 Summary of validation exercises

The validation exercises carried out have shown that the algorithm is able to retrieve acrosol proper-
tics well. Validation against independent AERONET data reveals a good match of the instantaneous
observed 7ea0r agreement for merg is poorer. This suggesis some scope Tor further refinement of
acrosol models and speciation. Lowest-cost speciation cannot accurately pick the most appropriate
acrosol type in all cases but applying different quality control thresholds For the lowest-cost specia-
tion improves matters. The dual-view rnesults show a significantly better match to AERONET data
than the previous nadir-view retrieval results.

An intercomparison with MISK 750 reveals similar features in both datascets, although the agree-
ment is poorer, duc in part 1o the low sampling over a month.

Together validation of 745, and 747y describe the performance of the retrieved acrosol data prod-
ucts { 7o, T and the acrosol models used ). Surface albedo has not yet been validated. This is due both
to time constraints and the difficulty of finding an appropriate datset to validate against. However, it
provides physically reasonable belds and so should be suitable For analysis, if proper consideration is
given to the retricval guality contmol. Additionally, as the surface reflectance provides a large contri-
bution to the measured signal over land the good validation of acrosol products suggests the surface
charactenistics are likely to be well-retricved.

Examination of the statistics of the retrieval indicate that it performs adequately. Evidence sug-
gosts that the constraints on measurments and ¢ prion data are appropriate; retricval costs are higher
than predicted, which indicates that the Forward model does not madel all aspects of atmospheric and
surface variahility. This is 1o be expected as certain parameters, such as acrosol optical propertics
and vertical distribution, are Oxed in the retricval.

Again, the dual-view retrieval provides generally smaller estimated uncertaintics on retricved
state variables. This is due to 4 combination of the fact that 8 instead of 4 measurements are used.,
and the improved crror analysis going into 5 and 5,

Several arcas in which further improvement is possible are, however, raised by this exercise:

» The retricval shows a prefercnce for man and re slightly to one particular side of cach LUT

point. This introduces a small bias into results, and ariscs due to discontinoities in the gradient
ol the (lincarly-interpolated) Forward model at LUT points, meaning weighting functions are

steeper on one side of the LUT point. This could be fixed by higher-order LUT interpolation,
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providing a continuous forward model gradient.

Surface albedo retrieved over land 15 generally lower than the @ prion value from MODIS data.
It 15 not certain whether this is due to an underestimate in the MODIS data, some factor due to
the dilferent instruments” measurcments or overpasses, or an issue with the AXTSE retrieval
algorithm. Mew versions of MODIS data, and rescarch into the temporal vanability of surface

reflectance, may shed light on this matter.

Cost-based speciation cannot distinguish between acrosol types for low acrosol loading unless
tuned. Addition of infrared channels o the retrieval, while a complicated problem in isell
due to the additional Forward model required, will inerease the contrast between the different
acrosol classes and improve the speciation. However in the case of small particles or low

acrosnl [oadings, the improvement will be slight.

The retricved effective radivs over land shows low averaging kernel values indicating a signif-
icant contribution from the @ prion. Effective radius retrieval (and hence 77 caleanlation) will
be improved by addition of infrared channels for high acrosol loadings or large particles, duc
to their impact on infrared radiance. Again the impact of this improvement will be small For

small particles or low acrosol loadings.

Consideration of nonspherical scattering is likely to improwve the acrosol phase functions used.

particularly for the desert dust class.



Chapter 6

Applications of retrieval output data

[n this chapter varous applications of the retrieval’s cutput data products are explored. Firstly, the
ahility of the retrieved surface albedo o provide atmospherically-corrected false-colour images of
the Earth’s surface is described. Sccondly, the long lifetime of the AATSR mission is put o usc
to investigate differences in acrosol and surface propertics on a global scale between August 2002
and August 2007, Thirdly, a region of South America focussing on the Amazon is examined for the
whole of this period, and retrieval results interpreted in the context of the arca.

The studics presented in this chapter are not intended to be exhavstive. They are applications of
an exploratory nature and show the diverse uses to which the data products gencrated by the retricval

scheme may be put.

6.1 False-colour images of the Earth’s surface

The retrieved surface albedo datasets provide information on what the surface of the Earth would
look like if the atmosphere was not ‘in the way’. The albedo may be processed to provide a false-
colour image of the Earth, for a visualisabion of the different types of surface cover in the world.
This requires the selection of different wavelengths for each of the red, green and blue colours. In
this regard AATSR i= at a disadvantage when compared to sensors like MODIS and MERIS, as with
only four wavelengths in the visible/near-infrarcd region, and particularly no measurement at blue
wavelengths (around 440 nm), the colours of the resulting false-colour image will be distorted.

In this analysis, the 670 nm channel is taken as the ‘red” measurement, 870 nm as “green’ and

550 nm as ‘hluc’. The choice of red channel 1= appropriate as it lies in the red region of the spectrum.

L5
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False-colour image of the Earth derived from AATSRE
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Figure 6.1: False-colour image of the Earh's surface, obtained from AATSKE visible-channel surface albedo
for Seplember 2004

False-colour image of the British Isles region derived from AATSR
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Figure 65.2: False-colour image of the region around the British Isles, obtained from AATSRE visible-channel
surface albedo for Seplember 2004
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Although the 550 nm channel is in the green region of the spectrum, it is chosen instead for the blue
ROGEB intcnsity as it is the closest of channels to blue wavelengths. 870 nm is an appropriate proxy
for the green intensity as vegetation is hright at 870 nm as well as green wavelengths, The surface
alhedos at the three wavelengths are then normalised and scaled by the number of levels in the RGE
colour-table of the plotting software (B-bit for [DL 7.0 file output) to produce the false-colour image.

This method has been applied to the surface albedo dataset obtained for September 2004, as
described in Chapter 5. Small gaps in the data have been filled by nearcst-neighbour sampling (scp-
arately for land and water pixels), and the resulting hields smoothed with a low-pass filter (with the
final value of albedo at cach point being composed of 47 of the pixel’s albedo and 3/7 the average of
its surrounding pixels). Additionally, the brightness of the sca surface has been enhanced 15-fold o
allow vanations in occan colour to be scen by eye. The resulting global map of the surface 15 shown
in Figure 6.1, with Figure 6.2 showing the region around the British lsles in more detail.

The fact that the resulting map intuitively resembles the surface of the world, without major
distortions due 1o acrosol or cloud contamination in the surface reflectance, lends confidence to the
retricval results. Different types of land cover are all distinet within the image. Over the ocean the
variations in water colour due to differing plankton populations and the presence of turhid matter are
also visible.

Closer examination of coastal waters in Figure 6.2 shows strong signatures of differing water
colour (in the Irish Sca, Severn Estuary, English Channel and the region north and east of the Thames
cstuary in particular) as comparced to non-coastal regions of the North Sca. As the blue component
ol the RGB value used in the false-colour image comes from AATSR s 550 nm channel, in reality
these very blue waters would appear very green, and this is consistent with turhid, shallow waters
faround the coasts) and dirty waters from busy shipping lanes (c.g. the Irish Sca). Although AATSRE
is not a dedicated ocean-colour sensor and the surface reflectance model described in Chapter 3 was
optimiscd for open Case | waters rather than turbid Case I1L the retrieval is still able to distinguoish
these different regions of water to a degree.

The necessary distortion of the true colours is clear in Figure 6.1, where snow-covercd land
appears pale purple rather than white and very dark waters in the region of 507 5 and further poleward
appear brown, as well as the greenish tinge to bare land. The sparse sampling of AATSR over the

month is also evident by the persistence of gaps in typically cloudy or snow-covered environments,
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and the presence of features resembling orbital tracks in some of the data over the sca.

The utility of these false-colour images depends on their intended purpese; for display, it is sug-
acsted that using more than | month of data and attempting some correction For AATSR s measure-
ment wavelengths would be desirable. To monitor regional land-vse or ccean colour changes over
time, performing a retricval at higher resolution would allow observation of smaller-scale Features

such os urban arcas in more detail.

6.2 Comparison of the world in August 2002 and August 2007

6.2.1 Methodology

As a well-calibrated sensor (Smith, 2008, Smith ct al., 2008) with a long time-scrics (on satellite
timescales) of observations, and the potential o combine with the ATSR-2 record, the AATSE scnsor
15 suited to monitor global change on an interannual timescale. In this scction retrieval results from
the months of August 2002 and Auvgust 2007 are compared. Avugust 2002 is the carliest-available full
month of data, and August 2007 the most recently-available August. Although slightly more recent
months of level 1 data are available, it is preferable that the bwo months chosen should be the same,
to mitigate the influence of scasonality on the comparison.

Examination of the two months and their differences provides information on hoth the variability
ol acrosol and surface conditions within a month, and also on longer-term changes. Although bwvo
points arc insufficient to draw conclusions about global trends, picking one carly-mission month
and one late-mission increases the likelihood that any significant trends will show up in the data.
Processing of sufhcient data for consideration of global long-term acrosol trends is out of the scope of
this work and carmies a signihicant computational overhead: it is being undertaken by the GlobAcrosal
project {Thomas et al., 20060, which iovolves ORAC with ATSRE-2 and AATSE.

Both months were processed with the algorthm on the standard 10210 km sinusoidal grid. As
no MODIS Collection 4 surface data were available for 2007, Ffor consistency both months were
processed with the newer Collection 5 dataset. The retrieval output data were speciated as described
in Section 5.1.4 and, due o a poor level of overlap oo an individual-pixel scale between the bwo
months (due to missing data from cloud cover), the data were averaged onto a 2.5 grid after applying

the quality control measures described in Sections 5.1 and 5.4,
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To minimise the impacts of poor sampling on the comparison, grid cells containing fewer than 20

pixcls in cither month are excluded from the anal ysis.

6.2.2 Difference in aerosol properties
Mapping global differences

The monthly mean retrieved 7qq, its standard error (standand deviation divided by the square root
of the number of retricvals in the gnid cell) and the difference between the two months is shown in
Figure 6.3, These reveal gencrally similar patterns of acrosol optical depth and vanability for hoth
months (as well the September 2004 results previously shown in Figure 5.16). The similarity is an
indication that many global acrosol sources are generally persistent (e on a 5-year imescale, the
locations of deserts, Forests, citics and occans do not change much).

The right-hand plots provide a measure of the variability of the acmosol within a month; again,
these are reasonably consistent between the two months, indicating that the spatio-temporal vanabil-
ity of acrosol 1= similar from one August to the next. The relatively high variability of the land as
comparcd to the sca is also visible; this is expected, as the scais largely homogencous, although the
standard crrors for both land and sca are frequently of the order of (.01 or smaller. The smoothness
of the belds suggests that the majority of the variability comes from real spatio-temporal vanahility
i the acrosal, rather than noise on the individual retrievals.

Examination of the differcnces in optical depth between the two months reveals clear negions
across several 2.5 grid cells where the optical depth is persistently higher or lower in one month.
The bottom-right part of Figure 6.3 shows that this difference between the two months 15 significant
owver most parts of the world. For this calculation the difference in 7 15 divided by the root sum of
squarcs of both months" standard errors; this gives a measure equivalent to the z-score for a pointina
Caussian distribution with mean zero (no optical depth change) and variance equal to the sum of the
standard errors. If this z-score exceeds that of the 90% significance threshold (z — 1.645) then the
difference 15 termed “significant’ in this discussion. In this context, it indicates that the probahility
of observing such a difference in 75 betwen the two months if the true 72, has not changed 15 less
than 10 %

The significance of the differences over most grid cells—even over the ocean, where changes in

optical depth may be very small—makes it dithicult to state with confidence any possible long-term
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trends in the data, unless the S-year impact of such a trend is large. It is likely that many of the
regions where a small difference is observed cormespond 1o a change in some factor such as local
humidity or acrosol height which is not captured by the retrieval and so leads to a hias in results in
one month, or a difference in metcorological conditions between the two years causing, for example,
Faster wiet removel of acrosol. In this respect 1t 15 a further indication that more data are needed 1o
separate metcorological effects from long-term changes. The comparison performed is still useful to
shed light on the magnitude of such natural interannual variability.

Similar comments regarding significance may be made For the change in elfective radius (shown
in Figure 6.4) with the caveat that, as effective radius can change significantly depending on the
assumed acrosol model, and speciation is imperfect and unreliable For low acrosol Ioadings. extra carc
musl be taken with the interpretation of results. The combination of Figures 6.3 and 6.4 highlight=

various regions around the world where the differences can be explained.

# |n general, over most land regions the change in acrosol propertics is small and likely explicable

in terms of changes in metcorological conditions at the time of sampling.

& The change in both s and r, 1= significant over the Atlantic off the western Sahara and the
Indian Ocean off the Armbian peninsola, with more acrosol and larger particles in August 2002
iand the reverse further out into the Morth Atlantic). This is likely due to differences between
the two months in the wind, which blows dust off the Sahara. The ro retrieval over the Sahara

itsell is poor due to the bright surface, explaining the apparent land-sea discontinuity.

# Over much of the rest of the ooccan there are significant small differences, which may be duc
to changes in acrosol loading arising from changes in plankton populations or wind speed.
This could be linked to the fact that August 2002 was during an El Nifo episode and August
2007 was not (MOAA, 2008), and El Mifio events impact upon sca surface temperature and
wind speed in the tropics (Schneider, 1996a). Differcnces in the wind may causc the change in

particle size observed in the storm track region around 457 5.

= Parts of Europe and China show a significant decrease and increase in oo (with small increascs
and decreases in particle size) respectively. These may indicate cleaning-up of casterm Europe
and increased industrial activity in China; it is suggested that these would be good places to

zenerate long time-serics of data to look for trends.
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o Fegions at high Northern latitudes show occasional significant differences in one or both
acrosol parameters, which may be due to dilferences in fire activity or snow cover between

the two months.

Oine possihility for apparant changes in acrosol loading is the algorithm retrieving a higher optical
depth but lower surface albedo when the true state has not changed., and vice-versa. This is not
thought to be a problem, as the correlation bebween the change in optical depth and change in surface
albedo is small (008 at 550 nm and similar for other wavelengths), Correlations between other
changes arc small and generally similar to correlations in the retrieved values themselves (0017 for
Togp and v, and 008 for v and gm0, ), sugaesting that this compensation is not a problem For any

of the parameters.

Latitudinal and frequency distributions of aerosol properties
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Figure 6.5 Latitudinal mean aerosol optical depth (left) and effective radivs (right) for the tao months. Results
for August 2002 are shown in black, and those for August 2007 are in red. Error bars indicate the uncerdainty

on each latitude band (the standard deviation of pixels in that band divided by the square rool of the number of
pixels averaged init).

There 15 additional information about the state of the atmosphere in the latitudinal distributions
of the retricved data. In this analysis distnbutions are constructed from results on the full sinusoidal
grid used in the retrieval, For sinusoidal grid cells where both months have successful retrievals. This
ensures that the geographic coverage of the distributions is the same between the two datascts.

Figure 6.5 shows 107 latitudinally-averaged acrosol optical depth and effective radius over the
months, with Figure 6.6 detailing the number of retrievals in cach latitude bin, Mote that these plots

should not be dircctly used as a reference For the true mean acrosol propertics across cach latitude
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Figure 6.7: Frequency density plot of retrieved acrosol optical depth (left, bin sive 0.02) and effective radios
(right, bin size 0.05 microns) for the two months, Resulis for Avugost 2002 are shown in black, and those for
August 2007 are in red. Distribution normalised o the most populated bin.

band. as the coverage of the data is incomplete. Coverage at high latitudes is poor or absent: over
the southern polar region this is due to the sun being very low in the sky or beneath the horizon at
ANTSR overpass dmes.

Uhverall, the latitudinal trends in both years and both acrosol propertics are similar. This 1s an
indication that they share similar global acrosol source regions. There is a suggestion of decreased
acrosol optical depth in the Morthern Hemisphere and decreased particle size in the Southern Hemi-

sphere and particularly from 0°-200 N in 20007, As the bulk of the world’s population lives in the
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Figure 6.8: Prequency density plot of the differences in retrieved serosol optical depth Cleft, bin size 0.017) and
effective radius (right, bin size 0.05 microns) between the two months. The red lines indicate zero difference
and £ the rool sum of squares mean retrieval error on each parameter from the two months,  Distribution
normalised to the most populated bin.

Morthern Hemisphere, the decrease in optical depth could be due to a decrease in industnal emissions
resulting from improved technology. Reasons for the change in particle siwe arc unclear, although the
shifts in tropical regions could be due o differcnt patterns of transport of Saharan dust between the
twio months. Shifts may also be due to errors in the acrosol speciation for both months.

The distributions of retrieved acrosol propertics as shown in Figore 6.7 are similar for the two
months. August 20007 has a slightly thinner distribution of 72, than August 2002 this is linked to the
lower latitudinal-mean 7p5n shown in Figure 6.5, The retrieved size distribution also shows that 20007
has comparatively more acrosol with 0.2 pm << r_ <2 2 pm; the reasons for this are unclear, although
it could, For example, indicate 2007 had less small pollutant acrosol or more large mineral dust.

Distributions of the differences between the two months are given in Figure 6.8, along with cs-
timates of the mean uncertainty on cach retricved parameter. These estimates arc the root sum of
squarcs of the mean 1o retrieval error on 7= (or v, as appropriate) for cach month, Differences
smaller than this value can likely be ascribed to noise on the retrieved state. This is a simplistic mea-
surc of the significance of any difference as the retricval error s different for cach pixel, although it
does provide a quick measure of how many of the differences are likely to be due to a neal change in
the atmosphere. Both distnbutions peak close to 0 and have the majonty of their arca within the ned
hars. sugoesting that acrosol in most regions of the globe was similar in August 2007 to how it was
in August 2002, In this respect, both 7., and r_ have a similar proportion of their arca within the

hars. suggesting similar interannual varability (within the limits of retrieval precision).
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6.2.3 Difference in surface properties

Mapping global differences

Father than provide figures analagous to Figure 6.3 for the retrieved surface albedo, changes in the
normalised different vegetation index (NDWVT) are considered instead. The NDWVI has long been
known and used as a semi-gquantitative measure of the density of vegetation via chlorophyll abun-
dance (for cxample Tucker, 1979, or Mynceni et al., 1995 for a more mathematical treatment). Hence,
consideration of the change in NDWI between the two months can be a usetul indicator of where land
use has changed which is more immediately obvious than a direct comparison of the surface albedo.
The index is defined as Follows:
fan — R

NDOW] = ——m 6.1
rtlll” I Ijlr.'\a.l |: :]

The values 1z and 2, arc the observed reflectance in the near-infrared and red regions of
the spectrum respectivety. It follows that the ratio can take values between -1 and 1. Plants scatber
light at ncar-infrarcd wavelengths and absorb that in the red for use in photosynthesis; hence, densce
viegetation has an NV approaching 1, with the NIDW of sparse vegetation being lower (Holben and
Kimes, 19860 The NDWI of bare soil is typically small and positive (0.3 or less), while that of water
can be small and negative (as the brighiness of water, as apparant from Chapter 3, decreases with
wavelength).

Here, H s taken as (g em0 and f as fapeen - An advantage of AATSR over application
to older satellites such as AVHER (Holben and Kimes, 1986), is that by using the retrieved surface
albedo and not the measured TOA reflectance AATSR s able to provide accurate atmospherically-
corrected NIV values while older sensors cannot as they lack sufficient information to do so. The
precision @y of the AATSR-derived NIV is typically 0.03-0.06, and may be determined on a

pixcl-by-pixel basis from the proportional uncertaintics &g, . on cach fg
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MIDVI mapped over the land for both months is shown in Figure 6.9, Regions of dense vegeta-
tion are found throughout much of the tropics regions as well as agricultural regions (largely in the

Morthern Hemisphere ). In contrast, and and dry regions have a lower NDWVI Before consideration is



6.2, COMPARISON OF THE WORLIYIN AUGUST 2002 AND AUGUST 2007 177

MOV, August 2002 Precipitation (mm day '), 174 2002

o k] ns 075 1 u] 3 10 15 m

NIV, August 2007 Precipitation (mm day '), 114 2007

)

g "y,
b '-J"'l-rl"'.l;llr.-'l'r T 5 "‘; )
Lt= g o

-1E0 Bl n W [§:0] =150 -0 Q W 150
] ek ni TS 1 u] ] [x] 15 i)

MOV difference, August 2007-August 2002

Figure 6.9 NDVI and precipitation in August 2002 and 2007, Top-left shows the mean NDW] for August 2002
on 4 2.5 grid. Top-right is a seasonal mean precipitation map for JIA 2002 derived from GPCP data CAdler
etal, 2003) on a 2.5° grid. The middle roy is the same as the top, except for 2007, and the botiom row shows
the difference in NIV (lefty and precipitation (right) between the two months. In the MDDV plots, missing
data are indicated by a grey fill valoe.
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given o differences in the NIV of the two months, the following points should be mentioned:

= As the retricval is constrained by the MODIS BRDF produoct. derived products are not com-
pletely independent datasets (although averaging kernels for surface albedo, as well as optical
depth, arc often close o 1, indicating the majornty of the retricved state comes from the mea-
surcments). Thercfore changes in the quality of the MODIS data could manifest as small
changes in the NDWIL The newest MODIS data were used in both months to minimisc this

potential source of crror.

& The NIDWT is a semi-quantitative measure of the chlorophyll abundance in a region (Myneni
ctal, 1995) but changes in MIDWVI cannot be casily dircctly mapped to a corresponding change

in plant number, type or sizc.

# [ooking ona scale of 2.57, small changes in land cover may not manifest in detectable changes

in NIV

Also shown in Figure 6.9 arc global precipitation maps at 2.5 resolution derived from Global
Precipitation Climatology Project (GPCP) data (Adler et al., 2003). This provides monthly satellite-
bascd cstimates of precipitation. Here the June, July and August precipitation estimates have been
uscd to generate a scasonal mean precipitation map and difference between the two years. Over many
regions of the world’s land—notably the MNorth, Central and parts of the South Americas, central
Alrica, Burope and much of Asia—there is a strong link between increased precipitation in 2007 and
tnercascd NIV in 2007, and vice-versa. This can be explained by more rainfall in preceding months
leading to increased growth of plants, or a comparative drought leading to less plant matter. This
suggests that a large part of the differcnce in NDVI i doe to different meteomological conditions in
the two years, as opposcd to land-use change (although, as mentioned, small-scale land-use change
15 likely to be missed using this technigue).

[t 15 possible that the strong positive precipitation difference over Indonesia and parts of Papua
Mew Guinea may have led to increased wet removal of acrosol in these regions, explaining the ob-
served decrease in acrosol optical depth there (Figure 6.3). Thene are Few obvious regions of an
anti-correspondence between precipitation change and optical depth change.

Aside from some regions of central Asia, there is little NDVI change to suggest land cover change

over most of the world., Therefore 1t 15 reasonable to conclude that, on a 2.5 scale. land cover in



6.2, COMPARISON OF THE WORLIYIN AUGUST 2002 AND AUGUST 2007 174

August 2002 and Avgust 2007 was generally the same.

Latitudinal and frequency distributions of surface properties
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Figure 6.10: Latitudinal mean white-sky surface albedo at the 4 ANTSE visible-channel wavelengths, Results
for Angust 2002 are shown in black, and those for Aogust 2007 are in red. Error bars indicate the uncertainly
on each latitude band (the standard deviation of pizels in that band divided by the squar: rool of the number of
pixecls averaged in it).

The latitudinal mean surface albedo (again, for points in cach 107 latitude band whene hoth
months contained successtul retricvals) at cach wavelength is shown in Figure 6,10 and there is a
very strong similarity between the months at all wavelengths., The largest differences are found at
15X nm, which is sensitive to moisture, so it is possible that the differences here are linked (o pre-
cipitation changes. The Morthern Hemisphere shows larger changes than the Southern Hemisphere:
as previously mentioned, the Northern Hemisphere has a higher population so these differences may
be linked to land-use change. Frequency distributions of the retrieved albedo, shown in Figure 6,11,
revieal a similarly high correspondence. Finally, the distributions of the differences in Figure 6,12

are, again, largely within retricval error; the larger negative tail at 1600 nm is a possible indicator of
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Figure 6.11: Freguency density plot of retrieved white-sky surface albedo ot the 4+ AATSR visible-chamel
wavelengths (hin size OU005) for the two months. Resulls for August 2002 are shown in black, and these for
August 2007 ane in red. Distribution normalised to the most populated bin.

precipitation differences.
These results suggest that the surface was not significantly differcnt in Auguost 2002 and August

2007, The surface albedo shows less variability owver this period than the acrosol.
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Figure 6.12: Frequeney density plot of the differences in retrieved white-sky surface albedo at the 4 AATSE
vigible-channel wavelengths (bin size 0.001) between the two months. The red lines indicate zero difference
and £ the rool sum of squares mean retrieval error on each parameter from the two months,  Distribution
normalised to the most populated bin.

6.3 Aerosol and surface properties in the Amazon region

6.3.1 Area of study

The final component of this chapter is the analysis of a long Hme-serics of data in the Amason region.
AATSR data from Auguost 2002 until Avgust 2007 inclusive have been processed bebween the limits
af 200 S and 107 N, and 90" W to 30° W The dual-view algorithm, speciation and quality control as
discussed previously were applicd to the cutput data. A false-colour image derived from the whole
dataset illustrates this region of study in Figure 6,13 Many different types of terrain are encompassed

by this region, including:

o The Amaron rainforest (largely located in Brazil: near the centre of the map, along and around

the Amazon nver basin).

e The Cerrado savannah (to the south-cast of the Amazon rainforest).
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Figure &.13: False-colour image of the Amazon region on a 0257 grid denved from the processed 5 vears of
ANTER data. The brightness of the sea has been enhanced 15-fold.

Part of the Andes mountain range (along the western coast of the continent).

Agricultural arcas (largely in the south-cast of the region and along the north-cast coast).

Urban arcas (largely along the coast, although there are some citics inland).

The arid Sertdo region (in the casternmost part of Brasil ).

Two ocecans; the Atlantic (to the cast) and Pacihe (to the west).

Dicspite comprising 5 years of data, Figure 6,13 contains gaps. The gaps in the south-cast and
north-west corners arise as orbits were only sclected if they contained a certain minimum amount of
data in the study region. Reasons for the other gaps are discussed later.

As it 1s located around the equator, the study region exhibits little scasonal vanation of temper-
aturc. Much of the region exhibits comparatively high rainfall year-round. It does, however, have
comparabively “wet” and *dry” seasons, arising from variabions in the position of the intertropical con-

vergenoe yone (TTCE). This is a region of the atmosphere of low pressure caused by convective ascent
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of warm, wet air, which forms a belt across the cquator of almost continual rainfall (Gordon et al.,
199%8). This frequent and persistent occurrence of precipitation substantially decreases the sampling
ol satellite acrosol retricvals over this region, due to the high cloud cover. Owver the bulk of the study
region the *wet scason” is December-May and *dry scason” Junc-Scptember. This may be broken

down on a more regional basis after Ronchail et al. (2002):

# The region around and north of the equator is wet year-round: the rainfall maximom occurs
between April and Auwgust, although therne is no strong difference between the wet and dry

SCAORONS.

o The westem Amaron region is similarly wet vear-round, with the most rain between Tanuary

and May.

& The southern Amaron has a wet season largely OctoberJanuary, slightly out-of-syne with the

bulk of the arca of study, due to advection of cold air along the Andes.

s Bebween the mouth of the Amarzon and the city of Manaus further inland (317 5, 60.0° W) the

wel season is December-May.

s The Sertdo is largely outside the typical range of the I'TCE and is dry year-round, although still

exhibits comparative wet and dry scasons in line with the rest of the region (Glantz, 1996),

Interannual vanability of climate in this region is linked to the El Nifo-Southern Oscillabion
(EMS0) phenomenon (Schneider, 199%a, Glante, 1996, Ronchail et al., 2002, Nagai et al., 20007),
with increased rainfall during El Nifo episodes. El Mino episodes are defined by positive sea surface
temperature anomalics greater than 0.5 K persisting For Gve or more months in the Pacific off the
coast of Peru (Gordon et al., 1998), and La Nifa by anomalics of the opposite sign. These cpisodes
are accompanicd by correspoding decreases and increases respectively in the atmospheric pressure
and changes in the magnitude of the Walker circulation, which drives the westward *trade winds" in
the tropics (Schneider, 1996b). Episodes arise due to changing paths of occan currents in this region
and can cocur on a semi-annual timescale, persisting for up to a year or morne at a ime.

Recent weak El Nifo episodes occurred in 2002-2003, 2004-2005 and 2006-2007 (MNOAA, 2008,

heginning typically in the late (Northern Hemisphere ) summer and lasting until the following spring.
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The most recent strong El Nino was from 1997-1998 (Magai ot al., 2007). There were no La MNina

episodes during the study period, although one began in late summer 2007 (NOAA, 2008).

6.3.2 Seasonal and interannual variability

Figures 614 to 6.20 summarise various datascts derived from application of the retrieval algorithm.
Fach one is a scasonal mean plot ona 025 grid. All quality control parameters were as previously
uscd, except the maximum permissable clowd fraction was increased to (.75, o increase coverage.
The scasons are defined as December-Janvary-Febroary (12IF), March-April-May (MAM), June-
Tuly-August (JIA) and September-October-Movember (SOM), and are arranged such that viewing
left-right across a row gives the scasonal cycle over the year and top-bottom down a column the
interannual cycle of that scason. The exception is the first plot, which contains data For only August
2002,

The 5350 nm acrosol optical depth (Figure 6.14) exhibits clear scasonal cycles which appear con-
sistent from year to year. The different cycles observed over the region, together with the spatial
variability of 1600 nm albedo (Figure 6.19), dovetail well with a classification into distinet zones
ovier which to consider trends in the assorted retrieval products. The discussion of dust and biomass
proportions which follows assumes the speciation to be reasonable. As it is not reliable For low
acrosn] lnadings, these conclusions may be incorrect, but are the best that can be drawn at the present
time.

The grid structure visible in Figure 6.20 15 a result of the interplay of the retrieval’s grid (approx-
imately 10 km) and the 00257 grid the scasonal data is averaged to. As the two are not directly scaled
versions of cach other, the sampling over the 00257 grid is not quite regular. As can be scen in the

other fields, this does not alfect the distributions of the scasonal mean retneved data.

The Amazon rainforest

The extent of the Amazon rainforest is well debined by the arca with 1600 nm albedo between ap-
proximately (.08 and 018 (Figure 6.19) in all scasons. The Forest basin extends outward from the
path of the Amazon river and its tributaries. It is bounded on the cast by the Cerrado savannah, the
west by the Andes, and the north by the Andes and Atlantic Ocean. The majority of this territory lics

within Brazil. The elevated region of the Guyana Shicld to the north is excluded from this zone.
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Figure 6.14: Seasonal mean 5350 nm acrosol optical depth in the study region, on a 0.25% grid. Plots are from
left o right Northem Hemisphere winter (1JF), spring (MAM), summer (JJA) and avtumn (SOM) and from
Lop Lo bottom the years 2002-2007, aside from the st plot in the series which is August 2002 only.
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Figure &.15: Seasonal mean aeroso] effective radius in the study region, on a 0.257 grid. Plots are from lefl o

right Morthern Hemisphere winter (DJEF), spring (MAM, summer (JJA) and avtumn (SOM) and from top o
bottom the years 2002-2007, aside from the first plot in the series which is Avgust 2002 only.
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Figure 6.16: Seasomal proporion of acrosol retrievals best matching the biomass buming acrosol class in the
study regiom. on 4 0.25° grid. Plots are from lefl to fight Morthern Hemisphere winter (DIF), spring (MAR ),
summer (JIA) and autumn (SOM) and from top to bottom the years 2002-2007, aside from the first plot in the

series which is August 2002 only. Missing data are indicated in grey.
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Figure 6.17: Scasonal proportion of aerosol retrievals best matching the dust acrosol class in the study region,
on a 025" grid. Plots are from left to right Mothem Hemisphere winter (DIF), spring (MAR), summer (JTA)
and autumn (SOM) and From top o bottom the years 2002-2007, aside from the first plot in the series which is
August 2002 only. Missing data are indicated in grey.
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Figure 6,15 Seasonal mean MDWT in the study region, on 2 0.257 grid. Plos are from left to right Morthem
Hemisphere winter (IDJF), spring (MADR), summer (JIA) and autumn (SON) and from top o botlom the years
2002-2007, aside From the first plot in the series which is August 2002 only. Missing data are indicated in grey.
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Figure &.1% Seasonal mean LE00 nm surface albedo in the study region, ona 0.25° grid. Plots are from left

to right Morthem Hemisphere winter (JEF), spring (MAMI, summer (JIAS and automn (SOM) and From op o
bottom the years 2002-2007, aside from the first plot in the series which is Avgust 2002 only.
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Figure 6,20 Seasonal number of successiul retrievals in the study region, on a 0.257 grid. Plots are from left
Lo right Northern Hemisphere winter (DIF), spring (MAR), summer (JIA) and autumn (SOM) and from top Lo
bottomm the years 2002-20007, aside from the ficst plot in the series which is August 2002 only,
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Throughout the year, the Amazon shows higher optical depths than the rest of the study region,
with peak values of 1.5 and abowve. Acrosol optical depth shows a strong scasonality, with the highest
optical depths tn DET and SOM forther south than in BAM and 1A, The lowest overall optical
depths are observed in 1A, with typical values lower than 0L.5. For the majority of the Amazon, the
wel scason is DIEF and MAM with cloud cover most limiting the sampling during this period. The

strong north-south divide and cyeling of optical depth requires some explanation.

# In DJF 732 reaches its peak values and most of the acrosol is assigned the continental tvpe. The
NDWI is also very high (0.75 or more). These are signatures of productive, dense vegetation.
Effective mdius is varahle, but is generally around 1 pm. There is a small amount of biomass
burning acrosol in the southem Amazon; the wet scason there ends in January (Ronchail et al..

2002), suggesting the onset of bres alterwards.

& During MAM the northern Amason remains similar, while 75, over the central and southern
Amazon decreases sharply. The wet scason in the southern Amarzon has ended and there is an
increase in the proportion of hiomass burning acrosal, suggesting forest fircs. Smaller particles
are found at this time, closer 1o the a priord size for the biomass burning class, though as 7

has decreased there is less information about r in the AATSR signal.

= By IIA the wet scason has ended in the northem Amazon, although on the equator there is
no true scasonality (Ronchail et al., 2002, Optical depths are highest from 0°-57 5. Biomass
burning peaks here in the northern and central region; as the forest is dricr, this is again likely

due to o combination of natural and man-made orest Ores.

= In SON optical depth again increases to levels similar to those of DIE although the highest
optical depths are more tightly concentrated to the south-west of the mouth of the Amazon
river than in DJE This period is chamctensed by high optical depths and frequent biomass
burning acrosol, particularly in the central and southern Amaron. Deforestation ocours most
often during the dry scason (Kirby et al., 2006}, and regions of strong biomass burning in Figure
.16 are located in regions where deforestation has both historically (Tucker et al., [984) and
recently (Alencar, 20005, Sowra ot al., 2005, Cimara et al_, 2006) taken place. Deforestation of

the Amaron and NIV change is dealt with in more detail in Section 6.3.7.
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Finally, Figure 6.17 shows dust is rarcly flagged in the Amarzon. This is consistent with it being

a moist, densely-vegetated environment with little bare scil for the wind to Lift.

The Sertio

The Sertio is the arid land in the cast of the region of study, well-defined by the arca of castern Brazil
with a 1600 nm surface albedo around 0.3-0.4 during DIF (Figure 6.19). It comprises parts of the
Brarilian states of Bahia, Ceara, Rio Grande do Morte, Paraiba, Pernambuco, Alagoas and Sergipe.

The scasonal cycles exhibited in this region are reasonably consistent year-to-year.

o During DIE, 7 is typically 0.3-007 and v, 0.5-1 pm. A small amount of dust acrosaol is
observed, with the rest continental. The NDWT is Tow (0.2-0.4), sugzesting sparse vegetation.
This is the carly phasc of the comparatively wet scason (Glantz, 1996), suggesting some of the
acrosno] is wind-blown dust from the arid ground. This bare soil is indicated by a high 1600 nm

albedo. Biomass burning also has a presence, implying burning of dry vegetation.

= By MAM the wet scason is underway, and there 15 a corresponding decrease in mezn (values
normally lower than 0.5 and r. (often 0.1-0.5 pm) as compared to DIF, with the proportion
Hagged as dust almost zero. This is accompanicd by a large increase in the NIV (values
around 0.5-0.7). The interpretation is that following the wet season the soil is moist and veg-
clative cover increases, decreasing the exposure of the soil to the wind, resulting in less dust

acrosal,

o 1A shows a further decrease of optical depth to approximately 0.05-0.2, and slight decrease of
clfective mdius. Aside from Auguost 2002, neither dust nor biomass acrosol s common. The
rescmblance of August 2002 results o SON scasonality suggests that August in this region
rescmbles SON, and the T1A scason shows a transibion between MAN and SON probles. This
is consistent with the wet season ending at the beginning of this tme, and vegetation gradually
drying out into August (Glante, 1996). Conscquently NIV decreases to 0.3-005; reaching

lower levels than MAM but higher than DI

# In SON acrosol and surface propertics look like a more extreme version of DJE. This is the
sccond half of the dry scason, and the ard nature of the temain is indicated by the low NDVI

(0.2-0.4), bright 1600 nm albedo (0.3-0.4) and frequent occurrence of dust acrosol (with dost
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fractions frequently abowve 0.25 and sometimes approaching 1. and an increase of 750 and r,

as comparcd 1o the previous scason.

The Cerrado savannah and coastal lands

The remainder of the [owland in the region of study is cither the Cermdo savannah or a mixture of
urhan and agricultural land on the coast of the Atlantic. 1t is bordered on the north and west by the
Amazon and the cast by the Sertio. This arca is located within Brazil, primarily the stacs of Goids,
Bahia, Fiaul and parts of Maranhao. Bahia staie contains Brasilia, Brazil's capital.

The scasonality of acrosol propertics in this arca shows general similarities with that of the south-
ermn Amaron and the Sertio near those regions. This suggests transport of acrosol from these regions.
There are marked NDVI shifts between the wet scasons (NDWVE 0.4-006) and dry (NDWT 0.2-005),
with some dust and biomass burning occurring late in the dry scason when the termin is arid. Optical
depths are higher in the late dry season and carly wet (SON and DIF, 7., 0.3-008) than other times
(MAM and 1IA 730, 0.1-0.25). Effective radius shows similar seasonal shilts, suggesting a change in
the nature of the acrosol throughout the year.

The Atlantic coast has a slightly clevated optical depth as compared to the region, although cloud
cover means coverage is sparse. This is 4 region of relatively dense population, implying an urban

origin for the acrosol.

The Andes and Guiana Shield

The Andes and Guiana Shicld are mountainous regions along the west of the arca of study (Peru,
Fruador and Colombia) and through Colombia and Vencruela respectively.

The Andes show a fairly constant low optical depth (0.3 or less) over all years and scasons.
Effective radius is unrcliable as the optical depth is low, and the vertical and horizonial inhomogencity
ol the terrain mean retrieval quality is likely to be low as these Factors are not accounted for by the
forward model. The same factors may affect the accuracy of the MODIS surface reflectance data
uscd in this region. This is particularly evident in the frequent line of missing data traced along the
cast ol the Andes, which may be in the shadow of the mountains when observed by AATSE. Cloud
cover also reduces sampling.

Biomass burning acrosol is rarcly obscrved over the Andes, as it would have to risc to a high
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altitude to reach them. As mentioned. however, speciation at low optical depths is particularly un-
reliable. ust is often found near the Peruvian coast (at the northern end of the Atacama deseri),
showing a similar scasonality to dust in the Cerrado and Sertio, implying similar causes of arid,
vegelation-sparse land. The NDVI is low (less than 0.25) and 1600 nm albedo high (0.2 or more),

suggesting bare ground.

The CGuiana Shicld show characteristics in between those of the Amaron and the Andes, come-

sponding to their comparative clevation and ground cover.

The Pacific Ocean

This is the body of water lying 1o the west of the region of study.

Acrosol optical depth is fairly low and constant across the Pacibic for all years and scasons.
Typical 75 values arc 0.2 or less for the open ocean, with a region of enhanced optical depth (0.2-
0(1.5) near the coast. Maxima are found in the vicinity of major cities (Lima in Peru, Guayagquil and
others in Eouador, Cali in Colombia and Panama City in Panama) suggesting an industrial origin.
Acroso] effective radius is generally 0.5 pm oor smaller, although as optical depths are low +. and
acrosol speciation are highly uncertain. Dust and biomass acrosal are only marcly tlagged, aside
from in MAM when biomass burning acrosol is more common. This suggests tansport of hiomass
burning acrosol west across the Amaron basin during this time; the dircciion is consistent with the
usual westward flow of the prevailing winds in this region (Walker circulation, Schncider, 1996h).
The precise origin of this acrosol is uncertain, as it would have had 1o cross the Andes to get there
from the Amaron hasin, so it is likely that some is incorrectly lagaed or else the source regions are

coastal.

Determination of any scasonal cycle is difficult in this arca due to the high cloud cover limiting
obscrvations, particularly during IIA and 50N, This is duc to the movements of the ITCZ and ono-
graphic clonds forming from air moving westward over the Andes (Schneider, 1996a). There is no
clear difference between conditions during El Nino episodes and at other imes, although again poor

coverage limits the conclusions which can be drawn.
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The Atlantic Ocean

This i= the body of water lying to the cast of the region of study. Like the Pacific, the Atlantic Ocean
cxhibits low optical depths with enhancements around the coast. However, the exient of the coastal
enhancement is much thinner than over the Pacific coast. Additionally, it can be observed more
reliably because cloud coveris less of a problem.

The southern portion of the Atlantic in this region shows similar optical depths and cffective
racii to the Pacific. However, the northern part often contains clevated optical depths of 0.3-1 and
cffective radii up to 3 um. These sizes are typical values For dust particles (Hess ot al., 1998)
The proportion of acrosol lagged as dust in this region 15 small (Figure 6.17), but the retricval has
difficulty distinguishing between the dust and mariime acrosol classes (Figure 2.9). As the prevailing
winds arc casterly (Schneider, 1996b), this acrosol is likely from the Sahara rather than blown aff the
arid Sertio region. This interpretation is consistent with the fact that optical depths off the coast of the
Sertio are met clevated, and that long-range transport of Saharan dust to this negion has been observed
by a varicty of instruments and technigues, such as Formenti et al. (2001), Kaufman et al. (2005),
Koren et al. (2006) and Liv et al. (2008). The enhancement of optical depth and elective radius 1=
arcatest in DIF and MAM, fairly consistently over all years, suggesiing scasonality in the deposition
of Saharan dust. Scasonality in dust optical depth and single scatter albedo over the Atlantic has
been noted from satellites by Kaufman et al. (2005) and more recently with airborne measurements
by MoConnell et al. (2008).

Biomass burning acrosol is also sometimes flagged in this region during MAM and 11A of every
year. This coincides with high levels of it also being flagged over the land, so it is possible that some
ol this is transported from there. As the prevailing winds are westward, however, it 15 likely that
some of it is transported from central Africa. This transport has been observed with other satellite
instruments during these scasons, such as by Lio et al. (2008) for a case during August 2006, 1t is

also possible that some of the acrosol is incorrectly attributed as biomass burning.

The region as a whole

Scasonal profiles derived for different years show a strong similarity. This suggests fairly low in-
terannual variahility in this region, and gives confidence in the results of the AATSR retrieval and

calibration of the instrument, as for example the a priord information on surface reflectance is dif-
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ferent for cach year. This consistency also suggests that the resulis presented here can be taken as
a climatology of acrosol and surface propertics in the region. IF desired the data could be averaged
ower the years and aggregated monthly to provide a profile of a ‘typical year’. These plots have not
been included here For brevity.

There is little evidence of cloud-contamination in the retrieval resulis, as helds are smoothly-
varving without obvious discontinuitics near missing data. This shows that the combination of the
pre-retrieval cloud mask and post-retricval quality contral have been successful at filtering out con-
taminating cloud. A few regions have frequent or constant missing data, and the reasons for this are

as follows:

# The mouth of the Amazon, opening on to the Atlantic. This is due 1o quality control as opposed
to clond cover. The silty water here is poorly described by the sea surface reflectance model
used, suggesting that improvements 1o account for turbid waters would improve coverage in

this sitnation,

s As mentioned previously, shadowing and high elevation as found in the region of the Andes
mountains are not accounted for in the forward model, leading o retrievals which more fre-
quently Fail to converge than in other regions. A topographic correction could be developed o

improve the quality of the retrieval over elevated land.

s Large portions of the study arca, such as the Andes, the Pacific to the west of them, and the
coast of Hahia state, are scasonally atfected by almost perpetual cloud cover. Unfortunately

nothing can be done to alleviate this with AATSE.

s Persistent missing MODIS data for a pixel (duc to, for example, persistent clowd cover or Fail-
ure of the BRDY model to descrbe the surface) would lead to corresponding missing AATSRE
retricvals. These gaps would require further gencrations of MODIS data, with increased cov-

crage, to fll.

Mo significant dilfercnces were observed between periods within El Nifo episodes and those
without. However, none of the El Nifo episodes during the period were strong, and there were no
[.a Mifia episodes. Therefore nothing can be said about the impact of strong EMS0 episodes on the

region.
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6.3.3 Seasonality of NDVI in the Amazon and response to the 2005 drought

Interannual variability of NDVI with season in the Amason
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Figure 6.21: Seasonal mean NIV for the Amazon basin. Emor bars indicate the standard deviation of each
season’s MOV, divided by the square root of the number of 0.257 grid cells containing data. Grid cells were
only comsidensd where data from every season from JIA 2002 o JIA 2007 were available, and the region fell
insicks the Amaron rainforest. Black crosses indicale August-November 2002, red stars Dec 2002-Moy 20003,
green dismonds Dec 2003-Mow 2004, blue triangles Dee 2004-Mov 2005, cyan squares Dee 2005-MNov 2006
and purple crosses Dec 2006-Avg 2007, For cach season the years are armanged in chronological order

[n 2005 the Amaron basin suffered a drought, peaking from July to Scptember, in which large
arcas received 1-2 standard deviations less precipitation than normal (Aragbo ot al, 20007), The
preceding scason had a lesser negative precipitation anomaly. While this might be expected o have
a negative impact on plant growth, Saleska et al. (2007) found instead an overall increase in the
areenness of the Amaron as derved from MODIS data dunng the July-September period. This was
explaincd via sunlight, rather than water availahility, being a limiting factor for plant growth over
large parts of the Amaron, and the decreased cloud cover during the drought permitting enhanced
photosynthetic activity.

Examination of Figures 6.18 shows that the NIV of the region as a whole did not show stark
differcnces between late 2005 and the same scasons of different years. Furthermore, a gencrally
higher count of successful retricvals is observed in Figure 6.20 for A and 50N 2005, which is

consistent with decreased cloud cover during this period.
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To further investigate the interannual variability of NDV1in the Amazon basin, and any responsc
in NDWVI to the drought, the scasonal mean NDWV] of the Amazon basin is presented in Figure 6.21.
[n this diagram. the mean NDWI for grid cells lving in the Amazon basin was found; in a sense, cach
point in the graph represents the central region of a plot in Figure 6.18. To ensure that changing cow-
crage did not bias the results, grid cells were only considered if they contained data for every scason.
This left a total of 1,805 grid cells per scason. The results show that the NDWVI of the Amazon is
generally high (OU8-0L85), indicating dense green vegetation cover. There is a clear contrast between
I1A and the other scasons, with the former showing more variability between years. However, 50N
does not appear less green than the wet season. This behavour has also been observed by Huete et al.
(2005, again suggesting that sunlight may be the limiting factor for growth in parts of the Amazon
as there is sufficient moisture.

In contrast to the findings of Saleska ct al. (2007), the NDVI during 1A 2005 was the lowest
during the 2002-2007 period. This suggests an overall decrease in greenness coinciding with the peak
ol the drought, although the difference is small on an absolute scale. Interannual NDYI anomalics
relating to ENSO in the Amazon can be of the order of U002 (Magai et al., 2007), so while the ITA
2005 NDVI was low in this respect it was not abnormally so. As the data from S50OMN 2005 onwards
shows, il there was a negative NDVI response to the drought, the vegetation recovered quickly as the
MIDWT after that date docs not appear different from non-drought years. Although these results do not
show an active greening in SOMN, the lack of a differcnce between it and the DIF/MAM wet scason
is similar to the conclusions of Huete et al. (2006),

It is possible that sampling explains some of the discrepancy between the bwo scis of results: as
this analysis only considered grid cells where data is available for every scason. it is biased in Favour
ol less-cloudy regions of the Amazon, where water may be more of a limiting factor (o plant growth.
The discrepancy may also be due in part to the differing vegetation indices used by Huete et al. (2006)

and Saleska et al. (2007) (the enhanced vegetation index, EVI) and the NIV used here.

6.3.4 Comparison of retrieved optical depths against AERONET

The study region contains several AERONET that are suggested by Kinne (2007 ) to be representative
of their region on satellite spatial scales, namely Abracos Hill, Alta Floresta, Arica, Belterra, Cuiaba-

Miranda, Rio Branco and Santa Cruz. A comparison of the retrieved optical depihs at 350 nm and
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Figure 6.22: Comparison between AEROMNET and AXTSE 7rgn (lell) and 7uzn (right). Cocficients of fit are

given above the plots,

870 nm against measurements from these sites s presented in Figure 6.22, following the method

previously used in Scction 5.1, The following points can be made about this comparison:

# The cocthcients of the line of best-fit between the two stations are good (gradient close to 1,

mntercept close to 0), albeit with a high uncertainty on them.

# The correlation between the two datasets, however, 15 poor (0,46 and 0.36 at 550 nm and 870
nm respectively). The AERONET data in particular show very large variahility for many data
points, indicating a considerable change in acrosol aptical depth over a short time-span. This
high temporal inhomogencity may be the reason For a poor match with AATSE, as it means
the assumplions made in the spatio-temporal averaging may not he valid as the satellite and
Sun photometer are not measuring the same acrosol. This suggests that sometimes it is not

appropriaie to use AERONET as a comparison ool for satellite daka.
& Despite having 5 vears of AATSE data, there are fewer than 40 successful comparisons. This is
an indicator of the persistent frequent cloud cover in this region of the world, which drastically

reduces the sampling of both AATSE and AERONET.

6.3.5 Relationships between population density and aerosol optical depth

The retricval data can be used to investigate the relationship hetween population density and acrosol
optical depth. Population density data are available from the Gridded Population of the World (GPW)

project (CIESIN, 20005) at S-year intervals; data for 2005 on a 0.25° grid are mapped in Figure 6.23,
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Population density in the Amaron region an a 0,25 grid
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Figure 6.23%: Left: Population density (km =yin the study region in 2005, Data from the Gridded Population
of the World dataset version 3 (CIESIM, 2005). Right: Mean acrosol optical depth in the study region over the
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Figure 6.24: Density scatter plot of the base-10 logarithm of population density in the study region against
mean aercsol optical depth (Figure 6,237, both ona 0.257 grid.

with a corresponding map of the mean acrosol optical depth at the same resolution. Averaging over

all 5 years of data provides a secasonally-independent map of optical depth. Averaging on a 0.23

spatial scale as opposcd to a finer resolution also belps to account for the fact that acrosol ravels so

elevated optical depths may be found away from source regions.

A scatter-density plot of the two datasets is shown in Figure 6.24 and reveals some clusters, as
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opposcd to a random relationship between the variahles.

= A large number of pixels have a population density of between approximately 0.1 and | km =
and a moderate mean optical depth of approximately 0.4, These correspond largely to produc-

tive forested arcas.

& There is another cluster at slightly higher population densities (around 1 1o 10 km =) with lower
optical depthe (0.25). These regions correspond generally to agricultural and non-forested
vegetated regions and have a similar optical depth o many continental regions worldwide (sce.

for example, Figure 6.3).

» More denscly-populated regions tend to have higher optical depths than this background value,
although there is a large spread to the data. The highest optical depths tend to be encoun-
tered near the coasts of the study region, particularly the northern coast, which have moderate

population densitics (10t 100 km =)

# Rcgardless of population density, the Andes mountains have a very low optical depth. This

may be related to aforementioned inadequacies in modelling elevated regions.

The clusters provide evidence of links between populaton sirze and acrosol optical depth, al-
though limited conclusions can be drawn from this analysis. More data are desirable as the majority
ol the study region has population densities on the lower end of the scale, meaning any signal from
high populations may be masked. Additionally, a simple mapping between the two variables neglects
the very different lifestyles (and hence probably resultant acrosol emissions) of urban and rural pop-
ulations. Despite these shortcomings, the fact that clusters are observed in the results suggests that a

more extensive analysis would be fruitful.

6.3.6 Weekly trends in aerosol optical depth
Concept of the *weekend efTect”

Fecent work by Xia et al. (2008) used AERONET and MODIS data to investigate the weckly cycle
ol acrosol optical depth in various regions globally. The work found a larger weekly cycle in acrosal
optical depth at urban locations as compared to rural locations. Additionally, in the UUSA, central

Europe, south Amernca, South Korea and the Middle East acrosol optical depths were scen 1o be
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lower than the weekly mean around the cultural weckend (Sunday and Monday for the USA and
central Furope). Decreased industrial activity at the weckends was presented as a possible reason for
this, and the lack of a decrease on Saturday being due to it being preferred to Sunday for recreational
trips. The lag between acrosol emission and removal may also explain the lack of a visible decrease
on Saturday, and the continvance of the effect at the start of the working week on Monday. Diurnal
cycles of acrosol optical depth have also been observed at urban AERONET sites (Smirnov et al.,
2002) along with weekly cycles of tropospheric NOy (Beirle et al., 2003), providing further evidence
for the impact of human activity on the atmosphere on such temporal and spatial scales. Baumer ct al.
(2008) perfomed a similar study to Xia et al. (2008), using AERONET. for Europe alone, finding a
similar weekly cyele.

A fweckend effect” was formally defined in Xia et al. (2008) by taking hrstly the average per-
centage departure from the weekly mean optical depth in a region during Wednesday, Thursday and
Friday, and sccondly the average departure during Saturday, Sunday and Monday., The weekend
elfect is the difference between these two 3-day averages, such that a larger weckend effect means
greater variahility of acrosol between week and weckend days. The study did not consider optical
depth on Tuesdays while calculating the weckend effect. Positive values imply higher optical depths
during the weck. and vice-versa.

AFERONET was used to examine the weekly cycle of individual sites, and MODIS of global

regions as 4 whole. A similar analy=is carried out here using AATSE.

Analysis with AATSR data: individual sites

The region of study contains 17 cities with populations of 1 million or greater (INE, 2008, [BGE,
2008, DANE, 2008, INEC, 2008, DEC, 2008, INEL 2008). Daily mean optical depth was obtained
from averaging all retricval pixels lying within (.15 of the centres of these citics (corresponding o
a box approximately 30 km across, of typically 9-25 sinusoidal superpixels) over the 5 years of data.
Choosing a box of data rather than a single pixel per city and averaging owver the whole tme-series
helps to counter the low sampling of AATSR as compared to AERONET.

Of these 17 cities, for all but Lima the AATSR datascet contained good retrievals For cach day of
the week. The daily mean optical depths, together with their standard error (the standard deviation

of the day’s values divided by the square root of the number of points), are shown For cach city
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in Figure 625 An analagous plot For 9 locations chosen for remoteness from citics is shown in
Figure 6.26. The daily mean departure from weckly mean 7. with uncertaintics delined in the
same way, is shown for all sites in Figure 6.27.

[tis apparcnt that cach city has a unique weekly cycle, and in many cascs the day-to-day variabil -
ity 1= not significantly different from the weekly mean. Even upon averaging over all cities (Figure
6.27), the uncertainty on cach day’s departure from the weckly mean 1= of a similar size 1o the de-
parture itscll. The average weckend effect For these sites is 030 % £2.89 % This is smaller than the
typical values found vsing AERONET data by Xia et al. (2008) (which were of the order of 4%
for citics in the USA and central BEurope, implying for these cities there is not a signibicant change
in acrosol between the week and weckend. Countrics in this region are classificd as developing
ceonomics (IME, 2008) which may suggest that their industry does not shut off at the weckend o the
extent that that in the U5A and central Furope docs. This is consistent with the lack of a strong cyele
in Figure 6.27. [t is also possible that domestic emissions are a large proportion of the anthropogenic
signal in this region and do not show strong weekly variability.

Figune 6.26's rural locations show differing weekly oveles, such that alter averaging them together
the daily departure is @ero within 1o error bars for all days aside from Thursday. It would be expected
for rural sites o lack a weckly cyele in mhno, as the environment does not directly ‘know”™ what day
af the week it is. The average weekend effect owver all sites is .39 % £7.21 %, which is zero within
the 1o uncertainty. The Fact that the individual sites themselves do exhibit weekly cyclings leads 1o

several possibilities, of which all are probably truc to an extent:
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o As acrosol is carried by wind from source regions, it is possible For it to pass over the remote

arcas and impact upon their weckly cyvele.

» The sites (picked by analysis of satellite imagery for their apparent lack of human activity ) arc

not as remote as assumed.

# The combination of high cloud cover and AATSRs lower temporal sampling as compared
to AERONET means that the daily means can be based upon only a few different days of
observations cach. This may lead to skewed daily means For individuoal sites (which, as shown
in Figure 6.27, average to nearly zero over all rural sites). This sampling argument also applics

Lo citics in the region.

Weckend cffects and their uncertaintics are shown for all 25 sites in Tahle 6.1, In most cases the
lr uncertaintics are larger than the weckend effects themselves, implying, as suggested, cither there
is no overall weckly cycle of optical depth or AATSR s sampling is insufficient to characterise the
weckly cycles on this scale.

In conclusion, the AATSRE data do not show a weckend cffect significantly different from zero
oweral]l for urban or rural sites in this region of South Amernica. For industrialised regions, this may be
an indication that industrial activity docs not vary between the week and the weckend. For rural arcas,
this comesponds to the idea that the environment is not aware of which day of the weck it 15, In both
cascs the value, although smaller than its uncertainty, was positive which implics that the weckend
may have lower optical depths than the week at these sites. However, this analysis is hampered by
AATSR's low sampling, which results in larze uncertaintics when attempting an analysis on this
scale. AERONET, as employed by Xia ct al. (2008), is a better tool for this purpose as observations

arc available much more frequently.

Analysis with AATSR data: the region as a whole

The sccond component of Xia ot al. (20087 was to use MODIS data to examine the magnitude of
the weekend effect at 17 resolubion on a subcontinental scale for the USA, Europe, China and India.
In this scction, AATSE data are used to perform a similar analysis for the region of South America
examined. The daily percentage departure from weekly mean optical depth over this region is shown

in Figure 6.28, from which a weckend effect of -1.37+£0.30% can be calculated. This indicates that



208 CHAPTER 6. APPLICATIONS OF RETRIEVAL OUTPUT DATA
| Sitc name | Latitude, | Longitude, | Weekend | Weeckend | Consistent |
degrees degrecs cifect, & cllect, % at
(157 cirele) (1" box) 90 % lewvel?
Amazon forest, Braxil -4 &9 - 87 21264869 | RS0 £329 Yes
Andes, Peru -12.70 -T4.56 SH064E20.02 | 466 2870 Yes
Belém -1.45 -45.50 2006410458 | 22846 £3 .48 Yes
Belo Hortzonte - 1Eh.5hd =43 94 295+ 16.50 =245 605 Yes
Bogota 4.61 -74.08 26309 | 539 L3725 Yes
Brasilia -15.80 -47.90 T 4712006 255 £4.08 Yes
Fortaleza 377 SARST SO FAEI2 AT | -0.53 £4UKS Yes
Cioiinia -16.65 =459 25 098108 IB5 £30 Yes
Cuayaquil LR -TOEE FA54ET946 | 20.00+£8 82 Yes
[.a Pax -16.510 -6E.15 SSATETSST | -2 29 L5858 Yes
MManaus -3.10 -60.00 F2TERON 420 £3.00 Yes
Medellin 6.24 -T5.58 2628L10.16 | 17.71£4.18 Yes
Open Atlantic 5.00 =35.00 24 17T+£R.55 T.6% 4333 Yes
Open Atlantic 0,00 SEE.00 4009-L6 14 563 £2.29 Yes
Open Pacific =100 -B0.00 2524406 2.200 153 Yes
Open Pacific (.50 -B5.00 12564647 | 967 £2.34 Yes
Panama City 505 -79.51 -f0.294L7 24 54944 14 Mo
[Juito -(1.22 -TR.51 234902 -fEF 579 Yes
Recife -B.05 -34.90 50642524 [OES6 86 Yes
Rural Bolivia -12.33 -66.90) 40 27+14.56 | 1487+H4.40 Mo
Rural Brazil -100.25 4067 (53240273 | 11.334£3.92 Yes
Salvador -13.00 -3E.50 -BA5EF2.56 | -2 05366 Yes
Santa Crue de la Sierra | -17.80 6317 215641004 | 16.90+£3.87 Yes
Santiago de Cali 342 -T6.53 47947 39 15574432 Yes
Sertio region, Brazil =557 -36.65 26641873 -LONOLF 37 Yes

Tablz &1 Weekend effects and their uncenainties ( L) for the 16 urban and 9 roral sites observed at liner
(157 radivs cirele) and coarser (17 box) resolution. Values in italics are not significantly different from zero
al the 90 % confidence level.

the region has slightly higher optical depth over the weckend than during the week (although as
the definition of the study region is arbitrary, the otility of this measure is limited). The day-to-day
variahility of the region is smaller than that reported by Xia et al. (2008) for the regions considered
there (the TISA, central Furope, castem China and India): aside from the spike on Thursday. the
weekly acrosol cycle is similar to that of India.

There is no obvious explanation for the elevated optical depths on Thursday as compared to other
days of the weck. As the daily percentage departures are all reasonably small (2% or less), it is
possible that the cycle in Figure 6.28 arises due to a few days of high or low acrosal loading skewing
the daily mean values.

Mean acrosol optical depths over Wednesday, Thursday and Friday (the “weck™) and Saturday,
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Figure 6.2% Left: Mean acrosol optical depth for Wednesday, Thursday and Friday (the “week™) for the study
region. Kight: The same, excepl for Saturday, Sunday and Monday (the “weckend) Results ona 17 grid.

Sunday and Monday (the *weckend™) are shown in Figure 6.29. The differcnoe between these periods,
together with the calculated weekend effect, i given in Figure 6.30. Optical depths duning the weck
and weckend show similar spatial patterns, and over much of the region the differcnoe between weck
and weckend 15 small (0.05 or smaller). Differences approaching 0.3 arc, however, observed and the
patterns do not appear to be strongly linked to population density (Figure 6.23). If not real differences,
it is possible that these large differences are the extreme outlicrs of a Gaussian distribution of small

cdifferences.
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Figure 6.30: Left: Dilference between “weekday” and “weekend” (Figure 6.29) aerosol optical depth for the
stucly region. Right: The “weekend effect” for the study region. Walues are only shown for points signifi-
cantly different from zero at the 90 % confidence level. Positive values imply a lower optical depth during the
weekend. In both cases, the data are on a 1 grid and missing data are indicated by a grey ll value.

As the weekend effect is only shown where significantly different from sero (at the 90 % conh-
dence level), covernge is reduced by approximately a half, with the majority of the removed pixels
being arcas with a small optical depth difference. This suggests an absence of a weekly acrosal cycle
over a large portion of the study region. Muoch of these arcas are also sea, mountainous termin or
agricultural land, which intuitively wiould not be expected to show a weekly acrosol cvele. Effects in

the remaining regions of Figure 6.30 require further explanation.

& Various parls of the Atlantic and Pacific occans show cither positive or negative weckend ef-
fects, although generally weaker than over the land. As oceanic optical depths are low, these
differences ane small and it is possible that the weckend effects over some of these regions are
a consequence of retrieval error and AATSRs sampling. There is no obvious explanation fora

weekly cycle.

= Rural regions (low population density in Figure 6.23) Frequently show negative weekend effects
ihigher optical depth at weckends). This i= in agreement with the results obtained by Xia et al.
(2008) for rural AERONET sites in the region, which exhibited this ‘reverse weckend effect”,

although there is no obvious explanation for why this should be the case.

& lirhan regions (high population density in Figure 6.23) frequently show positive weckend cf-
fects. This is in agreement with the AERONET measurements discussed in Xia et al. (2008)

for Sao Paulo and Santiago (although that work docs not mention other citics in this region)
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and corresponds to the intuitive idea of reduced industrial activity at the weckend. The fact that
a weckend effect can be distinguished at 17 spatial scales is an indication that the impacts of
urban activity from a smaller source region can span these scales, andfor that urban arcas can

typically extend to this scale.

There are, however, points in Figure 6.30 where these explanations fail to explain the observed
stabistically-signibicant weckend elffect. [t is possible that some more complicated activity is at work
producing the weckly cycles in these regions, and additionally AATSR's low sampling is likely o

contribute to the uncertainty.

Comparison of weekend effect derived at both scales

This work has attempted to quantify the weckend effect over part of South America at local (013
circle) and coarser (17 box) spatial scales. At first glance, the methods appear to lead to differcnt
conclusions as the fine-scale approach found no significant weckend effect averaged over a selection
of urban and romal sites, while the coarser-scale investigation found evidence of a positive weckend
clfcct near many citics, as well as a reverse weckend effect in other arcas.

The agreement between the two approaches can be examined by Iooking at the consistency of the
weckend effect at the 25 sites where it was caleulated at the finer scale. Estimates of the weckend
clfect made at both scales, together with their uncertaintics, are presented in Table 6.1, For 23 of the
25 locations the estimated weckend effects agree at the 90 % confidence level. The two sites where

they do not agree arc as follows:

1. At Panama City, the first approach found a negative weekend effect while the second a pos-
itive one. Panama City is coastal so it is possible that poorer-gquality retrievals, doe to the

inhomogeneity of coastal regions, lead to poor estimation of the weckend effect.

ra

At the rural location in Bolivia, both methods reported positive weckend effects but of an
approximately threefold difference in magnitude. Acrosol inhomogencity or AATSR sampling
may cxplain these results, although why this isolated arca shows a positive weckend effect is

unelear.

The general good agreement is due in part o the very large uncertaintics on the weekend effect

when caleulated on fine spatial scales. This highlights the effectivencss of AERONET for small-scale
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studics like this, where satellite sampling is inadequate. Only 7 of the 25 sites yiclded significant
weckend cffects at the One scale, as compared o 13 at the 17 scale, with all of the former sct also
present in the latter (non-italic values in Table 6.1). As weckend effect uncertaintics are, in general,
much lower at the 17 scale this demonstrates the utility of satellite data such as MODIS and AATSE
For examining acrosol cycles at this level. The 17 data are therefore discussed in the remainder of this
scction.

Ab s1x of the 16 citics with populabions of 1 million or more, a posidve weckend effect was
observed at the 90 % confidence level. This ranged in magnitude from 5.4 % in Bogota to 20% in
Cuayaguil, which is a similar magnitude to the value of 16% found by Xia et al. (2008) for Sao
Paclo and Santiago. Only one of the cities, Belém, showed a reverse negative effect of -28 %, The
remaining nine did not have any significant difference between acrosol levels during the weck and at
the weeckend. This suggests changes in industrial activity and lifestyle in some citics in the region,
as found by Xia ct al. (2008) for many other regions worldwide, but that in many citics any weckly
cycle is too small to be detected.

O the nine rural sites, four show a positive, two a negative and three no weekend effect. Small
negative weckend effects were reported by Xia et al. (2008) for rural AFRONET sites in the region:
ol the four with a positive effect here, two were located in the Atlantic Ocean (and one with a negative
in the Pacific) and it is possible that acrosol in these oceanic regions is affected by weckly pattemns

ol shipping or are spurious results arising from poor sampling.

6.3.7 Deforestation and regeneration in the Amazon basin

The Amazon rainforest has most of its arca in Brazl (with the *Legal Amazonia® region in that
country being composed of the states of Acre, Amapa. Amazonas, Mato Grosso, Para, Rondania,
Roraima, Tocantings, and part of Marmnhio) and Peru. It also comprises a part of cach of Bolivia,
Colombia, Ecuador, French Guiana, Guyana, Suriname and Yenceuela. Itis a denscly-forested region
extending throughout the basin of the Amazon river. Beginning several decades ago large regions
have been deforested, primarily to clear land For cattle-ranching or subsistence farming, with soybean
farming becoming increasingly prevalent in recent years (Kirky et al., 2006). Particularly in the
non-Brazilian Amazon, mining can also be a signibicant canse (Fonscea, 2004). The Amaron is an

arca of high biodiversity (see, for example, Lewinsohn and Inacia Prado, 2006), and also plays an
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Figure 6.31: NDWI during Auvgust during the early pant of the time-series spanned (lefl, composite from 2002-
2004 and the later part of the lime-series spanned (right, composite from 2005-2007). Results presented on
the retrieval’s approximately 0.1 sinusoidal grid. Missing data are indicated by a grey Gll value.
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Figure 6.32: Lelt: Difference between NDVT in Avgust at the end (right-hand part of Figure 6.31) and start
ilefi-hand part of Figure 6.31) of the time-series spanned. Resulis presented on the retieval’s approximately
01" sinusoidal grid. Missing data are indicated by a grey fill value. Right: histogram of the magnitude of the
values from the lefi-hand plot in bins sized 0.01. Black values indicate an increased NV towards the end of
the time series, and red g decreased NDWL

important mle in the global carbon cycle, accounting for approximately 10% of global terrestrial
primary production (Melillo et al.. 1993), thus there is considerable interest in attempts to quantify
the extent of fornest cover change. The extent of *deforestation” is defined here by the net change in
arca of forest cover during a period (which covers both regions where trees have been removed and
those where they have regrown)).

Satellite data have often been used to map regions of deforestation, beginning with AVHER data
(Tucker et al., 19%4) and more recently MODIS and LANDSAT (such as Ichii et al., 2003, Wynne

et al., 20007, Haves and Cohen, 2007 or Hayes ct al., 2008). LANDSAT is a senics of satellites which
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Figure 633 Left: Density of metrieval pixels where the WDV change (Figure 6.32) is more negative than
115, binned to an approximately 17 sinuseidal grid. Right: The same, excepl [or pixels where the NIW]
change is mone positive than (115,

image the Earth in the visible and infrarcd, of which the first was launched in 1972, To the author’s
best knowledge, AATSR data have not yet been used for this purpose.  These satellite detection
mechanisms normally make use of changes in vegetation indices such as NDVI to estimate change
in forest cover, relating the two for a pixel through use of calibrating to some sclection of reference
sites where both the NDWVI and fractional forest cover are well-known. This is because MDDV is nota
simple map of vegetation cover, depending on, for example, the types of vegetation and soil present
(Holben and Kimes, 1986].

Such an analysis is oul of the scope of this work; however, consideration of changes in NIV
over the 5-year period studicd on a retricval-pixel scale enable the mapping of regions where AATSRE
data suggest that deforestation, or regeneration of cleared forest, is likely to have happened. Figure
.31 shows composite NDVI images from the AATSR data processed during this period. The method

for genemting these maps was as follows:

s Por the lefi-hand plot, the monthly mean NDW] was obtained for August 2002 on the retricval
arid from the individual orbits processed. This typically led to up to 5 estimates of the NDWVI
for cach of the 164,772 pixcls in the region. A total of 83,743 pixcls contained at least one

cstimate of the MWL

# Ciaps in the ficld were Glled by adding in monthly mean NDVT data for Auguost 2003 to the

pixcls where it was absent for August 20020 A total of 22,452 pixels were filled in this way.

= Rcmaining gaps were filled by the same process, using August 2004, A forther 11,363 pixels
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were filled in this way, leaving 47.214 pixcls with no data.

This process was carricd out for August 2007 (77 369 pixels with retrievals), but in reverse, blling
oaps with data From 2006 (29159 pixels) and 2005 (10,785 pixcls). A total of 47,459 gaps remained.
Filling gaps substantial lv increased the coverage of the datasets for comparison, although the majori ty
of points were from 2002 and 2007, Successive Augusts were used 1o ensure no scasonal hias was
introduced. 85,802 land pixels contained data in both composite sets.

The nesulting change in NDWT between the bwo datascis in both map and histogram form is shown
in Figure 6.32. The uncertainty on any individual NDVI measurement in this region is typically of
the arder of 0.06. The map shows distinet regions of widespread decrease or increase in NDOWT over
the period, with changes in the Amazon being generally larger than those in other parts of the study
region. The largest changes in the Amazon are generally found in the Braxilian states of Amazonas,
Ronddnia and Matto Grosso. Historically these regions are where deforestation cocurs (according to,
for example, Tucker et al., 1984 and official figures from the Brarilian National Institute for Space
Rescarch (INPE) via Camara et al, 2006), and hence also regions where regeneration of forest on
previously-cleared land is possible.

INPE hgurcs suggest a net loss of forest of the order of 115,000 km® in Legal Amaronia be-
tween 2002 and 2007, In Peru, Oliveira et al (2007) estimate approximately 6454325 km® v Y het
of ground has been deforested in recent years, leading to approximately 3,000 km™ between 2002
and 2007, albeit with considerable uncertainty on this value. The same source estimates a similar
coverage of disturbed Forests.

Year-by-year estimates of forest cover change are harder to come by for the other countrics with
territory in the Amarzon. The United Nabions Food and Agriculture Organisation reports (FACH, 2006)
provides estimates of annual net deforestation rates over the period 1990-2005. Assuming thesc
values are representative of the 2002-2007 period leads to overall cover change estimates of 13,5000
km® in Bolivia, 2,400 km® in Colombia, 9,990 km® in Ecuador, 150 km® in French Guiana and 14,400
km® in Venezuela over this period. Mo deforestation was reported by FAC (2006) For Suriname and
no data was collected by FAD (2006) for Guyana.

Together, these figures lead o an estimate of 158,000 km® of forest lost between 2002 and 2007
The majority of this was from Brazil. Note that these figures are in terms of net forest change, so the

total arca over which deforestabion occurs will be larger than this, as some land defonested prior o
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the period may regencrate forest cover.

The right-hand portion of Figure 632 shows the relative Frequency of positive and negative NIV
changes over the land For this period. OF the 85,802 land pixcls with available data, 43,682 had a
ncgative NIDWI change and 42,1200 a positive. Therefore there was a net negative change of 1,562
pixcls. Although a simple measure, the resultant net negative change of 1,562 pixels cormesponds
to an area of approximately 156,000 km~, which is in remarkable agrecment for the previously-
derived net deforestation estimate of 138,000 km” over the period. This is an important result which
demonstrates that, although little can be said about changes in forest cover on a retrieval -pixel scale
without establishing the aforementioned dircct NIDWI-forest cover relationship, on a regional scale
the AATSE-derived NDVI provides an estimate of deforestation in good agreement with independent

data sources.

As a next step, the density of pixels exhibiting a strong NDWVI change imagnitude of (.15 or
more) is mapped to an approximately 17 sinusoidal grid in Figure 6.33. This reveals the arcas of
large change arc mostly confined to the Amazon. The arca of pixcls with a strong negative change
is approximately 417000 km™ and strong positive 292,000 km~; assuming these strong changes are
due 1o deforestation and reforestation events leads to a net decrease of 125,000 km®, in reasonahle
agreement with the previous estimates, although the exact Ggure depends on the NDWT threshold
adopted. A threshold of 00125 gives an estimate of 178,000 km? net deforestation, with similar
spatial distribution; this suggests that For a simple mask of NIDW] change significance, an appropriate
threshold would be in the region 00125 to 0015, Such a threshold would not be expected to hald For

the whole globe, as it would depend upon the types of vegetation and soil being obscrved.

Frequent ocourrences of strong NIV decrcase are concentrated in Amazonas, RondGnia and
Matto Grosso in Brazl, castern Peru and northern Bolivia. Southern and castern regions of Colombia
and Vencrucla also contain significant negative NDWI change, as do Guyana, Suriname and French
Cutana. There is little evidence of deforestation in Ecuador, which is surpnising duc to the cstimate
of 2,990 km™ net Forest loss, but this could be due to the large gaps in data coverage in this region
iFigure 6.31). The NIWI decreases detected over Suriname and French Guiana are largely balanced
by pixels showing an NDW 1 increase, which is consistent with the low deforestation estimates in these
countrics. Regions of frequent strong NDVI decrease in Brazil and Pero in Figure 633 are gencrally

consistent with deforestation *hotspots” measured by others (sce, for example, Alencar, 20005, Souea
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ct al.. 2005 and Neef et al., 2006 for Brazil and Oliveira et al., 2007 for Peru), although there is a
comparative lack of data for the other countries.

Positive NDVI change as shown on the right of Figure 6.33 shows different spatial patterns,
which is consistent with the idea of forest regrowth in ancas that had been previously deforested.
Howewver, it may also be due to the growing of dense, green crops on land which had previously
been comparatively bare (scorched ground from slash-and-burn agricultural practices or grasslands).
The largest region of MDY increase appears in a belt stretching through northern Bolivia and the
Brazilian states of Mato Grosso and Para. Parts of Rondonia, Amasonas and Acré also show density
ol significant NIDWT increase. Kegencration of forest in these parts of Brazil and Peru has been
previously noted by, For example, Lucas et al. (20000), Neel et al. (2006) and Oliveira et al. (2007)
although again estimates for other countrics are hard to come by,

In summary, the NDVT of the study region showed notable differences between the start and end
of the 2002-2007 study period. The strongest variations were observed in the Amazon rainfonest, and
patterns of this variability are in general good agreement with known ancas of deforestation and forest
regencration in Brazil and Peru. For the first time an cstimate of the extent of net deforestation of the
Amazon was made using atmos pherically-corrected AATSR data, arriving by two methods at higures
of 125,000 km” and 156,000 km”. The latter of these bwo is in strong agreement with independently-
derived estimates of 158,000 km". NDWVI has not been mapped directly 1o forest-cover change on
an individual-pixel scale, however, as such a task requires a calibrabion dataset where the cover 1s
alrecady known. It is suggested, however, that vegetation monitoring would be a possible future usc

of AATSE data, cither through NIV or a more quantitative vegetation index.






Chapter 7

Conclusions and future work

7.1

7.1.1

Summary of progress

Algorithm development and validation

The algorithm presented in this work represents a signibcant improvement on the previous nadir-view

ORAC (AJATSR acrosol retricval. In summary, the following arcas have been thoroughly updated:

The algorithm now makes use of visible channel data from both instrument views: the mult-
view information provides a particular improvement over bright surfaces (such as the land and

the sun-glint arca of the occan).

Measurement, forward model and a prierd crrors have been examined so that appropriate val-
ucs may be used. This ensures that information is not thrown away in the retrieval by weak

constraints, while the retrieval is not hampered by overly strong comstraints.

The surface BRDF forward model of Thomas (2007) has been implemented.

A model has been developed to describe the BRDE of the sea surface, taking into account
Factors such as the geometry and contributions from coeanic whitecaps, glint reflectance and

underlight from dissolved pigments.

Treatment aof the land surface retlectance has been improved by accounting for the differences
between the MODIS and AATSE sensors.

219
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# Surface albedo is now retricved at all wavelengths, breaking the dependence on the spectral

shape of the a priori and providing additional data products.

Retrieved acrosol optical depth has been validated by a comparnison with AERONET data and
found to show a good level of agreement. The correlation cocthcient is 0.775 at 5350 nm and 0.533
at 870 nm, and best-Ot lines have gradients of 1.10 and 108 respectively. This is a substantial
improvement over the previous nadir-view retnieval. The average precision by which moro, 7a00 and
Feome are retricved has also improved, from 200156, £20.0% and £0.257 pm respectively for the nadic-
view retricval to £0.037, 20027 and £0.178 pm respectively for the new scheme, for a month of
alobal data.

[n addition, a monthly mean comparison with MISR data shows similar regional trends in acrosol
propertics, although the correlation between the datasets is lower (0,46 over land and 0,50 over sca).
This difference is thought to be largely due to sampling differences. An advantage of this algorithm
over others is the optimal estimation framework, which allows for rigomous cstimation of retricval
errors and quality control statistics given the thorough error budget developed for measurement and
a priori data. Finally, the internal consistency of the algorithm has been checked and it has been

found to perform well. Approximately 80 % of retricvals converge with an acceptable cost.

7.1.2 Applications of the algorithm

Chapter & describes the application of the retrieval al gorithm in ways which AATSR data have to the
author’s best knowledge not previously been exploited. As such this work represents novel uses of

ANTSE data:

l. Generation of false-colour atmospherically-corrected images of both land and ocean. This

reveals different types of large-scale land cover, and regions of differing ocean colour.

I-a

A global comparison of acrosol and surface propertics in Aogust 2002 and August 2007, This
reveals regions ol possible long-term trends in acrosol and surface propertics and also regions
of comparative stability. Much of Europe and western Asia saw a decrease in 7 of approxi-
mately (0.2 between the vears while an increase of similar size was observed around south-cast

Asia. Changes in the NIWVT of the surface were linked to scasonal precipitation differences.
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Processing of a 5-year time scries (Auguost 2002 to Auogust 2007) of data in the region of
South America around the Amarzon basin. The dataset has been used to examine scasonal and
interannual variations in acrosol and surface propertics. Weckly cveles of acrosol optical depth
have been examined. along with the relationship between optical depth and population density
For the arca. In general it was found that satellite sampling is generally insufficient to reveal
weckly cycles for point locations, butl ab coarser resolutions they can be discerned. Finally,
MNIWT data have been used to examine the response of the Amazon to drought and quantify the
extent of net deforestation over the S-year pericd, producing estimates (125,000 km” - 156,000

km” by two methods) in good agreement with independent data sources (158,000 km™).
hese undertakings provide answers to—aor at least steps toward—varions science questions:
What information can we obtain from modern satellite radiometers?

What assumpbons must we make, and what capahilitics would be needed o improve upon

them?
Honwe Fast is the Earth's surface and atmosphere changing?
What is the impact of citics on their local and regional environment?

What arc the characteristics of acrosol and surface propertics in the Amazon region, and how

do they vary with time?

Honw Fast is deforestation of the Amazon occurring ?

Directions for future work

Pruring the development and validation of the algorithm, several points where further effort may

result in improved results have been uncovercd. These are discussed briclly below.

7.2.1 Incorporation of IR channels

The AATSR instrument measures at 3 channels in the thermal infrared region of the spectrum which,

acrosol retricval algorithm to use these measurements and allow the retricval of surface temperature
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and acrosol layer height. It is also expected to improve chamacterisation of the acrosol products and
the speciation, as an increased number of measurements would make the acrosol signature from
different models more distinct. This simultancous retrnieval should allow 55T retrievals of equal or
better precision than the operational product.

Progess has been made in incorporating the infrared channels of the SEVIR] instrument into the
ORAC retricval by Carboni et al. (2008). However development is still ongoing as sceveral issucs arc

yel to be addresscd:

& Acrosol microphysical propertics in the infrared derived from different sources, ostensibly
for the same acrosol type, have been found by Carboni et al. (2008) o differ signibicantly at
AATSRSEVIRT wavelengths of interest and so result in differing retrieval results. In these
cases 15 not clear which is the most appropriate set of acrosol propertices o use. This is similar

o the acrosol speciation problem uncovered for the vizsible channel acrosol retrieval.

# In order to retrieve the surface temperature, the surface spectral emissivity must be known
to high precision. This is a particular difficulty over the land. The accuracy requirecment For
AATSR 55T defined in ESA (2007 15 0.3 K; a 1 % crror in emissivity for a surface at 300 K

at 11 microns leads to an error of approximately 006 K.

Due to these difhcuolties, this work focusses on a thorough treatment of the visible channels of
AATSE in order that it be of the highest quality. Incorporation of thermal infrared channels into
the AATSE retrieval will not take place until issues arising from the SEVIR] retrieval have been

addressed, 1n case an incomplete treatment were to hamper the AATSE retrieval.

7.2.2  Improve surface modelling and error characterisation

As, particularly over land, the signal observed by AATSR contains a strong contribution from the

surface there i=s scope for an improved treatment of the surface reflectance (ultimately making the

error arising from improper surface treatment smaller than other sources of Forward model error).
Two arcas which offer scope for improvement arc:

l. Owerthe sea. refinements could be made to the BEDF model to account for differing propertics

of shallow, turbid coastal waters (often referred o as “Case [1M). The BEDF model of Chapter

3 was designed for open occan as it covers the largest proportion of the globe, and indeed
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even in coastal waters the proportion of successfully-converging retricvals is good. However in
some regions (such as the Amazon delta, as discovered in Chapter 6) the model is inadeguate

to describe the highly turbid waters.

2. Improved constraints of surface albedo over the land will help to partiion more accurately
surface and atmospheric effects in the TOA reflectance, and hence improve acrosol speciation.
These constraints may be driven by improvements to the MODIS BRDE data produocts=, and an
improved understanding of the temporal variability of surface reflectance. Investigation into

temporal variability has been proposed for an MPhys project.

7.2.3 Improvements in forward model precision

[ncreasing the precision of the forward model will, like improving the modelling of surface re-
Nectance, allow For better discnmination of acrosol and surface elfects 1o the TOA retflectance and
so result in smaller error estimates on retrieved quantities and improve the efficiency of lowest-cost
acrosol speciabion. This work has quantified the forward model precision and shown that, for a tvp-
ical 10 ke 10 km superpixel, the dominant error sources are surface model parameter uncertainty
(the ratios fepa @ Fggn and g 0 flgppg ) vielding an error of 2-3 % of the signal over land and
OB % for sca (depending on geometry and wavelength) and numerical precision in the forward model
(arcound 1%). Instrumental noise is comparatively small (under 0.3 % for most superpixels which are
largely cloud-free).

Polynomial interpolation of LUTTs carries an increascd computational overhead but would allow
for a continuouns forward model and Forward model gradient. As well as decreasing the numerical
precision error in the forward model, this should remove the tendency of the retrieval 1o pick state
parameters lying just on one side of LT points. This work has not yvet been performed as the surface
uncertainty term is large and the artefacts in retrieval histograms are small biases (i.c. the error bars

on retrieved values near the LUT points encompass an arca on both sides of the LUT points).

7.2.4 Improved cloud/dust llagging

The presence of cloud in a pixel prevents acrosol retricvals from being carried out. Although the

retricval algorithm uses sophisticated cloud flags contained in the level | data, in some scenes thene
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i= residual untlagged cloud which will degrade the quality of acrosol retricval (although in most cascs
this should be picked up by retricval quality control). Conversely, in some situations such as strong
dust storms acrosol may be wrongly lageed as cloud, leading 1o such events being missed in the
satellite data

Further investigation into such improved cloud fagging has not been undertaken due to time

constraints. It has, however, been proposed For an MPhys project.

7.2.5 Non-spherical aerosol models

The theory of Mic (1908) is widely uscd in the remote sensing community to calculate acrosol phase
functions for vse in satellite retrievals. However, this theory requires particles to be spherical, which
may not hold true for solid acrosal particles such as dust. Hence there is an error associated with
the assumption of sphericity which will propagate through into the retrieval prodocts. Retricvals in
dust regions Frequently pass quality control and compare well to independent datasets, which gives
confidence that this error is not too large (unless all datasets are similarly incorrect).

The theory of non-spherical scattering 15 highly complex and gencrally non-spherical scatter-
ing codes carry a much higher computational overhead than Mie scattening. Investigation of non-
spherical scattering is the subject of a DPhil project within the anthor's rescarch group; as it began

two years alter this work, however, results usetul to the AATSR retrieval have not yet been obtained.

7.2.6 Improved treatment of aerosol optical properties

A weakness of ORAC 1= that cach acrosol class consists of ixed components with fixed microphysical
propertics, and changing composition within a class can only be achicved by altering the cffective
racius. There will be situations in which acrosol is not adequately described by any acrosol class
uscd, or may best be described by 4 combination of classes (such as in the case of, for cxample,
a polluted occan). Improvements in this arca would involve adoption of recent measurcments of
optical propertics into the retrieval scheme.  Possibilitics would include regional acrosol models
(if, for example, Saharan dust s different from Mamibian dust) or retrieval of mixtures of acrosol

components rather than pre-delined classes.
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7.2.7 Development of more sophisticated vegetation measures

The MW results presented in Chapter 6 are just one of several methods for monitoring the state of
vegetation from space. Following work by Verstmete and Pinty (1996) suggesting the design of morne
quantitative measures of vegetation, in recent vears morne robust indicators have been developed and
are being applicd to satellite data from several instruments (For example Gobron et al., 2006). Typical
quantitics derived from such measurements include the fraction of absorbed photosynthetically-active
radiation {fye 0], the leal arca index (LAL), which is a measure of the cover of green leaves over a
region, and the fractional vegetation cover (FVO) of a pixel. Morth (2002h) showed that the ATSE
instruments are sensitive 1o these gquantitics, but this capability has not yet been cxploited.

Such alternative indices have not been developed in this work becavse of ime constraints. They
require further radiative transfer modelling o determine cocflicients to relate the retrieved surface
albedo to the biophysical quantities, as opposed 1o being simple mtios of combinations of bands, and
hecause the Focus of this work 1= on acrosol retrieval they have not yet been fully explored. This,

however, would he a suitable task for the futwre.

7.2.8 Further applications of the data

Chapter 6 provided several examples of applications of AATSR data. It is suggested that, withouot
the tme and space constrainis of a thesis, these would be excellent places to undertake studics in
more detail and add to the growing body of scientific knowledge on the topic, in which the ATSRE
instruments are currently under-represented. Additional applications not previously mentioned in
this work include use of the denved acrosol and surface profiles to estimate acrosol direct radiative
forcing, and combination with cloud datasets to investigate cloud-aercsol interactions and acrosol

incdirect effects.
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Appendix A

Notation used in this work

This appendix provides a summary of the assorted notation adopted throughout this work,  Table
ALl describes the notation pertaining to retricval theory, while Table A2 presents that used in the
retricval forward model. Notation in Table ALl generally follows Rodgers (20007, and that in Table
A2 s developed from carlier work on the ORAC scheme as presented in Marsh et al. (2004) and

Thomas et al. {200&a).
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2410 APPENINX A, NOTATION USED IN THIS WORK

Svmbaol | Explanation

0 Retneval step size parameter.

A Averaging kernel matrix.

b Forward model parameters not present 1o the state vector,

b, lnknown true values of b,
ad Change in J between retricval iterations resulting from the change 43 .
ax, Step taken in parameter space during retricval iteration.

D, Inversion operator ab solution; also often known as the Gain Matnx G
F Forward function mapping x to y.

f Forward model, approximation of B

J Total retricval cost

JI First derivative of reitrieval cost with respect 1o x.

g Second dervative retrieval cost with respect to

g, A prierf component of retrieval cost.

Jy Measurement component of retricval cost.

R, Weighting function matrix.

M2 e | Marguardt *start” parameter for scaling o,
MG | Marquardt *step” parameter For scaling a.

Ty MNumber of state variables which are not significantly constrained by their a priori.
., Number of clemenis of x.
Ty Mumber of clements of y.
=g Covariance matrix of model parameter error
B Covariance matrix of measurement mapping error.,
= Covariance matrix of null space error.
B Covariance matrix of model parameter mapping error.
é';r Covariance matrx of total error on the retrieved state.
=, Covariance matrix of & prierd croor.
= Covanance matrix of @ pron residuals % — ..
Sy Covarance matrix of measurement and forward model crrorn
By Covariance makrix of measurement residuals ¥ — .
x Eetneval state vector,
x Eetrieved state vector at retrieval solution.
X, A priert value of the state vector,
X First guess at the retricval state vector (st to ).
¥ Eetrieval measurement vector,
¥ Measurement vector caleulated from the retrieved state at the retrieval solution.
¥Von Eetneval measurement vector, alternabve notabon.

Table A1 Motation used in this work relating to retrieval theory.
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Symbal Explanation
l Indicator of downward transmittance or reflectance in the forward model.
1 Indicator of upward transmittance or reflectance in the Forward model.
A Angstrom cocfficient between wavelengths A and Az,
o Extinction cocfhcient due o absorplion.
. Total extinction coclficient.
i Extinction coctiicient duc to scattering.
A Wavelength.
L7y, pro ) | Intensity of radiance along direction (g, o) at optical depth 7.
1 Cosine of a zenith angle.
i Al Refractive index at wavelength A with real and imaginary parts n- and s,
N{h) Total acrosal number density as a function of height & and scale height 2.
alr) Acrosol number size distribution, dependent on radius .
w Atmosphenic layer single scattering albedo.
Ly Acrosol single scattering albedo.
i Relabive (solar - satellite) azimuth angle.
i) Atmospheric scattering phase function.
i Ciround-level pressure.
™ Atmosphernic layer lower pressure level.
e Standard atmespheric pressure, 101325 mbar.
P Atmospheric layer upper pressure level.
2. Mic extinction efficicncy factor.
Hun Ridirectional reflectance of the acrosol layer.
T Aerosol elfective radius, measured in microns.
e Relectance of the acrosol layer to diffuse radiance.
r; Muodal mdius of a lognormal distribution.
Hepnos Surface hidirectional reflectance albedo at wavelength A
fHep s Surface black-sky (hemispherical ) albedo at wavelength A
s, Surface whitc-sky (Lambertian or hihemispherical) albedo at wavelength A
7 Spread of a lognormal distribution.
Tn Acrosol contribution to layer optical depth.
T Cias absorption contribution to layer optical depth.
7 Total atmospheric layer optical depth.
™ Acrosol optical depth at wavelength A
™ Rayleigh contribution to layer optical depth.
TRT Rayleigh optical depth for a column of atmosphere.
i, Solar zenith angle.
i, Satellite viewing zenith angle.
oo Iiffuse transmission of the incident beam.
o Transmission of diffuse incident radiance.
I e DMireet transmission of the beam.
T Mic sizc paramcior.

Table A.2: Motation used in this work relating to the retrieval forward model



Appendix B

AERONET-AATSR coincidences during
September 2004

Tahle B.1 shows the names, locations, dates and times of cloud-free AATSR overpasses with coin-
cident ALRONET measurcments during the month of Scptember 2004, This allows a total of 55
matchups by which the retricved acrosol optical depth can be validated against ground-bhased data, as

described in Chaplter 5. AERONET is thanked for provision of the data.
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Stalticn name Latitude | Longitude | Dayis) and time(s) of coincidence(s)
(dearces) | (degrees)

Agoufou [5.3450 | -1.47900 [ 10 010:11), T3 010:220, 23 (10060, 26 (10:11), 29 (10: 16)

Alta Floresta | -9.917000 | 560170 | 29 (13:43%)

Avignon 439330 4 E8TE00 [ 13 (10:14)

Banizoumbou | 135410 266300 [ 17 (0952, 23 (10:12)

Belsk 51.8370 20079200 [ 11 (0929, 18 (0909

Billerica 25170 | STL2500 | 3 (15:29, 26 (14:5T)

Bondville 40,0530 | -BR.IT20 | 1 (16:300, 8 (16:13), 17 (16:32), 30 (16:19

Bratis Lake 502800 [ -104.700 [ 27 (17:58)

Brookhaven 408700 | STRERM0 [ 10 (15:12)

[Dakar [4.3940 | -16.9590 [ 11(11:24)

Fresno I6.TR20 [ 119773 [ 4 (1819, 10 (18295, 26 (18:29)

G 389920 [ -76E400 [ 3 (15370, 19015:21%, 22 (15:32)

Ciwangju 351300 126500 | 29 (01:55)

K-JIST

Halifax 44 6380 | -63359%40 | 1 (14:43), 14 (14:400)

Hamburg 535680 DOTA00 [ 101013}

HlAndrews 442390 [ -122.224 | 6 (18:58), 1O (1819, 22 (18:57T)

[Lacgeren 47 4800 BAS100 [ 10 (1007

Lake Argyle SLE0RD [ 128749 | 2 (01210, 501:200, 18 (01:12)

[La Parguera [7.9700 | -67.0450 | 5 (14:30)

Maricopa 320690 [ 111972 | B(17:47)

MY Scicnoe 92830 | STeoelTO | 19015200, 22 (15:31)

Center

Missoula 469170 | -114.083 | 26 (158:25), 20 (17:58)

Moldowva 47.0000 2EELSD | 6 (0859

Mes Aiona 31.9220 4. TR90 | 14 (0R:00)

Palaiscan 48.7000 220800 [ 601027, 9010417

Sevilleta 343550 | 106885 | 9(17:25), 15 (1T7:35)

Tombstone L7420 | -110050 | 2(17:39), 15(17:33), 24 (17:56)

Tomsk 56.4770 BA.0470 | 600524

Walker 359580 [ -B42870 [ 5(16:14), 18 (15:543, 24 (16:00)

Branch

MNianzgHe 30,7540 T16962 | 18 (02:265, 21 (02:30)

Table Bol: Mames and locations of AEROMET stations with dates and times (UCTC, in parentheses) of coin-
cident cloud-Tree AATSR overpasses during Seplember 2004, These stations were used for validation of the
retrieved aerosol optical depth, as described in Section 5.



