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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






