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Abstract

The UKMO has tested the effect of assimilation of aerosol optical depth (AOD)

observations from the SEVIRI retrieval algorithm which has been developed at Impe-

rial College and this has been shown to add skill to its short term forecasting ability.

This thesis details the validation of the SEVIRI AOD retrieval algorithm prior to a

longer assimilation trial and considers both internal and external factors which may

affect its success using data from the GERBILS airborne field campaign during June

2007. It was found that of the factors tested, the retrieved AODs were most sensitive

to the coarse mode in the size distribution assumed in the radiative transfer modelling

used to derive the expected dust signal.

Following on from this work, co-located SEVIRI retrieved AODs and GERB fluxes

at the top of atmosphere (TOA) were used to provide, for the first time, an obser-

vationally based estimate of the net direct radiative effect (DRE) of mineral dust

over North Africa from geostationary satellite observations, giving new insight into

the influence of time of day on the SW, LW and net effects. As expected, mineral

dust aerosol was found to reduce the outgoing longwave radiation at all times of day

with the peak reduction clearly following the diurnal cycle of surface temperature.

Instantaneous SW DRE was found to be large under certain conditions and showed

strong dependencies on pristine sky albedo and solar zenith angle such that a given

aerosol loading could induce a positive or negative SW DRE. Overall, the mean SW

DRE over June 2007 was found to be negligible. The net DRE for June 2007 was

hence found to be dominated by the LW component with mineral dust inducing a

reduction in outgoing net flux of the order 10 Wm−2. Besides being of interest in their

own right, the methodology and results from this analysis should help to provide an

important constraint on the success of the assimilation process in terms of assess-

ing whether the assimilated aerosol has the ‘correct’ impact on the forecast radiative

fields.
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Chapter 1

Introduction

1.1 Earth’s radiation balance

In its most elementary form the Earth is maintained at a constant effective blackbody tem-

perature of 255 K by the longterm balance between incoming and outgoing radiation at the

top of atmosphere (TOA). This basic equilibrium consists of shortwave (SW) solar flux

incident at TOA and emitted radiation which has both SW, the unmodified solar radiation

which is reflected by the Earth directly back to space, and longwave (LW) components.

This fundamental stasis encompasses the complex Earth-Atmosphere climate system in

which processes between land, sea and atmosphere and associated feedback mechanisms

all contribute to the dynamic and interactive modulation of the overall radiation balance.

SW solar radiation consists of the visible and near-visible parts of the electromagnetic

spectrum at wavelengths in the range∼ 0.3 to 4.0µm. The atmosphere attenuates this radi-

ation between the TOA and surface via interactions with constituent gases such as oxygen,

ozone, carbon dioxide and water vapour. This results in distinct spectral signatures in the

SW radiation which is incident at the Earth’s surface; these can be measured and used to

indicate the presence and amount of individual gases in the atmosphere. In the top panel of

Figure 1.1 the spectrum of solar radiation incoming at TOA (yellow) and the resultant SW

radiation incident at the troposphere and surface (red) are shown and the spectral signatures

due to ozone, oxygen, water vapour and carbon dioxide are indicated.

The fraction of SW radiation incident on the Earth which is reflected directly back to
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space is termed by the planetary albedo, αp, and is usually stated as being≈ 0.3 on a global

average. The remaining unreflected solar radiation is absorbed by the planet leading to

terrestrial heating and thermal emission from the Earth in the LW infrared part of the elec-

tromagnetic spectrum at wavelengths in excess of 4µm. The Earth’s outgoing TOA LW

spectrum is shown in the bottom panel of Figure 1.1. Interactions between atmospheric

constituent molecules and LW radiation also lead to distinct spectral signatures in the out-

going thermal flux which manifest themselves as deviations of the spectrum from a pure

blackbody Planck curve. The region between 8 and 13µm is known as the window re-

gion; the majority of outgoing flux at TOA at these wavelengths is unmodified emission

directly from the surface. There is some absorption within this wavelength range due to

carbon dioxide and ozone however, the total absorption is weak globally and energy emit-

ted within the window region accounts for almost half of the outgoing LW radiation to

space.

The radiation balance of the Earth can therefore be altered by changing either of the

three fundamental components in the following;

F0

4
= αp

F0

4
+ LW emission flux (1.1)

The single term on the left in Equation 1.1 represents incoming solar energy; F0 is

the solar constant which represents the amount of energy reaching the top of the Earth’s

atmosphere each second per square metre facing the sun during the day time. It is divided

by 4 to average over the entire surface area of the planet. Solar irradiance is the dominant

energy input into the Earth by a factor of almost 104. Current measurements suggest that

the total solar irradiance is ≈ 1361 Wm−2. However, this value changes in response to the

solar cycle and varying magnetic features which occur on the solar disk [1].

The first term on the right quantifies the upwelling SW radiation at TOA which is re-

flected from the Earth by clouds, aerosols and gases in the atmosphere as well as from

the Earth’s surface. The planetary albedo could be modified by changes in mean global

cloud cover, varying concentrations of aerosols and by large changes in the Earth’s surface

type for example, reduced vegetation cover due to deforestation or diminishing polar ice

caps. Radiative cooling of the Earth occurs via LW emission which can be altered through
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Figure 1.1: Top: Energy spectrum of SW incident at the top of atmosphere (yellow) and at
the surface (red) indicating the relevant absorprtion signatures due to various atmospheric
constituent gases (Image created by Robert A. Rohde/Global Warming Art). Bottom: Ex-
ample of TOA outgoing longwave radiance spectrum showing the location of the atmo-
spheric window and major absorption bands due to atmospheric constituent gases.

changes in greenhouse gas concentrations in the atmosphere and also the presence of ab-

sorbing aerosols.

In the longterm there must be a global energy balance at the TOA however, on a local

and instantaneous or short term basis there is much variation in the magnitude of the indi-

vidual processes (Figure 1.2) represented by the total SW and LW terms in Equation 1.1.

It is this variability which leads to changeable local weather and the different regional cli-

mates observed across the globe. Ongoing research into each of these processes is therefore

vital for developing our understanding and improving our predictions of both weather and

climate; this study focuses on adding to this research regarding the role of atmospheric
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Figure 1.2: The global annual energy budget of Earth for the approximate period 2000-
2010. All fluxes are in Wm−2. Solar fluxes are in yellow and infrared fluxes in pink.
The four flux quantities in purple-shaded boxes represent the principal components of the
atmospheric energy balance. From Stephens et al.[2]

aerosol within the radiation budget.

1.2 Aerosols

In 2001, the IPCC Third Assessment Report stated that the radiative impact of tropospheric

aerosols was one of the key uncertainties in predicting future climate, with several com-

ponents stated as at a very low level of scientific understanding [3]. Since the Third As-

sessment Report there have been considerable advances in quantifying the aerosol direct

radiative forcing and significant improvements in atmospheric models. However, it is still

classified at a medium-low level of scientific understanding in the most recent Fourth As-

sessment Report, 2007 [4].

Atmospheric aerosols generally include all liquid and solid particulates which are sus-

pended in the atmosphere except for water and ice clouds and precipitation hydromete-

ors. They are both natural and anthropogenic in origin and have high spatial and temporal

variability due to their localised sources and sinks and their relatively short atmospheric

lifetime [5] in contrast to well-mixed greenhouse gases which are more homogeneously

distributed across the globe and usually vary only on seasonal timescales. Tropospheric
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aerosols typically have radii from 0.001µm to 10µm with atmospheric lifetimes ranging

from the order of minutes to several weeks [5]. The removal of particulates from the atmo-

sphere occurs via wet or dry deposition whereby the aerosol either impacts with the Earth’s

surface through gravitational settling or is scavenged by rain and precipitation.

There are many different types of natural aerosol whose concentration can vary signifi-

cantly depending on the time of year and on the natural variability of the processes which

lead to their production. The predominant natural aerosols are sea salt aerosol, produced

by breaking waves and interactions between the ocean surface and winds, ash and sulphur

dioxide from volcanic eruptions, and mineral dust uplifted via surface winds. Other nat-

ural aerosols include natural organics eg. pollen and black carbon produced as a result

of natural wildfires and the sulphur dioxide from the oxidation of dimethylsulfide from

oceans. The complete burden of these aerosols may not be entirely classified as natural

as many have associated anthropogenic components; for example, agricultural land use

changes may increase mineral dust uplift by altering soil structure, and biomass burning

through crop clearing will add to the organic and black carbon loading. Aerosols either

solely anthropogenic in origin or which have been deemed to have a signficant anthro-

pogenic component and also have been identified as having a marked climatic influence

by the IPCC include sulphate, fossil fuel organic carbon, fossil fuel black carbon, biomass

burning and mineral dust aerosols [4].

Besides the climatic effects of aerosols they also have a marked impact on atmospheric

chemistry, nutrient transport and public health. Aerosols can provide a surface on which

heterogeneous reactions take place which may alter the abundance of atmospheric trace

gases, for example, exacerbating the destruction of ozone [6] which can lead to a climate

feedback. Particulates can also transport pathogens across large distances which may lead

to respiratory problems and infectious diseases. Griffin et al [7] showed that microbes

which were detected in the Virgin Islands and related to local health issues were found to

have been transported on Saharan dust across the Atlantic Ocean.

Figure 1.3 shows the retrieved aerosol optical depth (AOD, see section 1.3.2) over both

land (unavailable over bright surfaces) and ocean from the Moderation Resolution Imag-

ing Spectrometer (MODIS) instrument for two different three monthly periods. The peak

regions of AOD over different continental and oceanic regions are attributable to different
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Figure 1.3: Aerosol optical depth at 0.55µm as determined by the MODIS instrument for
the January to March 2001 mean (top panel) and for the August to October 2001 mean
(bottom panel). The top panel also shows the location of AERONET sites (white squares)
that have been operated (not necessarily continuously) since 1996. The bottom panel also
shows the location of different aerosol observation sites (square symbols). Figure taken
from IPCC Fourth Assessment Report.

aerosol types and there is also evidence of seasonal variability in the aerosol loading. In

the top panel, biomass burning aerosol (BBA) is strongly evident over the Gulf of Guinea
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whereas in the later months (bottom panel) the peak BBA plumes are located in southern

Africa. The dappled effect of regions of higher AOD in very southern latitudes (below

45◦S) correspond to sea salt aerosol due to the high wind speeds in this area. Continents in

the northern hemisphere show high aerosol loadings in both panels and are due to industrial

aerosol which includes black carbon, sulphates, nitrates and other industrial dust particu-

lates. The importance of North Africa as a source of mineral dust aerosol in both summer

and winter months is clearly shown including emitted dust being transported across the

Atlantic towards South America in Jan-Mar and slightly more northwards towards central

America in Aug-Oct. Other mineral dust sources in western USA, Australia, central Asia

and South America are also discernible from the data further highlighting the importance

of dust aerosol globally.

1.3 Definitions

Aerosols modify the incoming solar and outgoing terrestrial radiation due to their inter-

action with electromagnetic waves via scattering and absorption. Modeling the radiative

effects of an aerosol requires knowledge of its optical properties which parameterise this

interaction. Different aerosol types have varying optical properties due to their specific

chemical composition, size and shape. A brief description of aerosol optical properties is

provided in the following sections as well as short explanations of other key aspects of

theory related to mineral dust aerosol. Firstly, the different means of quantifying radiation

and electromagnetic energy are introduced.

1.3.1 Radiative terminology

i. Flux

Radiative flux or radiative flux density is the total energy radiated through a given area

in a given time. It is typically measured as the energy through one metre squared in

one second and therefore has the units of Wm−2. Thus it is a measure of power per

unit area. Flux may also be given over a specific wavelength interval indicating the

total amount of EM radiation at these wavelengths through unit area per unit time.
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ii. Radiance

Radiance is a measure of the quantity of radiation that passes through or is emitted

from a surface within a given solid angle in a specified direction. It has the unit of

Watts per steradian per square metre (Wsr−1m−2).

1.3.2 Scattering properties of aerosol

When electromagnetic (EM) radiation interacts with aerosol particles it is either scattered

in different directions or absorbed and subsequently re-emitted as thermal energy. The total

effect of scattering and absorption is known as extinction or the attenuation of light along

its initial axis of propagation. The single particle extinction cross-section, Cext, is therefore

Cext = Cscat + Cabs (1.2)

where Cscat and Cabs are the single-particle scattering and absorption cross sections.

All of these quantities have the dimensions of area. Combining the optical cross sections

with the geometric area of the particle gives the particle extinction efficiencies, if spherical,

of

Qext =
Cext
πr2

(1.3)

where r is the particle radius. Qscat and Qabs can be similarly defined and are dimen-

sionless. Qext depends on particle composition through the complex index of refraction

and also on the ratio of the wavelength of light and the particle diameter. An aerosol sam-

ple usually consists of many particles of different radii. The total extinction for an aerosol

sample, σext, is calculated from the single particle quantities via integration over the size

distribution which represents the number of particles within the sample at different radii.

Thus the total amount of extinction is

σext =

∫ rmax

rmin

Cext
dN

dr
dr =

∫ rmax

rmin

πr2Qext
dN

dr
dr (1.4)

where dN
dr

is the size distribution, see Section 1.3.3, and rmin and rmax are the minimum

and maximum radii covered by the size distribution. σabs and σscat are similarly defined
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and all have dimensions of length−1.

Mie theory describes the scattering of EM radiation by spherical aerosol particles of

varying radii interacting with light at different wavelengths; it provides analytic solutions

of the extinction efficiency, Qext. Mie theory, as with any scattering theory, requires knowl-

edge of the complex refractive index, n, of the specific aerosol particles which describes

how light propagates through the medium and parameterises the role of mineralogical com-

position of the aerosol particle on its optical properties.

The complex index of refraction is defined as

n = nr − nii (1.5)

where the real part, nr, represents the amount of scattering and provides information on

the phase speed of light in the medium, and the imaginary part, ni, represents the amount

of absorption such that ni = 0 corresponds to a purely scattering aerosol. Both the real and

imaginary parts are wavelength dependent.

Radiative transfer modelling can be used to calculate radiances and fluxes for any wave-

length range when aerosol is present provided the following three optical properties and

how they vary across the range of wavelengths are known:

i. Mass specific extinction coefficient

The mass specific extinction coefficient, kext, is the amount of extinction per unit mass

of aerosol and thus has units, m2g−1. Aerosols which are more efficient at extinguish-

ing radiation will have a higher value of kext than those less efficient.

It is defined for a particular wavelength and particle radius as

kλext =
3Qλ

ext

4 rρaer
(1.6)

where ρaer is the density of the aerosol particle.

ii. Single scattering albedo

The single scattering albedo, ωλ0 or SSA, is the ratio of the scattering efficiency of an

aerosol to its total extinction efficiency at wavelength, λ. It is a dimensionless quantity
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and can vary between 0 and 1; 0 indicating total absorption and 1 indicating a purely

scattering aerosol.

The SSA can be defined using a number of the previously defined quantities:

ωλ0 =
Qλ
scat

Qλ
ext

=
Cλ
scat

Cλ
ext

(1.7)

iii. Phase function

The angular distribution of light scattered by a particle is characterised by the phase

function, P (θ). It describes the intensity of the light scattered at a particular angle,

θ, relative to the incident radiation. It is normalised by the integral of the scattered

intensity over all angles.

The phase function is given by

P (θ) =
L(θ)∫ π

0
L(θ) sin θ dθ

(1.8)

where L(θ) is the radiance at θ relative to the incident beam.

The asymmetry parameter, gλ, is commonly used in place of the full phase function

in radiative transfer modeling as it is quicker computationally. It is defined as the

cosine-weighted average of the phase function:

g =
1

2

∫ π

0

cos θ P (θ) sin θ dθ (1.9)

g generally ranges from -1, corresponding to entirely backscattered radiation, to 1,

indicating entirely forward scattered light. g = 0 corresponds to equal scattering in the

forward and backward directions.

These three optical properties specify the nature of the extinction of EM radiation by

aerosol particles; however, the amount of aerosol present within the optical path of radiation

is obviously important in determining the radiative effect of aerosol. Aerosol optical depth,

AOD or τλ is the total amount of extinction of incoming radiation along its optical path, due
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to scattering and absorption from aerosol particles, between the top of atmosphere (TOA)

and the Earth’s surface.

The AOD is therefore given by

τλ =

∫ TOA

0

∫ rmax

rmin

πr2Qext
dN

dr
dr dz =

∫ TOA

0

σext dz (1.10)

An increased aerosol optical depth indicates greater attenuation of the incoming radia-

tion at TOA by the time it reaches the surface. τ is a dimensionless quantity.

Although not required explicitly for radiative transfer codes, the Angström exponent or

coefficient, α, is an extremely useful parameter as it describes the spectral dependence of

extinction. For two different wavelengths, λ1 and λ2, the Angström exponent is given by

α = − log(xλ1)/ log(xλ2)

log(λ1)/ log(λ2)
(1.11)

where x can be σscat, σext or τ . The Angström exponent is also useful as it provides

information on the size of the aerosol particles; the size is generally inversely related to α.

Thus if α is nearly 0 or is negative this indicates the presence of larger particles whilst a

larger value suggests the presence of small particles.
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1.3.3 Size distribution

Discussion on aerosol size distributions usually refers to the following modes:

Nucleation mode: 10−3 µm - 10−2 µm
Aitken mode: 10−2 µm - 0.1µm
Accumulation mode: 0.1µm - 1µm
Coarse mode: > 1µm

Mineral dust aerosol is composed of both sub-micron and super-micron particles gener-

ally from the accumulation and coarse modes [8]. Aerosol size distributions are commonly

represented by lognormal modes which are convenient mathematical functions and can be

given in terms of mass, surface area, volume or number concentration. A mineral dust

size distribution is usually a combination of several lognormal modes which are summed

together to provide information across the accumulation and coarse modes.

The lognormal size distribution for n modes is defined:

(
dN

dD
)i =

Wi

D lnσgi
√

2π
exp

[
−(lnD − lnDgi)

2

2 ln2σgi

]
(1.12)

dN

dD
=

n∑
i=1

(
dN

dD
)i (1.13)

where D is the diameter of the aerosol particle, Dgi refers to the geometric mean diam-

eter of mode i and σgi is the geometric standard deviation of i. Wi is the percentage number

contribution of the mode to the total number of particles in the distribution. The benefit of

using a lognormal function to represent the mineral dust aerosol size distribution is that it

is relatively simple to calculate bulk scattering properties from the single scattering optical

properties of the aerosol particles by integrating over the lognormal size distribution as in

Equation 1.4.
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1.4 Radiative effects of aerosol

Following the IPCC report in 2001 there has been increased research into the radiative

effects of aerosols with the latest IPCC report stating in 2007 that this ‘represents a major

advance in understanding’. Aerosols alter the Earth-atmosphere radiative balance directly

by scattering and absorbing both solar SW and thermal LW radiation which is known as

the direct effect. The indirect effect refers to the influence of aerosols on cloud formation

and their physical properties; this term encompasses a number of different aerosol particle-

cloud interactions as shown in Figure 1.4.

Figure 1.4: Schematic diagram showing the various radiative mechanisms associated with
cloud effects that have been identified as significant in relation to aerosols (modified from
Haywood and Boucher [5]). The small black dots represent aerosol particles; the large open
circles cloud droplets. Straight lines represent the incident and reflected solar radiation,
and wavy lines represent terrestrial LW radiation. The unperturbed cloud contains larger
cloud drops when only natural aerosols are available as cloud condensation nuclei, while
the perturbed cloud contains a greater number of smaller cloud drops when anthropogenic
aerosols add to the total number of aerosols available as cloud condensation nuclei. The
vertical grey dashes represent rainfall, and LWC refers to the liquid water content. From
IPCC 2007.

Specific types of aerosol can act as cloud condensation nuclei which results in an in-

crease in the cloud droplet number concentration within a cloud for a given liquid water

content. This is known as the Twomey effect [9] and leads to a higher cloud albedo and

thus an increase in reflected SW radiation. Physical modification of clouds includes effects
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on cloud lifetime, cloud height and precipitation efficiency which can all alter the hydro-

logical cycle and the atmospheric radiative balance. Aerosol indirect effects are discussed

in detail by Lohmann and Feichter [10].

Radiative forcing (RF) is defined as the change in net irradiance at the tropopause due

to an applied perturbation holding all atmospheric variables fixed, once stratospheric tem-

peratures have been allowed to adjust to equilibrium [4]. Simply, it is a measure of how

the energy balance of the Earth-atmosphere system is perturbed when factors that affect

climate are altered. RF can be both positive and negative and its sign is defined such that

a positive value indicates an increase in energy of the Earth-atmosphere system which ul-

timately leads to a warming of the system. A negative forcing thus indicates the converse

and an overall cooling.

It is customary to refer to the direct radiative effect (DRE) of an aerosol as the sum of the

direct effects due to both the anthropogenic and natural components of its total atmospheric

burden compared to pristine (AOD = 0) conditions whereas RF typically only considers the

radiative effect attributable to the anthropogenic loading usually relative to ‘pre-industrial’

conditions. DRESW is the direct radiative effect relating to shortwave solar radiation only

and similarly, DRELW is the perturbation to longwave radiation. It is necessary to consider

the interaction of aerosols with SW and LW radiation separately.

The Fourth Assessment Report included the IPCC’s first quantification of the total direct

radiative forcing across all tropospheric aerosol types as equal to -0.5± 0.4 Wm−2 at a

medium-low level of scientific understanding (see Figure 1.5). The best estimate associated

with the indirect effect was -0.3 to -1.8 Wm−2 at a low level of scientific understanding.

These estimates suggest that aerosol radiative forcing has offset atmospheric warming due

to greenhouse gases to some extent. This single net aerosol RF value for all components

however hides the complexity of atmospheric aerosol radiative effects, as the individual RF

values from different aerosol types may be opposite in sign and thus cancel in the total.

The DRE of a specific aerosol is dependent on its optical properties, the local clima-

tology and surface characteristics [11]. Depending on its optical properties an aerosol is

usually described as absorbing (warming) or scattering (cooling) referring to its dominant

interaction with SW radiation which is quantified by its single scattering albedo. For ex-

ample, black carbon is the second strongest contributor to current global warming (behind
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Figure 1.5: Summary of the principal components of the radiative forcing of climate
change. All these radiative forcings result from one or more factors that affect climate
and are associated with human activities or natural processes. The values represent the
forcing in 2005 relative to the start of the industrial era. The thin black line attached to
each coloured bar represents the range of uncertainty for the respective value. Figure taken
from IPCC Fourth Assessment Report, FAQ2.1, Figure 2.

CO2) as it is the main atmospheric absorber of visible solar radiation; it induces a positive

RF of 0.9 Wm−2 (range 0.4 - 1.2 Wm−2) according to Ramanathan and Carmichael [12]

which is almost 55 % of the RF attributed to CO2. In contrast, sulphate aerosol particles

are purely scattering (ω0 = 1) in the shortwave and thus reduce solar irradiance at the

ground. RF due to sulphate which is produced from fossil fuel burning and other industrial

practices has been quantified at -0.4 Wm−2 (range -0.2 - 0.8 Wm−2) in the IPCC Third As-

sessment Report [3]. Research into individual aerosol species is therefore crucial in order

to quantify or even determine the net sign of radiative forcing attributable to atmospheric
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Figure 1.6: Summary diagram of the radiative effects of a partially absorbing (in the SW)
aerosol over a ‘dark’ surface, typically α < 0.3.

aerosol.

Figure 1.6 provides a simplified diagram of how a partially absorbing aerosol (ω0 < 1)

would affect the surface and top of atmsophere direct radiative effect over a dark surface in

the SW and LW. A dark surface typically refers to those which have an albedo less than 0.3.

Table 1.1 also summarises these effects in slightly more detail and indicates the net heating

or cooling effect due to DRE at the surface and TOA. These effects are also explained in

more detail as follows.

Aerosols affect the surface radiation budget via the following processes. Aerosols ab-

sorb a fraction of the incoming solar radiation and also backscatter a significant proportion

upwards which results in attenuation of the incoming SW radiation between the TOA and

the surface. This reduction in SW radiation incident on the surface leads to surface cooling

whilst the absorbed fraction leads to heating of the aerosol layer and atmosphere. Heating

of the aerosol layer and atmosphere is amplified further via the absorption of upwelling

LW terrestrial radiation from the Earth’s surface. The aerosol layer itself emits LW ra-
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TOA DRE Surface DRE

Shortwave SW scattered upwards SW scattered and
absorbed before
reaching surface

F↑SW >F↑SWpristine F↓SW <F↓SWpristine

Longwave Lofted aerosol emits at
lower temp than
surface

Aerosol emits
upwelling and
downwelling radiation

F↑LW <F↑LWpristine F↓LW >F↓LWpristine

Table 1.1: Summary of aerosol RF at TOA and surface. F↑SWpristine and F↓SWpristine refer
to the up and downwelling fluxes under pristine sky conditions. F↑SW refers to flux with
aerosol contaminated sky. Effects for a partially absorbing aerosol over a ‘dark’ (ie. α <
0.3) surface.

diation in both the upwards (towards TOA) and downwards (towards surface) directions;

this downwelling LW radiation would be absent under pristine sky conditions and leads to

surface heating. The SW effect is only evident during daylight hours whereas the LW DRE

is always apparent. Thus during the night aerosols will always act to warm the surface

whereas during the day the overall effect is dependent on the balance between the LW and

SW processes.

Secondly, the radiative balance is considered at the top of atmosphere. In aerosol con-

taminated skies a proportion of SW radiation is reflected and scattered upwards whereas

under pristine sky conditions it would have been absorbed by the atmosphere or reflected by

the (darker) surface. Therefore, the outgoing SW flux is increased at TOA. Lofted aerosol

is generally at a lower temperature than the Earth’s surface which results in less outgoing

longwave radiation however the dominant process is typically in the SW and thus there is a

net increase in outgoing radiation at TOA. Over low albedo (α < 0.3) surfaces dust aerosol

typically acts to redistribute heat from the surface to higher levels in the atmosphere leading

to surface cooling, atmospheric heating but an overall increase in the net radiation leaving

at TOA.

The complexity of the dependency of the SW radiation on the underlying surface albedo
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Figure 1.7: Summary diagram of the radiative effects of a partially absorbing (in the SW)
aerosol over a bright desert surface.

is explained in more detail in Chapter 6, however Figure 1.7 shows general impact on the

radiative balance above a bright desert surface. The impact of dust on the LW fluxes over a

bright desert is the same as for lower albedo surfaces, although the magnitude of the effect is

likely to be greater during the daytime due to high desert surface temperatures. The aerosol

layer will still reduce the SW downwelling flux at the surface resulting in surface cooling

and it will also absorb SW and LW radiation leading to atmospheric heating, however the

dust layer is ‘darker’ than the underlying desert surface and thus at the TOA there is a

reduction in the overall outgoing SW radiation.

Perturbations to the radiative budget of the Earth which result in global temperature

changes are indicated by non-zero values of RF and DRE at the TOA. However, local

weather and climate are significantly modified by the surface radiation budget and the

vertical temperature gradient in the atmosphere which are both affected by atmospheric

aerosols. For example, convection is primarily a response to the vertical temperature gra-
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dient and more absorbing tropospheric aerosol results in larger amounts of energy being

trapped within the troposphere relative to the surface and thus directly impacts on this me-

teorological process [13].

1.5 Saharan mineral dust aerosol

The Sahara desert is the largest source of mineral dust in the world; estimates of emissions

from North Africa range from 170 to 1600 Tgyr−1 with total global dust emission estimates

varying between 1000 and 3000 Tgyr−1 [14]. However, its climatic influences extend be-

yond the African continent due to the vast distances over which Saharan dust is transported

including advection across the Atlantic towards the USA and South America and also to

the Mediterranean [15].

Dust emission occurs when the surface wind friction velocity exceeds the local thresh-

old velocity required to uplift sand particles from the suface. Subsequently, the sand parti-

cles dislodge micrometer-sized dust particles on impact with the ground in a saltation pro-

cess which then become suspended in the lower air layer [14]. The local threshold velocity

is dependent on soil properties such as surface texture, wetness and also on the vegetation

cover; these factors will also show seasonal changes. Small changes in wind speed are

strongly amplified in terms of the amount of dust emitted as the emission volume is a func-

tion of the third power of the wind friction velocity [16]. Although the uplift mechanism

and transport of mineral dust aerosol is natural, human activities can result in increased

dust loading via changes in land use through deforestation and also agricultural processes.

It is difficult to separate the anthropogenic and natural dust components with studies sug-

gesting anywhere between 30 % and 50 % of the global dust loading being attributable to

human practices [17]. A more detailed discussion of the emission and transport processes

and seasonal influences is provided in Chapter 4.

Once airborne, dust particles are lofted via vertical convection and turbulent mixing in

the Saharan atmospheric boundary layer (SABL) which extends up to 6 km in altitude [18]

depending on the time of year. The vertical distribution of mineral dust aerosol gener-

ally peaks in concentration in the mid-troposphere; this differs from other aerosol species

which typically show a large near-surface concentration with an exponential decrease in
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height [19].

Saharan dust sources are known to be the most active in the world [20]. There are two

main dust sources in North Africa; the Bodélé depression in Chad, situated between the

Tibesti Massif and Lake Chad, and the larger but less intensive region east of the Mauri-

tanian coast in the West Sahara [21]. Figure 1.3 shows that there is an increased seasonal

mean AOD for arboreal sumer however, due to emission processes involving wind and sur-

face characteristics which exhibit a large spatio temporal variability there are often abrupt

changes in atmospheric dust concentration, with the uplift usually occuring during inter-

mittent high intensity events which may be observed throughout the year. The northern

hemisphere seasonal mean also shows the large-scale transport of Saharan dust across the

North Atlantic [22] with estimates of 240 Tg of dust being transported across from Africa

to the Atlantic Ocean [23]. Figure 1.8 provides an example of a large dust plume being

advected off the coast of North Africa.

Figure 1.8: MODIS image of dust storm plume advected over the Atlantic Ocean off the
coast of West Africa, 2 March 2003.

The influence of dust aerosol extends beyond direct climatological impacts and the

long range transportation of the uplifted particles means that many of the effects attributed

to mineral dust occur far from the source region of North Africa. Mineral dust has a sig-

nificant effect on atmospheric chemistry; dust aerosol absorbs strongly at UV wavelengths

which results in a decrease in photolysis rates which are critical in the photochemical oxi-

dant cycle. This reduction in photolysis in the NOx cycle directly inhibits ozone production



1.6. SAHARAN MINERAL DUST AEROSOL FIELD CAMPAIGNS 36

in the lower troposphere thus changing atmospheric chemistry and also leading to other

climate feedback effects [24]. Dust particles also provide a surface on which chemical

processes can occur thus providing alternative reaction pathways for chemical reactions in

the atmosphere. Marine biologists have recognised that the influx of Saharan dust into the

Atlantic from West Africa provides a source of nutrients including iron and phosphorus for

the ocean with estimates of 140 Tg of African dust being deposited annually [23]. These

nutrients stimulate nitrogen fixation and enhance phytoplankton activity through iron depo-

sition which increases the population of marine biological organisms higher up in the food

chain resulting in enhanced productivity and removal of CO2 from the atmosphere. Thus,

dust aerosol has an indirect influence on the ocean sequestration of CO2 [25].

1.6 Saharan mineral dust aerosol field campaigns

The recognition that atmospheric aerosols have a significant impact on the Earth-atmosphere

radiation balance coupled with recent developments in remote sensing satellite products has

resulted in a significant increase in dedicated research. Focusing on North Africa, 21 refer-

eed papers per year were published between 1995 and 1997 which increased to an average

of 61 between 2003 and 2005 [14].

Mineral dust is an efficient scatterer of solar radiation with a SSA typically quoted in

excess of 0.9 [26]. However, due to the relatively large size of dust particles it is also

an efficient absorber of longwave terrestrial radiation leading to a similar effect to that

of greenhouse gases depending on its atmospheric burden and vertical distribution [27,

19, 5]. Whether the presence of dust leads to an increase or decrease in the planetary

albedo depends on the albedo of the underlying surface relative to the single scattering

albedo of the dust [26, 27]. Over ocean (dark surface) in cloud-free conditions, the radiative

efficiency of dust in the SW leads to a strong local negative DRE whilst above high albedo

surfaces, such as deserts and snow covered areas, mineral dust is effectively ‘darker’ in the

SW than the surface albedo and thus the additional absorption leads to a positive DRE [28,

29]. The single scattering albedo at which the aerosol’s SW impact changes from heating

to cooling is known as the critical single scattering albedo [30, 31] for a given surface

albedo and also shows some dependency on the solar zenith angle due to its effect on the
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underlying surface albedo [32, 33], and backscattered fraction [29, 34]. Studies have shown

that the single scattering albedo determines the sign of the SW DRE and therefore whether

the net effect is heating or cooling, whilst the asymmetry of the phase function and the

aerosol optical depth account for the magnitude of the forcing [35].

It is the balance between the modification of downwelling shortwave and upwelling

longwave radiation which determines the overall sign of dust radiative forcing. This bal-

ance is largely dependent on the dust optical properties which can vary regionally and also

temporally with the evolution of the aerosol size distribution [15]. Dust aerosol mineralog-

ical composition varies depending on its source region; typically particles contain Ca, Mg,

K, Al, Si and Fe and aggregates of a variety of different minerals including quartz, calcite,

gypsum and haematite. Dust which includes haematite combined with clays and quartz en-

hances shortwave solar absorption whilst particles with ferrous minerals on the surface may

be efficient cloud condensation nuclei and thus enhance the indirect effect [36]. Therefore,

knowledge of the optical properties of individual particles from different source locations is

vital for inclusion in radiative transfer models attempting to simulate the radiative impact

of dust. Additionally, many satellite retrieval algorithms rely on assumptions of optical

properties to distinguish between different aerosol types.

In 2001, Sokolik et al [17] stated that deficiencies in measurements of optical properties,

dust composition and the size distribution co-ordinated with radiative flux measurements

as a function of space and time were the main reasons why reliable empirical relations be-

tween the radiative impact of dust and its properties have not been established. In response

there have been numerous recent in situ campaigns across the Sahara and Mediterranean

with the aim of measuring the optical properties along with the chemical structure of re-

gional mineral dust with co-located radiative flux measurements. Further to this, Tanré et

al [37] summarised the benefits of in situ measurements; “concurrent measurements of ra-

diances and irradiances together with these physical and optical properties [of dust] allow

testing of radiative transfer codes to ensure that the assumptions made in modeling the

radiative properties of the mineral dust are reasonable and provide radiative closure.” The

names and observing periods of a selection of these campaigns are summarised in Table 1.6

and their key findings are outlined in the following paragraphs.

The Saharan Dust Experiment (SHADE) used in situ and remote sensing observations
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Campaign Observing Period Overview Paper
Saharan Dust Experiment
(SHADE)

19 - 29 Sept 2000 Tanré et al
(2003)

Bodélé Field Experiment (BoDEx) Feb & March 2005 Todd et al
(2005)

Dust & Biomass Burning
Experiment (DABEX)

10 Jan - 3 Feb 2006 Haywood et al
(2008)

Dust Outflow and Deposition to the
Ocean (DODO-1 & DODO-2)

(1) 7 - 16 Feb 2006
(2) 22 - 28 Aug 2006

McConnell et al
(2008)

Saharan Mineral Dust Experiments
(SAMUM-1 & SAMUM-2)

(1) May & June 2006
(2a) 15 Jan - 15 Feb 2008
(2b) 15 May - 15June 2008

Ansmann et al
(2007)

Geostationary Earth Budget
Intercomparison Longwave and
Shortwave radiation (GERBILS)

18 - 29 June 2007 Haywood et al
(2011)

Table 1.2: Summary of recent in situ campaigns in North Africa studying Saharan mineral
dust aerosol physical and optical properties

from two aircraft combined with satellite and ground-based data to better understand the

radiative properties of mineral dust. The campaign was based in Cape Verde with an ob-

serving period 19-29 September 2000 [38]. The observing period included a significant

dust outbreak with an AOD of ∼ 1.5 (670 nm) as measured by an AERONET photometer.

Measurements made during the campaign indicated that the mineral dust in the outbreak

had a SSA = 0.95 (±0.02) which corresponded to an imaginary part of the refractive index

of 0.0015i at 550 nm.

The Bodélé Depression in northern Chad is the world’s most prolific source of mineral

dust into the atmosphere. The Bodélé Dust Experiment (BoDEx) was carried out during

26 February-13 March 2005 to inform on the optical and physical properties of the dust

emissions in the region [39]. Retrievals of the size distribution showed that there was a

noticeable presence of a fine mode with radii < 0.5µm which is unusual for desert dust.
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The dominant mode in the size distribution was the coarse mode, as expected, centred on

1.5-2.0µm. The observed dust optical properties suggest significantly lower levels of ab-

sorption compared to those measured during SHADE; the mean SSA was derived from

days when the AOD at 440 nm exceeded 0.3 and ω0 ranged from 0.969 at 440 nm to 0.990

at 1020 nm. Surface-based measurements of temperature during the peak dust events were

compared against model simulations of pristine surface temperatures and found a surface

cooling of ∼7◦C. Besides adding valuable knowledge to the physical and optical proper-

ties of mineral dust, BoDEx also investigated the meteorological conditions under which

emission occurs and found a notably high surface wind speed threshold of 10 ms−1.

Chou et al [40] studied the chemical composition of mineral dust aerosols during

DABEX in Sahelian West Africa during January 2006. The DABEX field campaign op-

erated the Facility for Airborne Atmospheric Measurements (FAAM) BAE-146 aircraft

during 14 flights from Niger. The aerosol samples collected during the flights were anal-

ysed using transmission electron microscopy on a single-particle basis. The fine (0.05

< d< 0.5µm) fraction was found to be a composition of externally mixed mineral dust

(≈ 85%) and biomass burning (BB) aerosol (≈ 15%). This mixing state of BB aerosol is

of particular relevance because its black carbon component has high shortwave absorption

properties [41]. The coarse fraction (0.5< d< 10µm) was found to be entirely mineral dust

in content. Aluminosilicates (illite, kaolinite and quartz) made up the bulk of the chemical

composition by number, accounting for up to 80 % of the total, with sub-micron particles

consisting of 4 % iron oxides. Back trajectories, the enrichment of silicon-rich particles and

the presence of planktonic diatoms within the mineral dust indicated that the main source

was the Bodélé Depression in Chad. The biomass burning aerosol was found to be regional

BB aged haze which had been recirculated in air masses.

Osborne et al [41] focused on the intrinsic microphysical, chemical and optical proper-

ties as well as the geographic and vertical distribution of Saharan mineral dust which was

advected over the Sahel region during the DABEX 2006 campaign. They estimated a com-

plex index of refraction of 1.53 + 0.004i; the real part was taken from the World Climate

Program whilst the imaginary part was adjusted to correspond to the mean value of SSA

measured by the airborne instruments during the campaign. The SSA for pure mineral dust

aerosol at 550 nm was 0.99 (± 0.01) indicating an almost perfect scattering efficiency. Mea-
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surements made nearer to Niamey where it is expected that pollutant aerosol mixes with

the dust, which is likely to increase the overall absorption, still indicated high scattering

with SSA> 0.97. DABEX also aimed to determine the interaction between the anthro-

pogenic biomass burning aerosols and natural mineral dust aerosols and particularly the

vertical structure of aerosol profiles. Typically, the aerosols were observed in two layers

with mineral dust aerosol occupying the lowest 1-1.5 km with a biomass burning aerosol

layer overlying this capped at 4-5 km altitude. Whilst day-to-day variations were observed

in the position of these layers there was a lack of vertical mixing of the different aerosol

types and strong static stability above the dry convective boundary layer due to the absence

of shallow or deep moist convection [42].

The Dust Outflow and Deposition to the Ocean project (DODO) consisted of two sepa-

rate observing periods; 7-16 February 2006 and 22-28 August 2006. Both campaigns were

were based at Dakar, Senegal with the aim of characterising the physical and optical prop-

erties of dust in two seasons, as the first period coincides with the dry season (November

to March) and the second coincides with the wet season (July-September) [43]. The prop-

erties of dust may show seasonal dependencies due to the different dust uplift mechanisms

in winter and summer which may result in different size distributions and hence different

optical properties. The other potential seasonal effect is due to the dust source regions

varying throughout the year [44, 45] as individual sources may have different mineralogy

which will directly impact on the optical properties of dust.

The main findings from DODO-1 and DODO-2 suggested that the SSA (550 nm) for

the accumulation mode may be different in the dry season compared to the wet season. The

DODO-1 dry season observation (0.99± 0.004) was higher than the wet season measure-

ment during DODO-2 (0.98± 0.012) which suggests that dust emissions in the wet season

are slightly more absorbing (higher imaginary refractive index) than those in summer. Vari-

ation in the constituent element ratios between the summer and winter samples suggested

that the varying optical properties were due to variation in the source regions between sea-

sons. The findings from both DODO campaigns which indicate seasonal effects on the

optical properties of dust may suggest that the overall radiative impact of dust could vary

between seasons even for similar dust loadings.

The Saharan Mineral Dust Experiment (SAMUM) also consisted of two field cam-
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paigns within different seasons; (1) summer 2006 and (2) winter 2008 [46]. When un-

dertaken, SAMUM-1 was the largest mineral dust experiment to date and was located in

southern Morocco with ground based sites as well as airborne instrumentation measuring;

dust particle size distribution, chemical particle characteristics, solar spectral irradiances

and surface albedo along with many other parameters required to quantify dust-related ra-

diative effects [47]. SAMUM-2 was conducted in Cape Verde which is in the outflow

region of desert dust and biomass burning aerosol from western Africa.

During SAMUM-1 the main absorbing constituents in the aerosol samples were found

to be iron oxide and soot. The absorption due to dust and soot were separated to allow

the refractive indices (550 nm) of pure dust aerosol as well as the total aerosol to be de-

rived; ni = 0.0034 (total) and ni = 0.0016 (pure dust) [48]. These values indicate how the

presence of aborbing soot aerosol can affect the overall radiative properties of an aerosol

plume. The airborne experiments allowed ascents and descents within dust layers to ascer-

tain information about their vertical structure and size distribution variation with altitude.

The study found that the upper boundaries of dust layers were very distinct and that on

some occasions there was a thin layer of very clean air which separated a boundary layer

and a lofted dust layer. All of the dust layers contained large particles with diameters ex-

ceeding 10µm and interestingly the abundance of these larger particles showed almost no

height dependence [49].

The optical properties were similarly derived for SAMUM-2 with higher imaginary

refractive indices found for wavelengths exceeding 500 nm; ni = 0.0047 (550 nm) corre-

sponding to SSA = 0.96. SAMUM-2 was based in Cape Verde and thus it is likely that

the presence of marine, anthropogenic and biogenic sources increased the absorption of

the total aerosol mixture. In this instance it was not possible to correct for the presence

of soot due to the complex mixture of the aerosol [50]. In the winter season, there is only

moderate dust activity in the region with the Saharan Air Layer extending up to ∼ 4 km

altitude however, dust may also be transported inside the marine boundary layer along with

sea-salt aerosol and intensive biomass burning in the Sahel also contributes to the Saharan

air masses in this region [23]. The presence of multiple aerosol types at Cape Verde was

supported by research into the size distribution of the mineral dust during SAMUM-2 with

a fine mode of 50-70 nm being regarded as of marine origin with a combination of dust
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and marine aerosol included in the second larger mode from 700-1100 nm. The micron

modes are then dominated by advected dust with some presence of sea-salt aerosol [51].

The chemical composition of the mineral dust was also found to be different compared to

SAMUM-1 which confirmed the difference in source regions between the two experiments.

Although the mechanisms by which dust alters the LW and SW radiative balance are

now fairly well understood, the magnitude of these forcings remains undefined. The re-

liability of simulations of the dust DRE using radiative transfer models is limited by the

accuracy of its input parameters; the significant advances made in measuring the optical

properties of dust as a result of the designated field campaigns as detailed above have

therefore improved our ability to model the radiative impact of dust.

1.7 Mineral dust aerosol in Numerical Weather Prediction models

Mineral dust is known to modify SW and LW radiation which leads to changes in at-

mospheric circulation through interaction with surface energy budgets and also through

directly changing atmospheric temperatures [13]. Dust may also change boundary layer

mixing and therefore modify its subsequent advection patterns and emission. Significant

efforts are now being made to simulate the effects of dust within global circulation models,

regional transport models and regional atmospheric models. The short lifetime of mineral

dust as compared to many long-lived gaseous atmospheric constituents means that com-

plete mixing does not occur on a global scale and so the major processes of dust emission,

sedimentation and wet and dry deposition need to be modeled on a hi-resolution spatial and

temporal scale [17]. Accurate aerosol optical depths are required for assimilation into Nu-

merical Weather Prediction models (NWPs) as these are then used to determine the effects

on the shortwave and longwave radiation in the model.

Some of the studies which have highlighted how the absence of assimilation of aerosol

optical depths in NWP models has lead to significant problems in their forecasting ability

over North Africa are discussed in this section. The results of various short term trials of

aerosol optical depth assimilation into regional NWPs are also outlined before focusing

specifically on those run at the UK Met Office (UKMO) in the next section.

This study focuses on measurements of the optical properties, size distribution and
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aerosol optical depth from the Geostationary Earth Radiation Budget Intercomparison of

Longwave and Shortwave radiation (GERBILS) observational field experiment over North

Africa during June 2007 [52]. The GERBILS field campaign was proposed following the

study by Haywood et al [53] into whether discrepancies identified over the Sahara in July

2003 between Met Office Unified Model (MetUM) and measurements of TOA outgoing

LW radiation (OLR), F↑LWTOA, from Meteosat-7 could be attributed to the lack of a specific

treatment of mineral dust aerosol in the model. The model had been found to emit too

much F↑LWTOA by up to 35 Wm−2 in the monthly mean which had a significant impact on its

predictive abilities in terms of temperature fields. Cloud-screened data showed an increased

error of up to 50 Wm−2. Possible errors in model surface temperatures and emissivity were

considered as causes of the discrepancy however, it was concluded that it was unlikely that

these could account for its magnitude.

Figure 1.9 shows the findings of Haywood et al, 2005. Panels (a) and (b) show the

satellite observations for July and clear sky model results respectively. Panel (c) shows

the discrepancy between the measurements with the main region of positive model bias

along the 18◦N line of latitude in West Africa. The model was then run including mineral

dust to determine whether its effect on the OLR matched the observed difference. The

average size distribution retrieved from the AERONET site at Dahkla was combined with

suitable refractive indices to obtain Mie solution aerosol optical properties for input into the

Edwards and Slingo radiative transfer code for July 2003. The temperature and humidity

profiles were taken from monthly mean radiosonde ascents from In Salah and the aerosol

loading from TOMS derived τ055. The modeled DRELW (OLRno aer - OLRaer) showed a

similar geographical pattern as the discrepancy however, the magnitude of the maximum

DRELW was still 20 - 40 % lower than the observed peak. Haywood et al discussed a further

LW DRE mechanism which could potentially account for an additional reduction in OLR.

The reduction in surface SW due to the combination of scattering and absorption by the

elevated dust reduces the surface temperature which reduces F↑LWSurf and so F↑LWTOA. This

perturbation whereby the DRESW induces a DRELW was defined as DRELWfeedback.

The model produced a maximum surface cooling of 10 K which induced a DRELWFeedback

of 25 - 30 % of the DRELW. Haywood et al therefore considered DRELWFeedback a second-

order effect. However, the authors commented that their calculations did not include the
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Figure 1.9: The July 2003 monthly mean of the 1200 UTC clear sky for (a) OLR from
Meteosat 7 (b) OLR from Unified Model and (c) OLR for Model - Meteosat 7. Units are
Wm −2. The white areas indicate missing/cloudy data. From Haywood et al [53].

enhanced F↓LW from the heated dusty layer which would result in surface heating and there-

fore the total LW DRE which is shown in Figure 1.10 of DRELW + DRELWFeedback is the

maximum possible effect.

Milton et al [54] investigated the dry season radiative balance over West Africa at the

surface using ARM (Atmospheric Radiation Measurement) [http://newdesign.arm.gov/ab

out] Mobile Facility in Niamey, Niger and data from the Geostationary Earth Radiation

Budget (GERB) [http://www.ssd.rl.ac.uk/gerb] instrument on Meteosat for TOA observa-

tions. The seasonally averaged daytime observations were compared with predictions from
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Figure 1.10: DRELW+DRELWfeedback from Haywood et al [53] which displayed their best
estimate of the radiative effect of mineral dust in the longwave spectrum.

the MetUM [www.metoffice.gov.uk/research/modelling-systems/unified-model]. The ob-

servations indicated a SW heating of the atmosphere of 186 Wm−2 and a LW cooling of

124 Wm−2 which produced a net radiative heating of 63 Wm−2. The model underestimated

the SW atmospheric heating by 14 Wm−2 and overestimated LW cooling by 13 Wm−2. The

differences in SW heating and LW cooling combined to a give -27 Wm−2 net cooling of

the atmosphere. This had a marked feedback on the column heating rate in the NWP which

has implications on the stability of the modelled atmosphere.

Discrepancies in the radiative balance at the surface resulted in modelled 1.5 m temper-

atures being too large by up to 6◦C compared to observations. Milton et al suggested that

these errors were consistent with a failure to model absorbing mineral dust and BB aerosols.

This hypothesis is supported by the positive correlation observed over a 6 month period be-

tween periods of high aerosol loading (AOD> 0.5) and largest biases in (F↓SWsurf). The

maximum observed error of 350 Wm−2 corresponded to AOD = 4. Milton et al concluded

with radiative transfer calculations using AERONET derived AOD and partitioning the

DRE of BB and dust aerosol using colocated AERONET measurements of the Angström

component and optical properties from DABEX. These results confirmed that most of the

error between modeled and observed fluxes was attributable to the lack of BB and dust

aerosol in the initial model setup; the modeled day time warm bias in near surface temper-

atures was reduced when aerosols were included.



1.7. MINERAL DUST AEROSOL IN NUMERICAL WEATHER PREDICTION
MODELS 46

Fully prognostic aerosols are now included in many of the state-of-the-art climate mod-

els but numerous NWP models have relied on annual or seasonal varying climatologies

to model aerosols. For example, the NCEP regional models reduce the solar constant by

≈ 3% globally to represent aerosol radiative effects [55]. There is growing evidence of the

need for the predictive capability of aerosols to improve the radiative balance and forecast

ability of NWPs [54].

Data assimilation involves creating a new analysis field by correcting the background

field (the current model stage) using observations; the new analysis field is then used as

the initial condition for future model runs [56]. Successful assimilations aim to minimise

the difference between the model and observed values to form an optimal estimate of the

states of the system by combining them with weighting inversely proportional to the square

of the errors of the individual descriptors [57]. Prior to 2008 there had been no serious

attempts at assimilating satellite aerosol optical depths on a global scale into operational

models predominantly because these observations have only recently improved to be of

high enough quality for reliable inclusion. The high data input integrity requires that the

bias and error variance of both the forecast model and observations are parameterised and

each source of uncertainty must be well known [58]. The recent improvement in satellite

retrieval of aerosol loading particularly over land has allowed a number of studies into the

effectiveness of aerosol assimilation into NWPs.

Pérez et al [55] fully incorporated the radiative effects of dust into a regional atmo-

spheric dust model (NCEP/Eta NWP model) and found that there were significant im-

provements in the atmospheric temperature and mean sea-level pressure forecasts obtained

over dust contaminated areas. The presence of dust significantly reduced the warm and

cold temperature biases which existed in the model without its inclusion. Zhang et al [56]

assimilated data from the MODIS level 3 aerosol product (over ocean only) with Naval

Research Laboratory Aerosol Analysis and Prediction System (NAAPS) forecast fields to

test whether this improved its global AOD predictive ability. They compared the NAAPS

global optical depth 6 hour forecast which had been initialised using the MODIS observa-

tions with the MODIS AOD retrievals for March-May 2006. The non-assimilation forecast

and data showed a correlation of 0.57 whilst the NAAPS assimilated product showed a

significant improvement with a correlation of 0.81. Further, there was a 40% reduction in
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absolute error for the data. The study indicated that the assimilation process considerably

improved the accuracy of global aerosol distribution estimates even when run in the 48

hour forecast mode.

Wang et al [59] adopted a similar approach to test the assimilation of AOD into the

Regional Atmospheric Modeling System (RAMS). They focused specifically on a severe

dust event which occurred in Puerto Rico, 20-23 July 2000. The assimilated AOD was

retrieved from the GOES 8 imager and the study also used the shape of the aerosol concen-

tration profile from in situ aircraft measurements which were made during the dust event

to initialise RAMS. The AOD from the numerical simulation was then compared against

satellite and AERONET observations. The simulated AOD showed a similar spatial and

temporal evolution of the dust event with the observations and a general agreement with

the point observations from AERONET. Wang et al stated that one of the major problems

with attempting assimilation to improve particulate matter forecast is the lack of informa-

tion on the vertical structure of aerosol distributions but that assimilation into mesoscale

numerical models has the potential to become a cost-effective method for improvement.

Other studies include those of Morcrette et al [60] and Greed et al [61] who used the

prognostic aerosol component of the ECMWF IFS model and the recent UK Met Office op-

erational dust forecasting model respectively. Morcrette et al showed that constraining the

model using AODs derived from MODIS improved the forecasting ability of the model in

terms of dust τ055 when compared against the AERONET sun photometer measurements.

The Met Office have recently developed an operational dust forecasting model by incor-

porating the Met Office Hadley Centre climate model dust parameterisation scheme within

a regional NWP model. Motivation for the development of operational models is to be

able to produce short range dust predictions to civilian and military customers and provide

evaluation of dust parameterisation on weather timescales. Greed et al found a very good

guidance of dust events up to 42 hours ahead when they compared diagnostic AOD with

satellite and ground-based observations.

A successful inclusion of the radiative effects of dust into NWPs will require knowledge

of the optical properties of regional dust sources and a dust parameterisation scheme which

can accurately forecast the global aerosol optical depth before the SW and LW radiative

balance and its effect on atmospheric variables can be determined. Recent studies, some
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of which are outlined above, have lead to a significant increase in knowledge within all of

these areas.

1.7.1 UK Met Office

The UK Met Office (UKMO) has has long realised the importance of dust in its Numerical

Weather Prediction models in order to improve its forecast radiation and near-surface air

temperature fields. Forecasts of the presence of dust loading itself in terms of reduced

visibility and impact on laser targetting and night vision goggles is also of particular

importance especially in the Middle East where dust storms can affect military opera-

tions [62, 63]. The forecasts also help to inform on the brightness temperature contrast

expected between a target and its background in the medium and long-wave IR windows

which helps to tune a targeting sensor [63].

The four categories which have been highlighted for future development in order to im-

prove the MetUM dust model are: dust emission, reducing computational costs, diagnostics

and dust observation/assimilations [64]. This study is aimed at providing information on

the last of these categories prior to the assimilation of aerosol optical depths retrieved using

the SEVIRI instrument onboard the MSG series of geostationary satellites above Africa.

A number of updates have recently been made within the MetUM to improve its rep-

resentation of dust emission and its physical and optical properties. Brooks et al [62] re-

cently tested the impact of the vegetation fraction included within MetUM on subsequent

dust uplift following the disagreement noted between the model dust emissions and the

annual mean observed Dust Source Activation Frequency from SEVIRI backtracking ob-

servations [16] (see Section 4.1.1). Previous configurations of dust emission were such

that uplift was only possible over bare soil regions and as the vegetation was fixed or varied

only on decadal timescales, seasonal vegetation changes particularly in the Sahel were not

accounted for and hence the model could not produce dust in these regions. Brooks et al

trialled a methodology which allowed seasonally varying vegetation within the model and

hence enabled dust emission in the affected regions. In general the increased presence of

dust in areas such as the Sahel, South African and India improved the comparison between

model simulation of dust concentrations and AOD against long term observations of con-
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centrations and AERONET AOD. Although the global NWP at the time did not include

dust radiative effects interactively there was still some improvement shown in the outgoing

longwave radiation field and net radiation budget over summer in India.

One of the particular issues with dust inclusion in global NWP models is its computa-

tional cost; the inclusion of dust forecasting to an existing model is known to increase its

run-time by 20-35%. In order to meet the same time constraints this implies an increase in

supercomputer resources and hence monetary cost [64]. Therefore, it is extremely impor-

tant that any changes to the global NWP are shown to add a degree of skill to the forecast.

The atmosphere is chaotic such that small changes in the initial atmospheric conditions

can allow the overall state to develop via markedly different routes. This inherent ‘chaos’

means that NWP models must represent the current state of the atmosphere as accurately

as possible in order that its forecasts remain reliable for as long a time as possible. Data

assimilation is used to try and produce the best possible description of the current atmo-

spheric state. Observations from a variety of observation platforms and instruments are

combined accounting for their individual errors and then compared with the predicted at-

mospheric state from the model forecast at its previous timestep to update the current state

of the atmosphere. The state which gives the best agreement with the observations and is

also meteorologically consistent is then used to initialise the next model timestep [65]. The

UKMO now has the intention of using a dust data assimilation operationally if trials show

that the forecasts are improved overall and without any associated problems.

The UKMO has included mineral dust in its operational forecasts over South Asia since

2008 and globally since 2011, using a dust mass mixing ratio in 2 size bins (0.1 - 2 and 2 -

10µm). Currently, the forecast model does not use observations of dust but simply uses

the previous forecasted dust as the initial state which is then modified via the forecast

winds which transport and lift the aerosol. However, the model winds are initialised using

observations [66].

Ingleby et al [66] detail a dust assimilation trial for June 2011 over North Africa which

used AOD observations from SEVIRI based on the retrieval algorithm used within this

study (see Section 2.1). The trial was focused on the forecast dust AOD and showed a

relatively large increase in forecast skill for significant dust events when compared against

AERONET observations. Following the success of this first assimilation attempt, the Met
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Office is aiming to run future wider trials in order to address any major problems before

operational use and also test its impact on the forecasted top of atmosphere fluxes. The

research contained within this thesis has been produced with the aim of informing this

process.

1.8 Thesis outline

The importance of aerosols and specifically mineral dust aerosol has been shown in rela-

tion to its effect on the Earth-atmosphere radiation balance and its subsequent impact on

meteorological processes. Recent studies which attribute the current absence of a fully as-

similated aerosol optical depth product in many Numerial Weather Prediction models to

discrepancies between forecasted fluxes and observations have also been discussed. The

UK Met Office has trialled the assimilation of aerosol optical depths from SEVIRI in its

Unified Model with a positive result indicating an increase in the ability of forecasting

aerosol optical depth. Future plans at the UK Met Office are to run a longer trial incorpo-

rating the radiative effects of mineral dust and comparing the forecasted fluxes with satellite

observations from the Geostationary Earth Radiation Budget instrument.

This thesis contains studies into a number of different areas which are required prior to

a longer assimilation trial at the UKMO. Research into the SEVIRI retrieval algorithm is

contained within Chapters 3 - 5 before the radiative impact of mineral dust aerosol is con-

sidered in the final chapter. Chapter 3 focuses on validating the SEVIRI AOD product using

observations from the GERBILS field campaign and co-located AERONET measurements.

Observations of the physical and optical properties of mineral dust aerosol from sampling

during the GERBILS period are used to test the methodology of the retrieval algorithm and

whether it is possible to use regional dust properties to improve its optical depth retrieval

capabilities. The process of mineral dust emission and how this leads to distinct seasonal

and diurnal dust cycles is considered in Chapter 4. AERONET data is used to determine

a suitable range for the window period used within the retrieval algorithm which is then

tested more thoroughly in Chapter 5. Chapter 5 also considers the impact of using atmo-

spheric field data from different model sources and whether this has any implications for

the success of the retrieval algorithm.
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Following the studies into the efficacy of the retrieval algorithm, Chapter 6 uses re-

trievals of AOD from SEVIRI and flux measurements from GERB to determine, for the first

time, an observationally based estimate of the net radiative effect of mineral dust aerosol

from geostationary satellite observations, giving new insight into DRESW , DRELW and

DRENet on a sub-daily timescale. An estimate of the net direct radiative effect of mineral

dust aerosol for 20-29/06/07 over North Africa is presented. This provides an indication of

the expected impact of mineral dust on the radiation balance for comparison with the mod-

elled fluxes once the assimilation trial has been conducted. The potential bias in retrieved

fluxes from using a clear sky angular distribution model (ADM) for converting radiances

to fluxes is also considered.
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Chapter 2

Data Retrieval Tools in this Study

In this chapter various data retrieval tools which are used to validate and investigate the

SEVIRI AOD algorithm and to provide an estimate of the direct radiative effect of dust are

introduced. Firstly, how the retrieval algorithm uses the brightness temperature observa-

tions from SEVIRI to calculate the dust aerosol optical depth and the various fields neces-

sary for its implementation are explained. This study focuses on the GERBILS observing

period during June 2007 as the insitu observations of the optical and physical properties

of mineral dust obtained during the field campaign are an invaluable dataset for testing the

dust model used in the algorithm. As such, the GERBILS campaign is introduced and the

method of determining the AOD from aircraft measurements is explained. The process-

ing of ground-based AERONET data which is widely used throughout this study, is also

described. Finally, the GERB instrument which provides data for assessing the radiative

effects of mineral dust is introduced.

2.1 SEVIRI

Remote sensing instruments mounted on satellites have the unique advantage of a field

of view which observes hundreds of kilometres in a single time step. This allows global

coverage from a single instrument within a period of days for platforms in low earth orbit

or continuous coverage of a particular location from geostationary satellites. The data
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used in this study is taken from the Spinning Enhanced Visible and InfraRed Imager on

Meteosat-9 which was the second of four geostationary satellites in the Meteosat Second

Generation series to be launched [www.eumetsat.int]. Meteosat-9 is in orbit above the

equator at 0 ◦W and supports two Earth observation instruments; SEVIRI and GERB. This

location is especially useful for the study of Saharan dust aerosol, as it provides continuous

coverage of the region.

SEVIRI measures the emitted longwave and reflected shortwave radiation at the top of

the atmosphere (TOA) in eleven spectral channels in the visible and infrared (see Table 2.1);

it futher employs a single High Resolution Visible (HRV) band at 0.5 to 0.9µm. The

channels have a spatial sampling rate of 3× 3 km at nadir, except for the HRV band which

samples at a resolution of 1× 1 km, and a temporal resolution of 15 minutes. SEVIRI could

provide a significant step forward for the remote sensing of Saharan mineral dust aerosol

due to its high spatial and temporal resolution with constant coverage of North Africa

throughout the day and night. This study focuses only on retrieving mineral dust properties

above land and therefore all subsequent discussion is relevant to over-land investigations

only.

Spectral
band

Central
wavelength
(µm)

VIS0.6 0.635

VIS0.8 0.81

NIR1.6 1.64

IR3.9 3.92

WV6.2 6.25

WV7.3 7.35

IR8.7 8.70

IR9.7 9.66

IR10.8 10.80

IR12.0 12.00

IR13.4 13.40

HRV 0.75

Table 2.1: List of SEVIRI spectral bands and central wavelengths in µm.



2.1. SEVIRI 54

2.1.1 Cloud and dust identification

For clarity an overview of the cloud and dust detection strategies and the quantification of

dust loading from SEVIRI data used originally by Brindley & Russell [67] is provided. In-

trinsic to any satellite retrieval of aerosol optical depth is the necessity to identify the cloud-

free regions before applying the retrieval algorithm. In this case two independent cloud

identification methods are used; the Nowcasting Satellite Application Facility (NWCSAF)

cloud mask [68] and the GERB operational cloud flag [69]. The NWCSAF mask uses the

visible and infrared channels from SEVIRI whilst the GERB flag uses information from

the visible only.

The NWCSAF cloud mask uses a multi-spectral threshold technique which is applied

to each pixel in an image. The algorithm applies a sequence of threshold tests on bright-

ness temperature differences between the IR SEVIRI channels. If the measured difference

exceeds the dynamic threshold for that pixel then it is flagged as cloudy. The dynamic

thresholds are obtained by interpolation into look-up tables using the satellite zenith angles

and NWP operational analysis integrated water vapour content. The table is selected de-

pending on the solar zenith angle and climatological visible reflectance of the land pixel.

The GERB operational cloud flag relies on the fact that the reflection function of clouds at

a non-absorbing narrow band in the visible part of the spectrum is primarily dependent on

cloud optical depth.

An intrinsic problem with both of these masks is that thick dust outbreaks (large optical

depths) are often misidentified as cloud. A modified version of the NWCSAF dust detection

algorithm [70] is therefore used to identify dusty pixels which are then reinstated with the

cloud-free pixels. The dust detection algorithm also uses a multi-spectral method technique

on each pixel with the thresholds corresponding to the spectral signature of dust. AOD

retrieval is only performed on pixels which are identified as cloud free or flagged as dusty.

Red-green-blue (RGB) imagery is a composite image created by selectively combining

the information from different wavelength channels using a specific methodology in order

to highlight particular surface or atmospheric features. The images in Figure 2.1 are cre-

ated following the method explained by Lensky and Rosenfeld [71] which scales the red,

green and blue intensities for each pixel depending on brightness temperature differences
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Figure 2.1: Top left: RGB image for 21/06/07 at 0900 UTC with large dust storm in West
Africa distinguished by pink colour and deep convective clouds near the equator repre-
sented by deep red and black colours. Top right: cloud mask (red) overlaying the RGB
image. Bottom left: dust mask (yellow) overlaying cloud mask and original RGB image.

between the 12µm, 10.8µm and 8.7µm channels such that dust appears pink in the final

image. However, the intensity of the pinkness varies depending on the exact atmospheric

conditions eg. water vapour and dust altitude [72]. Deep convective clouds should appear

deep red or black whilst the underlying surface is typically turquoise/white. In Figure 2.1,

the top left panel shows the RGB image for 21/06/07 at 0900 UTC; there is a clear region

of intense pink across Mali and Guinea which suggests a strong dust event. The top right

panel overlays the cloud mask for the same time slot which has identified the distinct dust

event as cloud and therefore without the reinstatement of these pixels using the dust mask

which is shown in the bottom left panel, the SEVIRI retrieval would not be performed on

this region.
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2.1.2 AOD retrieval

During the daytime, elevated dust leads to an increased thermal contrast between the dust

layer and the surface. For example, at local noon, the emitting tempreature observed at the

top of a dust layer may be 10 - 20◦C cooler than the ground surface, even for relatively low

altitude plumes [65]. The magnitude of this contrast which is observed as a depression in

the 10.8µm channel brightness temperature (TB108) can be related to dust loading provided

that a dust free or reference TB108 can be identified.

The SEVIRI retrieval algorithm stores the previous 28 days of cloud-screened TB108

data and initially assumes that dust is the only factor affecting the channel. The maximum

TB108 (from now on referred to as TB108max) observed at each timestep for each pixel within

the preceding 28 days (from now on referred to as the window period) is initially considered

as the pristine sky reference brightness temperature.

However, changes in the column water vapour (CWV) and surface temprature (Ts) also

affect the 10.8µm channel and must be accounted for. Therefore, CWV and Ts fields

from the European Centre for Medium Range Weather Forecasting (ECMWF) Operational

Analyses are used to simulate a clear sky TB108 at the reference time using a linear function

of Ts, CWV and the viewing zenith angle. This simulated clear sky brightness temperature

is then compared to the observed TB108 at the same time for each day in the window period.

The day on which the difference between the simulated clear sky TB108 and observed TB108

is at a minimum is then identified as the nearest to dust-free and selected as TB108max. This

day is now referred to as the quasi-pristine sky day (see Figure 2.2).

A correction term, ∆TB108p, is then applied to TB108max to take account of any change

in CWV and Ts between the quasi-pristine and observation time which would also affect

brightness temperatures in this channel. The correction is calculated as follows

∆TB108p (θv) = c1 (θv)×∆Ts + c2 (θv) × ∆CWV (2.1)

where cn are viewing angle dependent coefficients which quantify the impact of changes

in the atmospheric conditions on the 10.8µm channel brightness temperatures. ∆Ts and

∆CWV are the associated changes in surface temperature and CWV respectively, and θv is

the viewing zenith angle.
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Thus, the corrected depression, ∆TB108d, due to dust alone is given by

∆TB108d = TB108max − TB108r + ∆TB108p (2.2)

where the r subscript refers to measurements made on the retrieval day. The change in

brightness temperature in the 13.4µm channel for the purpose of the retrieval is calculated

by

∆TB134d = TB108max + ∆TB108p − TB134r (2.3)

Dust loading is then quantified using the following exponential relationship

τ550 = a1 (θv) × a2 (θv)
∆TB108d/∆TB134d − a3 (θv) (2.4)

where a1, a2 and a3 are simulated viewing zenith angle, θv, dependent fit coefficients.

Figure 2.2: Schematic of the SEVIRI AOD retrieval algorithm. See text for details.

The fit coefficients a1, a2 and a3 in Equation 2.4 were obtained from a simulated re-

lationship between ∆TB108d and ∆TB134d and τ055. The Moderate Resolution Radiative

Transfer Code (MODTRAN) version 4 was used to simulate brightness temperatures TB108

and TB134 for a range of atmospheric and dusty conditions. The simulations allow a theo-

retical relationship between τ055 and brightness temperature differences (BTD) between

dusty and pristine sky days to be derived ie. the radiative impact of dust alone. The
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model atmosphere was specified over 60 layers extending from the surface to approxi-

mately 44 km altitude. Atmospheric profiles of temperature and water vapour were taken

from ECMWF analyses for June 2006 from 10 locations at 1200 UTC, across the 20◦N

latitude band, equally spaced from 10◦W to 35◦E. Co-located skin temperature data was

also taken from ECMWF analyses and a spectral surface emissivity for desert sandstone

was used. The spectral output range was 600 - 2250 cm−1 with a wavenumber interval

increment of 1 cm−1. Firstly, pristine sky radiances at the TOA were output in 10◦ incre-

ments of viewing angle from nadir to 70◦. This output was then convolved with the SEVIRI

response functions for the 10.8µm and 13.4µm channels.

Figure 2.3: Simulated values of ∆TB108d/∆TB134d as a function of τ055 due to dust for the

Volz dust model using a typical dust size distribution at VZA of 20◦ for the atmospheric

profiles and dust conditions as described in the text.

The simulations were then repeated under identical atmospheric conditions but with a

dust layer of variable optical thickness and alitude included within the profile. The lower

boundary of the layer could vary between 1 and 2.5 km whilst the upper boundary was

constrained between 2 and 7 km. This allowed the altitude and physical thickness of the
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dust layer to vary whilst limiting it to the range of altitudes in which dust has been regu-

larly observed. The aerosol optical depth of dust was allowed to vary randomly however,

the overall distribution was constrained to a mean τ055 of 1.0 and a standard deviation of

1.0. Originally, the Volz [73] Saharan dust model was employed using a multi-modal log-

normal size distribution with 5 modes based on observations of Saharan desert mineral dust

aerosol to calculate the optical properties using Mie theory.

Figure 2.3 shows a simulated relationship between ∆TB108d/∆TB134d and τ055 follow-

ing the above methodology. The data is then fit with an exponential curve of the form of

Equation 2.4 where the coefficients a1,a2 and a3 are a function of VZA alone.

The error and bias analysis considered relative to the values calculated for the fitted

values of τ055 from the simulations described above is provided in Table 2.1.2.

θv rms Bias
0 0.313 -0.03
10 0.314 -0.03
20 0.316 -0.03
30 0.323 -0.04
40 0.328 -0.03
50 0.337 -0.02
60 0.362 -0.02
70 0.419 -0.02

Table 2.2: Root-Mean-Square (rms) error and bias in the fitted values of τ055 as a function
of viewing zenith angle θv

Similarly, simulations of pristine-sky TB108 from the MODTRAN4 radiative transfer

model using atmospheric profiles from ECMWF were used to obtain a linear fit of the form

shown in Equation 2.1 and the cn coefficients.

The retrieval algorithm attempts to determine a best estimate of τ550 for each SEVIRI

pixel for each time step through the day between 0800 and 1600 UTC following the steps

outlined. AOD retrievals are only made for dusty or cloud-free pixels with solar and view-

ing zenith angles below 70◦.
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2.2 GERB

The Geostationary Earth Radiation Budget (GERB) instrument also operates onboard the

Meteosat Second Generation satellites and is used to obtain top of atmosphere fluxes. Har-

ries et al [74] detail the GERB instrument design, data processing routines and available

products. The principle objective of the GERB mission is to measure the Earth’s radia-

tion budget at high temporal resolution and it is the only instrument to observe broadband

emitted thermal and reflected solar energy from a geostationary orbit.

GERB is a scanning radiometer with two broadband channels; shortwave covering the

solar spectrum (0.32-4µm) and the second covering a wider part of the EM spectrum (0.32-

100µm). A longwave observation (4-100µm) is obtained via subtraction and provides

information on the thermal radiation emitted by the Earth. Data used within this study is

from GERB-1 on Meteosat-9 which became the operational instrument in May 2007. Both

GERBlike level 2 and GERB HR data are used for June 2007.

GERBlike data is actually totally independent of GERB measurements. The narrow-

band measurements in the 0.6, 0.8 and 1.6µm channels from SEVIRI are used to estimate

the broadband unfiltered radiances at the 3× 3 SEVIRI pixel resolution (10× 10 km at

nadir). For scientific use, an instrument measures a filtered (by the instrument spectral re-

sponse function) radiance which must be converted to an unfiltered solar radiance which

would have been measured by a perfect broadband instrument. The unfilter factor, which is

the ratio of the unfiltered to filtered radiances, is determined by modelling the spectral dis-

tribution of the observed radiation [75]. The broadband radiances estimated from SEVIRI

through the narrow-to-broadband conversion are estimates of the radiances that would have

been measured by the GERB SW channel [76]. The GERBlike fluxes are then estimated

from the mean of the 3× 3 SEVIRI pixel SW radiances using the appropriate Clouds and

Earth’s Radiant Energy System Tropical Rainfall Measuring Mission angular distribution

models (CERES TRMM ADMs). The appropriate CERES-TRMM ADM is chosen based

on the average scene identification (surface type and cloud properties) from the 3× 3 SE-

VIRI pixel box [77].

GERB HR utilises the SEVIRI observations to provide information on the scene vari-

ability within each GERB footprint in order to interpolate the GERB broadband SW filtered



CHAPTER 2. DATA RETRIEVAL TOOLS IN THIS STUDY 61

radiances from the GERB native resolution (50× 50 km at nadir) to a 3× 3 SEVIRI pixel

resolution [78]. The GERB broadband radiance measurement is then converted to an unfil-

tered radiance by multiplying the filtered measurement by a factor equal to the ratio of the

SEVIRI estimated unfiltered and filtered radiances [76]. The unfiltered GERB radiance is

then further converted to the broadband flux by the appropriate CERES-TRMM ADM as

chosen based on the average scene identification (surface type and cloud properties) from

the 3× 3 SEVIRI pixel box [77].

2.3 GERBILS Flight Campaign

The aim of the GERB Intercomparison of Longwave and Shortwave radiation (GERBILS)

campaign was to determine the cause of the discrepancy between the outgoing longwave

radiation measured by GERB and the modeled values from the NWP version of the Uni-

fied Model in the west Sahara region [53]. Airborne instrumentation is particularly ad-

vantageous for studies of lofted aerosol and the Facility for Airborne Atmospheric Mea-

surements (FAAM) is a collaboration between the UK Met Office and the Natural En-

vironment Research Council (NERC) based at Cranfield University, Bedfordshire, UK

[http://www.faam.ac.uk]. FAAM operates a BAe 146-301 large Atmospheric Research Air-

craft (ARA) as a platform for scientific instruments to enable atmospheric research across

the world. The instrumentation onboard the ARA is described more thoroughly in Hay-

wood et al (2008) [42]. The ARA is used to track specific dust events which enables in

situ measurements to be made throughout dust layers to monitor variability in atmospheric

and aerosol properties in both the horizontal and vertical directions. The ability to measure

both upwelling and downwelling radiances at specific altitudes ie. above, below and within

the dust layer is of particular importance for radiative impact studies.

The GERBILS field campaign consisted of 10 flights of the FAAM ARA between Ni-

amey (13.5◦N, 2.2◦E), Dakar (14.5◦N, 17.0◦W) and Nouakchott (18.1◦N, 16.0◦W), on the

Atlantic coast of Mauritania (Figure 2.4) between 19 June and 29 June 2007. The majority

of the flights took a standard route from Niamey to Nouakchott, along 18◦N at the centre

of the region where the model-observation discrepancies were greatest.
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Flight

& Date

Departure

Airport

Arrival Air-

port

Flight Description

B294

18 June

Agadir

(Morocco)

Nouakchott Dust over ocean. Mainly radiation

measurements including orbits.

B295

19 June

Nouakchott Niamey Standard route. In situ sampling and radiation

measurements, including orbits.

B296

21 June

Niamey Nouakchott Non-standard route chasing a big dust storm

over southern Mali and Senegal. Mainly in situ

measurements.

B297

22 June

Nouakchott Dakar Dust over ocean still following big dust storm.

Radiation and in situ measurements including

orbits.

B298

22 June

Dakar Niamey Transit flight, late in the evening. Some in situ

sampling during profiles.

B299

24 June

Niamey Nouakchott Standard route. In situ sampling and

high-altitude radiation measurements.

B300

25 June

Nouakchott Niamey Standard route. Mainly radiation

measurements.

B301

27 June

Niamey Nouakchott Standard route. Long low-altitude run along

18N for in situ sampling and surface

characterisation. Some localised dust events.

B302

28 June

Nouakchott Niamey Standard route. Long low-altitude run along

18N for in situ sampling and surface

characterisation.

B303

29 June

Niamey Marrakech

(Morocco)

Transit back across Sahara. Mainly

high-altitude radiation measurements.

Table 2.3: Details and description of GERBILS flights for June 2007 (from Johnson and

Osborne [79]).
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Figure 2.4: Flight paths for the GERBILS field campaign, June 2007

The altitude track of each flight was varied depending on its scientific objective as de-

scribed in Table 2.3. This is shown for Flight B295 in Figure 2.5. Each flight typically

consisted of a deep profile ascent lasting for 20-25 min out of the departure airport, fol-

lowed by a number of straight and level runs (SLR) which varied in length from 5 mins

to 2 hours. The high level runs provided above dust layer radiative measurements whilst

mid-level runs within the dust layer allowed its optical properties to be derived and in situ

sampling to occur. SLRs below the dust provided information on the surface properties and

up and downwelling radiation from and to the surface. Deep profile ascents and descents

throughout the entire dust layer were performed to investigate the vertical distribution of

dust aerosol and to measure backscatter and absorption coefficients [79].

Within this study we use a number of different measurements obtained during the GER-
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BILS campaign either calculated directly from the raw data or using dust optical and phys-

ical properties derived by others from the campaign data. The AOD, scattering coefficient

and Angström exponent were directly calculated from scattering measurements made on-

board the aircraft and the methodology for determining these follows.

2.3.1 Scattering measurements

The integrating TSI nephelometer situated on the ARA is used to determine the total light-

scattering coefficient of atmospheric aerosols and is supplied from the aircraft exterior by

a Rosemount inlet. The nephelometer measures the total scattering coefficient (7 ◦ to 170 ◦

angular integration) and the hemispherical backscattering coefficient (90 ◦ to 170 ◦). Mea-

surements are made at three visible wavelengths; 450, 550 and 700 nm with a bandwidth of

50 nm. The scattering properties are measured by determining the difference between the

aerosol-scattered light and the nephelometer’s dark reference measurement (via light scat-

tered internally in the detector) using photomultiplier tubes. Data is recorded at a frequency

of 1Hz.

An angular truncation correction is required to extend the scattered light measurements

to the total scattering over 0 ◦ to 180 ◦. The required correction is dependent on the size

distribution of the particles being measured [80] however Johnson and Osborne stated that

the relative contribution from sub and super-micron sized particles was unknown due to the

unknown sampling efficiency of the Rosemount inlet and the sampling lines connecting the

inlet to the nephelometer. Johnson and Osborne [79] performed a Mie calculation using

the mean size distribution obtained from the GERBILS campaign to determine an angular

truncation correction of 1.392 for σscat at 550 nm. Anderson and Ogren [80] calculated a

very similar generic super-micron correction of 1.337 for an Angström exponent of zero.

The super-micron correction from Anderson and Ogren has therefore been applied in this

study:

σscatcorr = C550(α)σscatmeas (2.5)

where σscatcorr refers to the corrected scattering coefficient, C550 is the correction factor

and σscatmeas is scattering coefficient measured by the nepehelometer; all at 550 nm. The
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generous uncertainty of ±20% on the scattering coefficients and hence AODs is due to the

uncertainty in the angular-truncation and that in the sampling efficiency of the inlet and

sample lines which undersamples large particles [79]. The correction factor is dependent

on the Angström coefficient via the following relationship:

C550 = −0.138α + 1.337 (2.6)

The Angström coefficient is calculated for every σscatmeas measurement using the un-

corrected kscat values at 450 nm and 750 nm which were measured concurrently with the

scattering coefficient at 550 nm. A further consideration is that the nephelometer does not

respond instantly to the in-flow of air; Johnson and Osborne quantified the time delay at

20 seconds which must be corrected for in the GPS altitude data.

2.3.2 AOD calculation

The dust aerosol optical depth was then calculated by integrating the vertical profiles of the

extinction coefficient. The AOD is calculated at the location of each deep profile provided

it extended over the complete depth of the dust layer or could be combined with other

consecutive profiles to extend the full depth. For flight B295 (Figure 2.5) the AOD was

calculated for profile 1 whereas profile 3 does not extend from below to above the dust

and therefore was discarded. Profiles 5, 6 and 7 were combined as the level runs between

profiles were short resulting in only a slight spatial separation. This resulted in a total of 32

profiles from 9 flights (B295 - B303).

The AOD is calculated by integrating the extinction coefficient, σext, over the height

of the profile using Equation 1.10. Measurements of the single scattering albedo, ω0, were

used to calculate σext from the nephelometer derived scattering coefficient (Equation 1.7).

Johnson and Osborne [79] used measurements of the absorption coefficient from the Ra-

diance Research Particle Soor Absorption Photometer (PSAP) along with the scattering

coefficient to calculate a mean value of 0.97 for the single scattering albedo at 550 nm for

the GERBILS campaign. This SSA value was estimated by averaging over 5 minute sec-

tions of SLRs where the scattering coefficient exceeded 10 Mm−1. Their study found that

the distribution was highly skewed with the majority of the measurements between 0.97
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Figure 2.5: Flight path for flight B295 indicating locations of deep profiles used for AOD
measurements.

and 0.99 whilst the lowest value was 0.92 (Figure 2.6). Therefore, the GERBILS campaign

average at 550 nm, ω0 = 0.97, was adopted here for all flights.

Figure 2.6: SSA values from aircraft data as calculated by Johnson and Osborne
(2011) [79]

σext was interpolated onto a regular height grid to reduce errors from random noise

associated with the nephelometer instrument. The grid consisted of 80 levels with dz =

100 m with an altitude range 0 to 8000 m. σext at a given level, z, was the average of all
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Figure 2.7: Vertical profiles from two GERBILS flights showing the nephelometer-
based extinction coefficients at three wavelengths. From Johnson and Osborne
(2011) [79].

values of σext between z and z + dz.

The ARA obviously has a lower altitude limit during flight and therefore the profiles

cannot extend to near ground level except when landing. Mineral dust aerosol is generally

confined to the lowest few km of the atmosphere and therefore neglecting dust aerosol

contained within the bottom 100m of the atmosphere could lead to a marked underestimate

of AOD. This missing data was accounted for by extrapolating measurements to ground

level by assuming that the value of σext at the lowest altitude of the profile was constant to

the surface, however this may still lead to underestimation of the AOD. Figure 2.7 shows

a landing profile (left) and mid-flight (right) profile and it can be seen that the extinction

coefficient is actually increasing as the aircraft nears ground on landing below the altitude

which is attained during the mid-flight profile. A geoid height correction was applied to the

GPS altitude when calculating the distance to ground.
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2.4 AERONET

The AERONET (AErosol RObotic NETwork) is a NASA project of a global network

of ground-based sun photometers which measure the direct solar radiation to derive the

columnar aerosol optical depth and other aerosol properties [http://aeronet.gsfc.nasa.gov].

AERONET observations are regarded as the ‘gold-standard’ of measurements against which

satellite retrievals can be validated due to its error of only 0.01-0.02 in AOD measurements.

Although ground-based data is preferable as an accurate data source, it is obviously not

feasible to have global coverage from these instruments. Here the AODs obtained from

AERONET stations in North Africa are used to validate the SEVIRI retrieval product for

the GERBILS period and also to provide long term AOD data which is used to investigate

trends in dust loading to inform on a suitable window period for the retrieval.

Each photometer measures in 8 spectral bands; 340, 380, 440, 500, 670, 870, 940 and

1020 nm. The 940 nm channel is used for column water abundance determination. The

interval between measurements is typically 15 minutes although the temporal resolution is

not fixed. Optical depth is calculated from spectral extinction of direct beam radiation at

each wavelength and attenuation due to Rayleigh scatter, absorption by ozone and gaseous

pollutants is estimated and removed to isolate the aerosol optical depth.

Figure 2.8: Distribution of AERONET sites within North Africa in June 2007

Figure 2.9 shows the distribution of AERONET sites within the Saharan region of study.

Unfortunately, there is a limited number of AERONET sites located within the main body

of the Saharan desert, as it is more practical to maintain instruments which are in close
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proximity to towns and cities. The SEVIRI retrieval algorithm is also designed for use

over arid or semi-arid regions and therefore the AERONET sites within vegetated regions

contained within SEVIRI’s field of view were not included in the study except for Ilorin.

Ilorin is in a region of high vegetation cover however, it was included for consistency with

other AERONET and GERBILS comparison studies.

Data from 9 AERONET locations were used within this study; the sites and their lon-

gitude and latitude are listed in Table 2.4 and mapped in Figure 2.9.

AERONET Site Location

Agoufou (1) 15.3◦N, 1.4◦W

Banizoumbou (2) 13.5◦N, 2.7◦E

Dakar (3) 14.3◦N, 17.0◦W

Ilorin (4) 8.3◦N, 4.3◦E

IER Cinzana (5) 13.3◦N, 5.9◦W

Ras El Ain (9) 31.7◦N, 7.6◦W

Saada (6) 31.6◦N, 8.2◦W

Solar Village (8) 24.9◦N, 46.4◦E

Tamanrasset (7) 22.8◦N, 5.5◦E

Table 2.4: List of AERONET sites and locations used within study. Number in brackets

corresponds to position in Figure 2.9. Note that (9) and (6) are in close proximity and

therefore position of (6) reflects that of (9) also.

AERONET data is not sampled at a fixed temporal resolution and at these stations there

are typically approximately four or five measurements per hour between 0600 and 1700

UTC. The data was averaged over 1 hour intervals centred on the hour and half hour to

match with SEVIRI retrievals. The cloud screened and quality controlled level 2 product

was used [http://aeronet.gsfc.nasa.gov/cgi-bin/climo menu v2 da].

AERONET generally distributes AOD products at 440, 675, 870 and 1020 nm which is

adjusted to 550 nm using the 440 nm and 870 nm derived Angström coefficient (see Sec-
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Figure 2.9: Location of AERONET sites in North Africa. Numbers correspond to site in
Table 2.4. Note that (9) and (6) are in close proximity and therefore position of (6) reflects
that of (9) also.

tion 1.3.2). This method assumes that the Angström coefficient is effectively constant

between these wavelengths.

The Angström coefficient is calculated via:

α = −
log
(
τ440
τ870

)
log
(

0.44
0.87

) (2.7)

The AOD at 550 nm is then calculated:

τ550 = τ675

(
0.675

0.550

)α
(2.8)

This provides a 30 minute timestep AERONET AOD at 550 nm. Sun photometers

obviously require the sun and therefore can only make measurements during sunlit hours

(as is currently true of SEVIRI’s AOD retrievals) however, this also means that under very

thick dust conditions measurements cannot be made as the instrument cannot ‘see’ the sun

and may interpret the thick dust as cloud.
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Chapter 3

GERBILS Case Study

In 2011 Ansmann et al stated that ‘The ultimate goal of field investigations is the develop-

ment of appropriate dust parameterisations for large-scale and regional weather and cli-

mate models, which predict dust production, transport within the atmosphere and removal

and the influence on the radiative energy balance and climate’ [46].

The GERBILS field campaign provided an invaluable source of data on mineral dust

across the southern edge of the Sahara. In this Chapter these data are exploited to inves-

tigate various aspects of the SEVIRI retrieval algorithm. Initially, the SEVIRI AODs are

validated for the observing period against the in situ aircraft measurements to check that

the algorithm is successful for the GERBILS period before doing a more comprehensive

investigation into various internal and external parameters which may affect the algorithm.

The aim is to determine if there are any surface or atmospheric conditions under which

the algorithm is less successful and also whether there is scope for tuning the algorithm to

account for regional variations in dust properties.

3.1 Initial validation of SEVIRI AODs

Aerosol optical depths were calculated from the in situ aircraft measurements for 32 GER-

BILS profiles as explained in Section 2.3: each has a measurement error of ± 20% given

the error in nephelometer correction and other instrumental uncertainties [81]. The location

of each AOD measurement during the campaign is shown in Figure 3.1. The aircraft ob-
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viously cannot ascend or descend directly vertically throughout each profile and therefore

whilst the GERBILS aerosol optical depth is a measure of vertical dust loading, there may

be an element of spatial variation as the aircraft travels up to 100 km horizontally within

the profile duration. This must be accounted for when co-locating with SEVIRI retrieved

AODs. Over the geographical locations sampled by the aircraft each SEVIRI pixel is ap-

proximately 3× 3 km and therefore the aircraft will transverse a number of pixels during a

profile.

Figure 3.1: The location of GERBILS aircraft AODs (550 nm) during field campaign in

June 2007 (circle symbols). The colourscale refers to the value of the flight AOD measure-

ment.

The corresponding SEVIRI AOD for a GERBILS profile was determined by co-locating

the position of the aircraft with the nearest SEVIRI pixel at one second timesteps for the

duration of the profile as defined by the flight logs. The time during the profile was matched

to the nearest half hour interval of the SEVIRI AOD retrieval. The mean and standard

deviation (σ) of all the co-located AODs (one per second of profile duration) was then

calculated to obtain a SEVIRI matched profile AOD and associated σ. The σ value thus

includes both spatial and temporal variation. If there were no valid SEVIRI data points

available for the entire profile location then the SEVIRI AOD is identified as missing.



3.1. INITIAL VALIDATION OF SEVIRI AODS 74

Figure 3.2: Comparison of co-located SEVIRI retrieved AODs with GERBILS flight
AODs. Vertical error bars indicate ±σ of SEVIRI data and horizontal bars correspond
to ±20% of GERBILS AOD. Dashed line represents 1:1 and solid line represents best fit.

The SEVIRI retrieved AODs are compared with the GERBILS measurements in Fig-

ure 3.2; the horizontal error bars correspond to ± 20% and the vertical ±σ of the SEVIRI

data used for each profile. The actual data is provided in Table 3.1. There is good overall

agreement between SEVIRI and GERBILS with a r (throughout this work r refers to the

Pearson linear correlation coefficient) correlation coefficient of 0.80. However, the bias

(GERBILS - SEVIRI) of -0.10 suggests SEVIRI overestimates the GERBILS AOD. This

bias is in excess of that from the original fitted data used to determine the retrieval algo-

rithm which was ≈ -0.03 (see Table 2.1.2). It is possible that this high bias is associated

with aerosol above the peak altitude of the aircraft which would therefore not contribute

to the GERBILS profile AOD whilst being included within the SEVIRI satellite based re-

trieval. The co-location method also relies on the aerosol vertical profile being consistent

across the ground-distance covered by the aircraft during the profile ascent or descent which

can be up to 100 km.

Figure 3.3 shows images from the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-

lite Observations (CALIPSO) [82] from an overpass in June 2007. The top panel shows

the vertical feature mask which indicates the presence of cloud and aerosol in the lower
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atmosphere and the bottom panel shows the total attenuated backscatter at 532 nm which

provides an indication of how strongly interacting the cloud or aerosol is at this wavelength.

This example image shows a thick aerosol layer at an altitude below 8 km which has a re-

gion of high attenuation between ∼ 7 and 13 ◦N latitudes and lower attenuation at higher

latitudes. The purple arrows indicate the possible ascending or descending flight track for

a profile during the GERBILS campaign which would cover the same latitude/longitude

but would result in different flight AODs. It is clear that the descending flight AOD passes

through the region of high backscatter at the beginning of the profile and continues through

the dust layer to its lowest altitude whilst the ascending track would commence below the

dust layer and therefore its flight AOD would be much lower than the descending observa-

tion. Satellite based retrievals would ‘see’ all of the aerosol and therefore would measure a

higher AOD compared to the flight. Whilst Figure 3.3 provides an example of this potential

problem it should be noted that the arrows on the plot cover a latitude range of≈3◦ whereas

the aircraft typically only covers≈1◦ latitude/longitude during a profile and thus the impact

would be smaller than may be inferred from this diagram. These images show how it is

possible that this effect could cause a significant difference between the flight and satellite-

based observations and this effective difference in spatial sampling may be the cause of the

apparent high bias in SEVIRI AODs, particularly at high AODs. Therefore, considering all

of the potential sources of error in the satellite-flight matchup, the agreement between the

AOD observations is extremely good. This results provides a satisfactory initial validation

for the June 2007 observing period.

Christopher et al [83] provided an overview of various other satellite products that were

available during the GERBILS field campaign over the region; they compared AODs re-

trieved from Deep Blue and OMI EAOD with the GERBILS flights. These matchups are

shown in Figure 3.4. OMI EAOD is an estimated AOD derived from relationships between

MISR (multi-angle imaging spectroradiometer) and OMI AI (ozone-monitoring instrument

aerosol index), see Torres et al [84], and the Deep Blue retrieval algorithm, see Hsu et

al [85], uses moderate-resolution imaging spectroradiometer (MODIS) observations to de-

termine AOD. Daily half-degree gridded AOD values were obtained from each satellite

sensor and for this location AQUA has an overpass time of ∼1330 UTC. The flight AODs

are also slightly different as they were calculated independently from this study (Table 3.1).
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Figure 3.3: (Top) Example CALIPSO virtual feature mask from June 2007 indicating the
presence of a strong dust layer. (Bottom) Example CALIPSO total attenuated backscatter
from June 2007 showing the variation of backscatter within the dust layer. Purple arrows
indicate the difference in ascending and descending profile flight tracks for same start/finish
locations (note: an aircraft profile typically covers only ≈1◦ latitude/longitude).

In order to make a more direct comparison between SEVIRI AOD and Deep Blue and

EAOD retrievals, Figure 3.5 (left panel) shows the agreement between Christopher et al’s

flight AODs and the SEVIRI AOD at the profile location for 1330 UTC which matches

the overpass time of AQUA in June 2007. The right panel shows the agreement when the

SEVIRI AOD is matched to the time of the flight AOD. There are some instances where

the SEVIRI AOD is unavailable although Deep Blue and OMI EAOD produced retrievals.

Encouragingly, the SEVIRI retrieval shows a better agreement (r = 0.84) against the flight

AODs than either OMI EAOD (r = 0.67) or Deep Blue (r = 0.74). OMI EAOD appears
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Figure 3.4: Comparisons of aircraft AOD versus (a) OMI EAOD and (b) Deep Blue AOD.
From Christopher et al [83].

to underestimate the flight AODs< 1.0 whilst conversely, SEVIRI overestimates for all

AODs> 1.2 however, there is no obvious AOD related bias for the Deep Blue retrieval. The

data used for OMI EAOD and Deep Blue is from an overpass at 13:30 UTC and therefore

the AOD and dust distribution may have developed in the time between the profile and

satellite overpass.

The right panel in Figure 3.5 exploits the geostationary observations from SEVIRI and

matches the flight AOD with the nearest 30 minute retrieval. There is a slight increase in

correlation coefficient with r = 0.88 compared to the 1330 UTC data and although the fit

statistics have not changed markedly, it appears that the agreement for AODs< 1.5 has in-

creased with less variability however, SEVIRI AODs are still biased high compared to the

flight data for AODs& 1.2. There isn’t a marked difference in agreement between the cases

of matching data at 1330 UTC and at the profile time however, this may be due to the fact

that 20 of the flight AODs were measured within ± 2 hours of 1330 UTC. Average wind-

speeds in the area for June 2007 from ECMWF data were approximately 18± 9 (1σ) kmh−1

and therefore considering the extent of dust plumes it is possible that the dust was fairly

homogeneous across this time period such that the benefits of the high temporal sampling

of SEVIRI would not be evident. However, the high frequency of the geostationary SE-

VIRI observations also enables the AOD to be determined across the entire flight track.
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Figure 3.5: Comparisons of aircraft AOD from Christopher et al [83] versus (left) SEVIRI
AOD at 1330 UTC and (right) SEVIRI AOD matched to time of profile. Vertical error bars
indicate ±σ of SEVIRI data and horizontal bars correspond to ±20% of GERBILS AOD.

This should indicate the spatial homogeneity of dust over the flight.

The overall dust cloud may evolve temporally due to deposition processes leading to

its size distribution, AOD and mass loading to change; the AOD at a specific location will

also change in time due to transport via winds. Therefore, the spatial variability implies



CHAPTER 3. GERBILS CASE STUDY 79

some of the expected temporal variability as it shows how rapidly the AOD at a location

is likely to change due to the movement of the dust cloud. A rapidly spatially varying

AOD would suggest that the AOD may change at each location on a short timescale and

therefore satellite observations matched to ground or flight-based measurements may show

large discrepancies if there is a marked difference in sampling time.

The SEVIRI AOD product was matched along the entire GERBILS flight track for

flights B295-B303 in Figure 3.6. For co-location purposes, the time during the flight was

again matched to the nearest SEVIRI 30 min interval and the mean was calculated over

all pixels within a 0.25 × 0.25 degree box around the position of the aircraft. Figure 3.6

shows that there was considerable spatial variability in SEVIRI AOD along the entire flight

tracks which does emphasise the benefits in using geostationary instruments for AOD ob-

servations which can provide frequent measurements and capture the temporal evolution of

dust. GERBILS profile AODs although obviously limited in number do appear to follow

the trend in SEVIRI AOD during flights. Flights B299, B302 and B296 show particularly

good agreement in overall trend considering the large variability which is seen during the

flights.

In reference to the minimal increase in agreement in Figure 3.5 when the flight AOD

time was matched to the SEVIRI retrieval it is worth considering that at this location,

0.5× 0.5 degree is of order 50× 50 km and the average wind speeds are ≈ 18 kmh−1.

Further, the spatial variability in AOD in Figure 3.6 around the profile locations is fairly

small in most cases and considering that 20 out of the 24 profiles were within 2 hours of

1330 UTC overpass time it is unlikely that the AODs would have developed considerably

in this time.

A good agreement between the GERBILS flight AODs and SEVIRI retrievals has been

found; the agreement was also shown to be stronger than for other satellite retrievals. This

small study provides as an initial validation which supports the use of the GERBILS data

for a study into other aspects of the retrieval algorithm. The retrieval algorithm is further

investigated by considering the external factors such as location, time of measurement and

dust layer altitude as well as the internal dust model used to generate the algorithm coef-

ficients. Firstly, the external factors are considered with respect to the discrepancy seen

between GERBILS and SEVIRI AODs to determine whether there are any specific surface
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Profile Flight
AOD

SC
Flight

SEVIRI EAOD Deep
Blue

B295 P1 0.69 0.63 1.08 1.075 0.529
B295 P4 1.16 1.12 2.02 0.974 0.753
B295 P5-7 1.33 1.21 1.98 0.609 1.248
B295 P8 0.97 0.98 1.03 0.737 0.687
B296 P1 0.31 0.29 0.27 0.453 0.372
B296 P2 2.35 2.24 2.64 n/a 1.726
B296 P3-8 1.87 1.63 2.4 1.088 n/a
B296 P9 0.71 0.65 0.59 0.924 0.565
B297 P1 1.36 n/a 1.04 n/a n/a
B297 P2 1.26 n/a n/a n/a n/a
B297 P7 0.85 n/a n/a n/a n/a
B298 P1 0.73 n/a n/a n/a n/a
B298 P2 0.52 n/a n/a n/a n/a
B299 P1 0.47 0.46 0.89 0.606 0.588
B299 P2-3 1.75 1.34 1.13 0.949 0.634
B299 P4-5 1.06 0.92 0.73 0.845 0.483
B299 P6 1.08 0.55 0.78 0.803 0.532
B299 P7-8 0.61 n/a 1.22 n/a n/a
B299 P9 0.65 0.61 1.21 n/a 0.804
B300 P1 0.72 0.68 0.89 0.818 0.500
B300 P2 0.74 0.69 0.34 0.680 0.492
B300 P3 0.79 0.76 0.93 0.922 0.208
B300 P5-6 0.30 n/a 0.44 n/a n/a
B301 P1 0.62 0.59 n/a n/a 0.644
B301 P2 1.31 1.68 2.05 1.060 0.755
B301 P4 0.60 0.57 0.62 0.670 0.498
B301 P5 0.87 0.82 0.96 0.741 0.856
B302 P1 0.64 0.60 0.59 0.635 0.748
B302 P2 0.57 0.54 0.46 0.635 0.490
B302 P3 0.47 0.45 0.13 0.430 0.510
B302 P6-7 1.18 1.10 0.99 0.949 0.954
B303 P1 0.58 0.55 0.62 0.625 0.606

Table 3.1: GERBILS flight AODs calculated by this study, GERBILS flight AODs used by
Christopher et al, co-located satellite retrievals: SEVIRI retrieved AOD, EAOD and Deep
Blue AOD. EAOD and Deep Blue from Christopher et al [83]
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Figure 3.6: Mean SEVIRI AOD from 0.25◦× 0.25◦ box around GERBILS flight tracks
(red line). Blue triangles mark location and value of GERBILS flight AODs. Upwards
triangle indicates ascending profile and downwards a descending profile. All AODs at
550 nm.

or atmospheric conditions under which large differences occur.

Figure 3.7 shows the relationship between skin temperature, surface emissivity, surface

albedo, dust aerosol layer top altitude, dust aerosol layer top temperature and the profile

time against the discrepancy between GERBILS and SEVIRI AODs. The skin temperature

was obtained from ERA data [http://www.ecmwf.int/research/era/do/get/era-interim] on a

0.5× 0.5 degree grid and the emissivity at 10.8µm (MOD11A1 daily 1km) and albedo

(MCD43A3 16 day 500m) were from MODIS data [https://lpdaac.usgs.gov/products/]. Top

of dust layer aerosol altitude and temperature information is from flight data.

There is considerable scatter in all of the data plots in Figure 3.7 and it is difficult to

identify a strong dependency of the AOD differences on any of the variables. ERA skin



3.2. ALBEDO DEPENDENCY OF AOD RETRIEVAL 82

temperature and surface emissivity do not show any relationship with the magnitude of the

discrepancy between SEVIRI and GERBILS although there is little variation in the emis-

sivity across the dataset with most datapoints corresponding to 0.96. This is in agreement

with a small sensitivity study by Brindley and Russell (2009) [78] which showed that vary-

ing the surface emissivity from 0.93 to 0.97 had little effect on the values of ∆TB108 and

hence on the retrieved AOD.

Similarly, there is no clearly identifiable relationship between the dust layer altitude or

layer top temperature with the AOD discrepancy (see Figure 3.7 plots d) and e)). The incor-

poration of information from the 13.4µm channel into the algorithm attempts to account

for dust layer altitude and hence variations in the dust layer top temperature and therefore

the absence of a relationship between these variables and the AOD discrepancy is encour-

aging. The profile times data in plot f) are very scattered and any slight intimation that

profile AODs earlier in the day are overestimated by SEVIRI would likely also correspond

to overestimates at lower skin temperatures which is not evident in plot a).

The comparison between surface albedo and the AOD discrepancy (see plot c)) whilst

still showing considerable scatter suggests a possible relationship such that SEVIRI over-

estimates the GERBILS flight AODs at lower albedo surfaces and underestimates for the

higher values. Christopher et al proposed a similar relationship in their study between

SEVIRI retrievals and MISR AOD. Although the data in Figure 3.7 is by no means conclu-

sive, in light of the discussion of a similar relationship within other studies; the relationship

between SEVIRI AODs and surface albedo is investigated in detail in the following section.

3.2 Albedo dependency of AOD retrieval

Christopher et al [83] compared various satellite AOD retrieval products with MISR AOD

during the GERBILS observing period (see Figure 3.8). They concluded that there was a

notable albedo dependency on the measured bias with SEVIRI reporting very low AOD

values compared to MISR under high surface albedo values. It was further stated that the

AOD differences as a function of surface albedo suggested there was potential for improve-

ment in the retrieval algorithm.

However, there was no explanation of a potential physical mechanism for the albedo
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Figure 3.7: Comparison of flight-SEVIRI AODs with various co-located parameter values
which may affect SEVIRI AOD retrieval.

dependency of the SEVIRI retrieval algorithm. In this section a possible mechanism is

discussed and the data used in Christopher et al’s study is reconsidered.

The difference in the SW radiation absorbed by the surface under an elevated dust layer

compared to a pristine sky is considered. For a pristine sky day, the downwelling solar

radiation absorbed at the surface is approximated by (neglecting atmospheric attenuation):

Fsurfpristine = F0(1− as)

During sunlit hours the presence of a lofted dust layer reduces the downwelling SW

radiation at the surface due to its non-unity transmission, td, through a combination of

scattering solar radiation back to space and absorption of radiation. This reduction in solar
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Figure 3.8: Intercomparison of MISR AOD versus (a) EAOD, (b) Deep Blue AOD, and
(c) OMIAERO for 18-29 June 2007 for 0.5× 0.5 degree regions for study area between
10◦ - 30◦N and 20◦W - 10◦E. These relationships are categorized as a function of MODIS
white sky albedo ranges shown in different colors. Solid black lines show linear fit and
dashed is 1:1 line. Christopher et al [83].

radiation reduces the surface temperature, Ts, which in turn decreases the outgoing LW

emission and is particularly evident in the 10.8µm channel which is most sensitive to Ts.

This is a land-surface feedback process through which the DRESW induces a DRELW; the

perturbation to the OLR from this process is often defined as DRELWfeedback [53] or referred

to as surface dimming. Haywood et al [53] noted that surface cooling attributed to this

could produce a decrease in Ts of up to 10 K. However, this simple methodology neglects

the opposing albeit smaller effect of additional emission of LW radiation to the surface

from the dust layer which acts to warm the surface.

The solar radiation absorbed at the surface in the presence of a dust layer is reduced

due to the non-unity td such that:
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Figure 3.9: Possible mechanism for albedo dependency of SEVIRI retrieval algorithm.
F0, TOA solar flux, td, dust layer transmission and as, surface albedo.

Fsurfdusty = F0td(1− as) (3.1)

The difference in surface absorption between a pristine and dusty sky is therefore de-

pendent on the surface albedo:

Fsurfpristine − Fsurfdusty = F0(1− td)(1− as) ∝ ∆Ts ∝ ∆TB108 (3.2)

where ∆Ts and ∆TB108 are the changes in surface temperature and 10.8µm channel

brightness temperatures.

A larger decrease in TB108 is therefore predicted for the same transmission, td, (ie. same

AOD) over low albedo compared to high albedo surfaces. The TB134 channel is less sensi-

tive to surface temperature and therefore the SEVIRI retrieval algorithm would be biased

high over low albedo surfaces, as the retrieved AOD ∝ ∆TB108d/∆TB134d, compared to

higher albedo regions. Different albedo surfaces should alter the magnitude of the surface

dimming and therefore before considering the effect of albedo directly, evidence of the

surface dimming process in general is looked for.

A simple calculation to provide an order of magnitude estimate of the size of this effect
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for a common desert albedo of 0.3 follows:

∆Ts
∆t
≈ ∆Fsurf

C x ρ x d
(3.3)

where C is the specific heat capacity of sand which is≈ 0.8 Jg−1K−1 and ρ is its density

of ≈ 1500 kgm−3 [86] . d is the penetration depth of order 0.1 m and ∆t is the duration of

heating.

Therefore
∆Ts
∆t
≈ F0(1− td)(1− as)

C x ρ x d
(3.4)

Assuming an optical depth of 0.5, which corresponds to the approximate AODs for

which the albedo dependency has been highlighted, and a downwelling solar flux of 1000 Wm−2:

∆Ts
∆t
≈ 1000(1− e−0.5)(1− 0.3)

0.8 x 1500 x 103 x 0.1
= 2.3 x 10−3 Ks−1 = 8 Khour−1 (3.5)

This simple calculation suggests that the change in Ts due to DRELWfeedback could be

large enough to impact on the TB108 channel signal. This heating rate is obviously grossly

simplified which leads to an overly high value due to neglecting eg. atmospheric attenua-

tion of incoming radiation, inhomogoneity of desert surface and the exponential decay in

penetration of heat through sand layers. Haywood et al [53] indicated that a change in Ts
of up to 10 K would be possible over North Africa. Mallet et al [87] simulated the sur-

face dimming due to shortwave and longwave radiative effects for a dust event with AOD

consistently exceeding 2.0 and daily maxima > 3.0 throughout 9 - 12 March 2006 over a

large region of West Africa (9◦-17◦N, 10◦W-20◦ E). They calculated a mean decrease in

Ts of 3.7◦C over the 3 days whilst Slingo et al [88] measured a decrease in midday surface

emission of 100 Wm−2 corresponding to a surface cooling of 13◦C.

Surface temperatures are explicitly accounted for within the retrieval method as TB108

and TB134 are corrected for the effect of differences in background atmospheric conditions

including Ts between pristine and retrieval days. However, although the pristine signals

on a dusty day are adjusted to be representative of that day, the ECMWF data for surface

temperature, which is used for the atmospheric correction, currently only accounts for the

radiative effect of tropospheric aerosols via a monthly mean aerosol optical depth climatol-
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ogy [89]. Therefore it is not possible to explicitly separate out any feedback temperature

change from that due to changes in atmospheric conditions.

Under strong dust loadings a positive bias in retrieved AOD may be expected. It is

suggested that the ∆TB108d signal is a combination of the direct dust radiative effect and the

dust DRELWfeedback impact on Ts which further depresses the TB108 channel. The retrieval

algorithm quantifies the relationship between TB108, TB134 and τ055 based on a model which

considered the DRE of dust alone. Therefore, by entirely attributing the measured ∆TB108d

signal to DRE, a higher AOD than is actually evident may be retrieved.
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Figure 3.10: Top: Theoretical effect of sustained periods of high AOD on SEVIRI re-

trieval. Bottom: Coincedent SEVIRI AOD versus AERONET AOD for 0800-1600 UTC:

20-30/06/07. Colourbars indicate mean AOD over 3 hours preceding measurement period.

A very simple proxy method is employed to determine whether ignoring this effect is

an obvious source of bias in the current data. If ignoring the above effect had a marked

impact, it is expected to manifest itself as an increased SEVIRI positive bias following a

sustained period of high AOD which would have depressed Ts. The theoretical effect based
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on Equation 3.4 is shown in the top plot of Figure 3.10 whilst the bottom panel shows

the SEVIRI and AERONET AOD data pairs. In each case the data points are coloured

according to the mean theoretical or AERONET AOD for the three hours preceding the

retrieval time. There is horizontal banding because a period of high AOD is likely to

endure for more than three hours and thus indicates a sustained level of dust loading. The

vertical banding occurs because of the depression in surface temperature due to sustained

high aerosol loadings which would reduce the infrared channel brightness temperatures

leading to high bias in SEVIRI AODs.

In Figure 3.10 bottom panel the expected horizontal structure in colours is observed.

This indicates that higher AODs in general have higher three hourly preceding mean values

which suggests that the timescale of dust events is at least of the order of a few hours.

However, there is no evidence of any vertical colour structure which may have indicated

an increased bias associated with the surface dimming effect. Therefore, correcting for

atmospheric surface temperature between retrieval and pristine sky day whilst neglecting

the potential DRELWfeedback on Ts does not appear to be introducing a marked bias. Since

the impact of variations in albedo is a secondary effect compared to the overall dimming

due to the dust layer (Equation 3.2) it seems highly unlikely that this effect is significantly

contribtuing to any bias seen between AERONET and the retrieved SEVIRI AODs.
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Figure 3.11: Coincident SEVIRI AOD retrieval with AERONET AOD for 0900, 1200 &

1500 UTC: 20-30/06/07. Colourscale indicates MODIS albedo.

Given this, the comparison shown by Christopher et al for SEVIRI data over the GER-

BILS period in June 2007 is revisited. In the interest of identifying specifically whether

there was any albedo dependency in the SEVIRI retrieval, the satellite retrieval with ‘truth’

data from AERONET is compared. In Figure 3.11 the data is coloured as a function of

the MODIS white sky albedo to categorise the relationship in line with Christopher et al.

Christopher et al’s original comparison was between a number of satellite AOD products

and MISR AOD in which they identified SEVIRI AOD as being the only retrieval to show

a marked albedo dependency. As such, it is expected that this relationship would be evident

in comparisons between SEVIRI and other AOD products and particularly with the ‘gold-

standard’ AERONET retrieval. However, in Figure 3.11 there is no coherent relationship

between the MODIS albedo and the SEVIRI AOD retrieval and its bias with AERONET

data.

Following Christopher et al’s study which highlighted a suspected albedo dependency

on the SEVIRI retrieval a possible mechanism which may account for this effect has been

proposed. Further study into the data has been unable to identify the effect within the

SEVIRI data when compared to AERONET AODs and therefore, if present it is suggested
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that any potential bias in the retrieved SEVIRI AODs would be small. As such, it is deemed

unnecessary to attempt to apply a correction associated with its impact.

3.3 Sensitivity of retrieval algorithm fit coefficients to dust model param-

eters

In the previous two sections there was no identifiable relationship between the success of

the SEVIRI retrieval algorithm during the GERBILS field campaign period and any ex-

ternal factors such as surface albedo, time of day or altitude of dust layer. The retrieval

algorithm itself is now considered and in particular the dust model parameters which were

used in the inital derivation of the fit coefficients, as outlined in Section 2.1.2. Within this

section the sensitivity of the retrieved AOD to the refractive index and size distribution of

the dust model which is used to determine the coefficients of the algorithm is assessed.

A new set of fit coefficients using the dust optical properties obtained from dust samples

taken during the GERBILS campaign is also determined. There are implications for the

retrieval algorithm and its assimilation into NWP if retrieved AODs are found to be partic-

ularly sensitive to these parameters and specifically if a better agreement is found between

SEVIRI AODs and GERBILS observations when the campaign optical properties are used.

This would suggest that the SEVIRI algorithm should be regionally tuned to use different

coefficients representative of the optical properties of the dust found in that region. It also

potentially implies that tracking the transport of dust from specific sources would be impor-

tant in order to use the correct optical properties for dust plumes originating from sources

with different surface and chemical characteristics.

3.3.1 Refractive index

The refractive index of mineral dust aerosol parameterises the role of the mineralogical

composition of dust particles on its optical properties. The real part, nr, of the refractive

index, n, is relatively well constrained between 1.51 and 1.56 and determines the amount

of scattering. However, there is considerable variation in the estimates of the imaginary

part, ni, which has been shown to have notable impacts on the modeling of shortwave and
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longwave radiative effects of mineral dust [90] as it defines absorption. Recent studies

have suggested that ni is actually significantly smaller and therefore mineral dust is less

absorbing than previously thought [79]. For example, values as large as 0.008i have been

suggested by the World Meteorological Organisation [91] for ni at 550 nm whereas Hay-

wood et al [92] determined a much lower value of 0.0015i by inversely solving for optical

properties from in situ radiative measurements. There has also been discussion on whether

different sized particles may have varying values of ni due to slightly different mineralog-

cial compositions even within dust from the same sample. Kandler et al [93] proposed a

range of 0.00155 - 0.0028i (at 530 nm) for Saharan dust particle diameters < 0.5µm which

increased to 0.00157 - 0.0037i for larger particles.

It is evident that more research is required into determining the imaginary part of the

complex refractive index of dust in order to improve modelling of its radiative impact and

its associated effects on climate; this area of study is often cited as one of the major un-

certainties in mineral dust climatology [17]. However, whilst it is important to reduce the

uncertainty in ni, for the purposes of this study it is sufficient to determine whether the

range of published ni values for Saharan mineral dust has a marked impact on retrieved

AODs via its influence on modelling the relationship between channel brightness tempera-

tures and aerosol optical depth.

The sensitivity of the algorithm to ni is investigated by calculating the optical properties

of dust such as its single scattering albedo and extinction coefficient using Mie code for a

number of different values of the complex refractive index. A number of studies based

on GERBILS campaign data have provided estimates of an appropriate refractive index

for dust including Klaver et al [94] and Johnson and Osborne [79]. The real part of the

refractive index (all values at 550 nm) shows little variation between the studies and is

therefore fixed at nr = 1.52 for this investigation. The sensitivity tests here focus on the

range in imaginary refractive index only. Klaver et al estimated a range of 0.001 - 0.0027

at 550 nm for ni whilst Johnson and Osborne used a value of 0.00147 for their GERBILS

radiative closure study with a mean GERBILS size distribution. Brindley and Russell [78]

(from now on referred to as HB) originally used a complex refractive index of 1.53-0.008i

which represents significantly absorbing dust.

Fit coefficients for the relationship between ∆TB108d/∆TB134d and τ055 were modelled
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using the upper limit of Klaver et al’s values, 0.0027, and the lower estimate of 0.00147

from Johnson et al. The mean GERBILS size distribution from Johnson and Osborne was

used for both cases (see Table 3.2).

Mode r (µm) σ Wn

1 0.12 1.30 0.7250

2 0.32 1.68 0.2289

3 1.32 1.40 0.0458

4 2.70 1.85 0.0003

Table 3.2: Summary of the log-normal fitting parameters to the mean GERBILS number

size distribution from Johnson et al [79]. r = radius, σ = standard deviation, Wn = fractional

contribution to the total number.

Following the procedure of McConnell et al [95], the spectral variability was included

by scaling the spectral refractive indices to the test ni value at 550 nm hence retaining the

same spectral variation in each case. In deriving the original retrieval algorithm, differ-

ent spectral representations of dust complex refractives indices were considered including

Fouquart [96], Volz [73], WMO [91] and OPAC [97] models. The level of sensitivity shown

by the Volz simluations appeared more consistent with the fit derived from observational

data [78]. Hence, this sensitivity focuses on scaling the refractive index of dust whilst

maintaining the Volz spectral variation. McConnell et al commented that the scaling of the

ni series in this way may not be physically realistic at wavelengths away from 550 nm but

that this spectral extrapolation is necessary for radiative transfer modeling.

The imaginary refractive index and resulting single scattering albedo and extinction

coefficient used in this study are shown in Figure 3.12. The Volz spectral variation is obvi-

ously evident for all of the complex refractive indices values in the top plot in Figure 3.12

with each model showing the spectral shape. The peak in the imaginary part of n occurs

within the window region 8 - 12µm and hence has a very important role in determining

modelled longwave radiation.
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Figure 3.12: Modelled spectral imaginary refractive index (top), single scattering albedo

(middle) and extinction coefficient (bottom) for 0 to 20µm for different dust refractive

indices. The black curves show the SEVIRI filter functions for 10.8µm and 13.4µm chan-

nels.

The significantly higher imaginary refractive index for HB represents greater absorption

than for the other test cases. The bottom plot in Figure 3.12 shows the extinction coeffi-

cient once the single scattering properties are integrated over the size distributions and it

is evident that HB values correspond to a smaller kext. HB used a 5 mode lognormal size

distribution derived from AERONET measurements at Dahkla however, its specific param-
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eters are unknown. This would suggest that the size distribution used by HB has a smaller

coarse mode contribution than the mean GERBILS size distribution used for the Volz test

cases (see Subsection 1.3.3). Despite the variation in ni between the Volz test cases, there

is very little difference between their respective kext following integration over the same

size distribution. This suggests that the parameterisation of the GERBILS size distribution

of mineral dust aerosol may be more important for the SEVIRI retrieval algorithm than the

uncertainty which is seen in the literature for the complex refractive index.

Figure 3.13: Modelled relationship between ∆TB108

∆TB134
and τ055 for different dust model re-

fractive indices (left) and different size distributions as measured during flights (right).

The effect of the different complex refractive indices on the modelled relationship be-

tween ∆TB108d/∆TB134d and τ055 is shown in the left hand plot in Figure 3.13. There is

only a small degree of sensitivity in the relationship as a result of the different complex

refractive indices with minimal difference between the curves of the Volz test cases even

up to τ055 > 3.0. There is only a small difference between the Volz test cases and HB and

both test curves are within the HB rms (the root-mean-square error present in the values of

τ055 obtained from the fits compared to true values) until τ055 ≈ 1.5 despite the different

size distribution and refractive index.

AODs retrieved using the different fit coefficients for the different ni test cases were
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compared with the co-located AERONET observations in Figure 3.14 as a final check to

establish whether the variation in published refractive indices for the GERBILS campaign

significantly affects the success of the retrieval. The rms and r correlation coefficients are

constant with changing ni and there is only a small increase in bias with SEVIRI AODs

marginally underestimating AERONET for ni = 0.0027i.

Figure 3.14: Comparison between AERONET AOD and co-located SEVIRI AODs re-

trieved using algorithm fit coefficients modelled for (top) dust with ni = 0.0027 and (bot-

tom) ni = 0.00147.

The sensitivity study into the effect of using different published refractive indices from

the GERBILS campaign for obtaining the bulk scattering optical properties in order to

model the fitted brightness temperature and optical depth relationships has indicated that

there is only a minimal effect on the fit coefficients. Further it has been shown that this

propagates to a negligible difference in retrieved AODs when compared against AERONET

measurements made during the GERBILS campaign period. Comparison with the fit coeffi-

cients from HB suggest that the effect of potential variation in the complex refractive index

is much smaller than the potential effect due to variations in size distribution parameters

assuming that the spectral variation is known and fixed.
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3.3.2 Size distribution

The presence of both coarse and accumulation mode mineral dust particles within the size

distribution is extremely important in terms of determining its interaction with solar and

infrared radiation. Myhre and Stordal [98] showed that there were substantial differences

in the optical properties at solar wavelengths when the number concentration of sub-micron

particles was changed which lead to a change in sign in radiative forcing in radiative trans-

fer model calculations. Highwood et al [99] highlighted that particles with radii greater

than 1µm are important for interacting with terrestrial radiation whilst Tegen and Lacis [26]

summarised the importance of particle sizes by stating that there is a strong dependence on

submicron particles for the extinction efficiency at solar wavelengths, a decrease in single

scattering albedo with particle size in the shortwave and an increase in extinction efficiency

at thermal wavelengths for larger particles.

Considering that its potential impact on the retrieval of AODs has been shown to be

important, it is necessary to know whether there is significant variation in the size distri-

bution of mineral dust aerosol due to location or ageing of lofted and transported aerosol.

Tegen and Lacis modeled the transport lifetimes of particles of different sizes and showed

that because of their long atmospheric lifetimes, the size distribution of particles smaller

than 1µm does not change appreciably during transport over short distances. Coarse mode

particles were shown to have much shorter lifetimes of only 67 hours for particles of 3-

6µm and 28 hours for 6-10µm due to gravitational settling occurring more quickly than

for smaller diameters. This is compared to lifetimes in excess of 200 hours for submicron

particles. However, there is some disagreement over the evolution of the coarse mode with

transport; Maring et al [100] found no change in the size distribution for particles smaller

than 7.3µm although larger particles were still preferentially removed. Interestingly, unex-

pectedly large particles with diameters> 50µm were found over the Atlantic from North

Africa.

It is evident that the size distribution of mineral dust may have a significant impact on

its interaction with radiation in the 10.8µm and 13.4µm channels which are measured by

SEVIRI and used to determine dust loading. Depending on its size distribution, a particular

dust loading (ie. a particular τ055) may have different spectral optical properties which
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would lead to different measured ∆TB108d and ∆TB134d. If the observed size distribution

varies significantly from the size distribution assumed in the dust model used by HB then it

could lead to a notable error in the retrieved AODs. A number of experimentally determined

size distributions from the GERBILS campaign were hence exploited in order to quantify

the impact of variations in size distribution on the SEVIRI AOD retrievals.

The aerosol number size distribution was measured during each GERBILS flight using

the Passive Cavity Aerosol Spectrometer Probe (PCASP-100X) for an approximate range

of particle diameters between 0.1 and 3µm and with a Small Ice Detector (SID-2) for parti-

cle diameters between 4.8 and 60µm, see Johnson and Osborne for details on instruments

[79]. Klaver et al [94] fitted log-normal size distributions to the measured number size dis-

tributions for each of the flights during the GERBILS campaign for the particle diameter

range, 0.16 ≤ Dp ≤ 44.4µm. However, the PCASP and SID size range do not overlap and

so linear interpolation was used to represent the missing values. The obtained log-normal

size distributions are given in Table 3.3 and plotted in Figure 3.15.

The bulk optical properties for each flight were obtained by integrating over the as-

sociated size distribution using the single particle properties from the original HB setup;

Volz spectral variation of refractive index and n550 = 1.53 + 0.008i. The single scattering

albedo and extinction coefficients for each size distribution at terrestrial wavelengths are

shown in Figure 3.16. The overall shape of the spectral variation for all flights matches

that of the Volz spectral variation as expected (see subsection 3.3.1) with the different size

distributions modifying the absolute value at a particular wavelength.

Considering the size distributions in Figure 3.15 with the extinction coefficient in Fig-

ure 3.16 it is evident that the larger particles (D > 1µm) are important for interacting

with terrestrial radiation; the size distributions which contain the highest number concen-

trations at the larger modes also have approximately the greatest kext within the SEVIRI

channel filter ranges. Flights B301 1 and B299 3 have the highest number contributions

for D > 3µm which corresponds to the greatest kext in the IR in Figure 3.16. Correspond-

ingly, B302 3 and B301 4 have markedly lower contributions at the larger diameters and

much smaller kext.



CHAPTER 3. GERBILS CASE STUDY 99

Figure 3.15: Log-normal size distributions of mineral dust samples collected during GER-

BILS flights from Klaver et al [94]

Figure 3.16: Modelled spectral single scattering albedo (top) and extinction coefficient

(bottom) for log-normal size distributions from individual GERBILS flights. The black

curves show the SEVIRI filter functions for 10.8µm and 13.4µm channels.
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The modelled relationship between ∆TB108d/∆TB134d and aerosol optical depth (τ055)

for each of the size distributions is shown in the right hand panel of Figure 3.13 for a

viewing zenith angle (VZA) of 20◦. The original fit is also shown in red for reference

and the yellow shaded area denotes the rms from the original modelled fitted τ055 (see

Table 2.1.2). The size distributions which contain the greatest number concentrations as-

sociated with the coarse mode have a shallower gradient indicating a more rapid increase

in ∆TB108d/∆TB134d with increasing aerosol optical depth. This is a result of these size

distributions possessing the highest extinction coefficients in Figure 3.16 and the enhanced

gradient between ∼ 10µm and 13µm. Therefore increased dust loading enhances the ratio

of ∆TB108d to ∆TB134d. The size distributions which do not have a significant coarse mode

number concentration exhibit a much slower increase in ∆TB108d/∆TB134d with increas-

ing aerosol optical depth due to their relatively lower extinction coefficients and reduced

spectral gradients at these wavelengths.

In Figure 3.13 all of the individual flight size distributions except for B301 1 and

B299 1 lie within the boundaries of the rms of the original fit used to determine the original

algorithm coefficients when the aerosol optical depth is less than 1. The two size distribu-

tions which have the strongest coarse modes exceed the rms from the original fit for AODs

> 0.7 although half of the flights’ fits are still within the rms for AODs up to 1.5. This

suggests that the potential improvement in the algorithm if, for example, regional or time

evolving size distributions over West Africa were available is likely to be minimal.

The fit coefficients determined for each size distribution were used within the SEVIRI

product to retrieve AODs using the same brightness temperatures (and therefore same pris-

tine sky days) to compare with the GERBILS aircraft AODs. In Figure 3.17, in each panel

all 27 co-located GERBILS aircraft and SEVIRI retrieved AODs over the full GERBILS

period are shown. However, the fits used to derive the latter are appropriate to the size dis-

tribution measured during each individual flight as specified in each panel. In each case the

red points indicate the AODs that were actually measured by the aircraft during the partic-

ular flight. Size distributions measurements were not made during all flights (see Table 3.3)

and therefore it was not possible to match all profile AODs to an observed size distribution.

There is negligible difference in the r correlation coefficient between the datasets (0.80

- 0.81) or compared to the original comparison in Figure 3.2 with r = 0.80. However, there
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are marked differences in the bias (range of -0.46 - 0.19) and rms (range of 0.31 - 0.73).

B301 4 and B302 3 have the highest biases (-0.25 & -0.46) and rms values (0.51 & 0.73).

The sensitivity plot (see Figure 3.13) showed that the size distributions with relatively small

coarse mode contributions result in higher AOD retrievals for the same ∆TB108d/∆TB134d

such that in general changing the size distribution to first order will shift the estimated

AODs up and down but does not change the overall pattern seen in Figure 3.2. The over-

estimation of the AOD from SEVIRI compared to GERBILS suggests that B301 4 and

B302 3 size distributions should not be used for the whole GERBILS period/region because

the negative bias suggests it would be better represented by a larger coarse mode. However,

the flights containing the strongest coarse mode contribution, B301 1 and B299 3, under-

estimate (biases of 0.19 and 0.16) the GERBILS AODs as a smaller aerosol optical depth

is required to produce the same reduction in the modeled 10.8µm and 13.4µm channels.

The best fit statistics are associated with the size distributions most similar to the HB

fit in Figure 3.13 eg. B299 1 and B302 2 although the biases and rms values are still in

excess of those from HB. There are unfortunately relatively few red data points in the plots

to assess whether there is an improvement in the flight specific AODs when the appropriate

size distribution is used for the fit.

The importance of representing the coarse mode as accurately as possible has been

shown, as the fit coefficients were most sensitive to changes in its number concentration.

Overall, in terms of the SEVIRI retrieval algorithm this study implies that the changes seen

are unlikely to make a marked difference to the overall quality of the retrievals in a mean

sense. However, there is potential for a significant local reduction in the quality of the

retrievals if the coarse mode fraction differs markedly from the generic size distribution

used in the retrieval algorithm - for example close to strong dust sources.
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Sample Mode Dmode (µm) σ Number Fraction
B299 1 1 0.2 1.5 51.4%

2 0.3 1.2 20.3%
3 0.7 1.7 25.7%
4 2.7 1.3 2.4%
5 4.6 1.4 0.1%
6 9.0 1.5 0.005%

B299 3 1 0.2 1.5 78.9%
2 0.3 1.2 9.1%
3 0.8 1.7 9.7%
4 2.8 1.3 2.1%
5 4.5 1.3 0.2%
6 8.5 1.3 0.002%

B301 1 1 0.2 1.5 59.1%
2 0.3 1.2 14.8%
3 0.8 1.7 22.2%
4 2.8 1.3 3.5%
5 4.5 1.3 0.4%
6 9.0 1.5 0.02%

B301 2 1 0.2 1.5 64.7%
2 0.3 1.2 12.9 %
3 0.8 1.7 19.4%
4 2.7 1.2 2.9%
5 4.5 1.3 0.1%
6 7.0 1.5 0.02%

B301 4 1 0.2 1.5 93.6%
2 0.8 1.6 5.6%
3 2.6 1.3 0.7%
4 5.6 1.4 0.003%

B302 1 1 0.2 1.5 87.9%
2 0.7 1.7 10.9%
3 3.0 1.3 1.2%
4 6.0 1.3 0.01%

B302 2 1 0.2 1.5 88.9%
2 0.7 1.7 9.9%
3 2.7 1.3 1.2%
4 7.3 1.4 0.01%

B302 3 1 0.2 1.5 61.9%
2 0.3 1.2 20.8%
3 0.6 1.7 16.3%
4 2.6 1.3 1.0%
5 4.0 1.4 0.03%
6 10.0 1.4 0.002%

Table 3.3: Summary of the modal log-normal parameters (mode diameter Dmode, standard
deviation σ and number fraction) for the multimodal log-normal of measured size distribu-
tion as obtained by Klaver et al [94].
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Figure 3.17: Comparison of GERBILS AODs from all flights with co-located SEVIRI
retrieved AODs. Individual plots labelled with the flight size distribution used to determine
the fit coefficients, a1, a2 and a3 in the SEVIRI retrieval algorithm. Red datapoints denote
AODs which are from the same flight as the size distribution used for determining the
SEVIRI algorithm fit coefficients in that plot.
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Chapter 4

The Impact of Dust Cycles on AOD

Retrieval

The Sahara desert is by far the largest source of mineral dust aerosol in the world although

its emissions are highly variable on diurnal, seasonal and multiannual timescales [14]. This

Chapter initially considers Saharan mineral dust production processes and how these relate

to the observed North African dust cycles from diurnal to seasonal timescales. The first

part provides a short review of previous studies into North African dust production and

seasonality. Discussion of the diurnal cycle is particularly relevant to the development and

validation of the SEVIRI retrieval algorithm as this timescale is the least well understood

with few detailed studies on the subject due to limited data availability. The geostationary

platform on which SEVIRI is mounted enables constant coverage at 15 minute resolution

and thus it should provide invaluable data for further and more expansive studies into the

diurnal cycle of dust emissions.

The second part of the Chapter is specifically focused on how the periodicity of dust

events affects the retrieval of AOD from SEVIRI observations. The main concept of the

retrieval algorithm (Section 2.1.2) is that the difference between brightness temperatures at

mid infrared wavelengths on a dusty day and pristine sky day is deterministically related

to the dust loading in the atmosphere. Thus, the key to the retrieval methodology success

is accurate pristine sky brightness temperature information which is obtained by searching

for the maximum observed brightness temperatures in a preceding window period for each
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retrieval. In reality, a pristine sky, defined as an optical depth of zero, is never evident

over the Sahara and thus principally this methodology relies on a relatively dust-free (low

AOD) observation occurring within the rolling window period irrespective of time of day

or season. The reference ‘dust free’ day selected by the algorithm is known as the quasi-

pristine day.

In light of this, the second part of the chapter details a study using AERONET obser-

vations into the minimum AODs which are observed in North Africa at various locations

and during different seasons. This provides an approximation of the conditions nearest to

pristine which are likely to be selected as the quasi-pristine days and whether they vary

spatially (regionally) or temporally (seasonally). The window period must be sufficient in

length to ensure that a suitably dust-free day is observed and the frequency of occurrence of

low AOD days determined from this study implies a minimum limit on the window period

length.

4.1 North African mineral dust

4.1.1 Basic dust uplift and transport

The diurnal, seasonal and annual timescales of variability in dust loadings are controlled

by the processes of emission and deposition of mineral dust into the atmosphere and their

associated meteorological dependencies. This section explains the basic theory behind

these processes.

Dust emission occurs when the horizontal wind velocity exceeds the threshold velocity

for particle uplift for particular surface parameters provided that there is sufficient avail-

ability of wind-erodible material. The threshold friction velocity is defined as the friction

velocity above which soil particles begin to move in saltation flux [25]. Saltation involves

medium size particles of≈ 10−3 mm diameter which are initially uplifted via horizontal air

movements but are too large to remain suspended and hence fall to ground rapidly. Upon

impact with the surface these particles dislodge finer matter which otherwise could not be

uplifted due to strong cohesive forces between small (micron-sized) particles. This fine

material remains in the air once uplifted and contributes to what is called the suspension
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flux. The larger saltated particles repeatedly undergo this uplift and surface impact process

leading to continued dust emission.

Satellite studies have frequently identified preferential source areas as basin regions

which have a continuous supply of small alluvial particles transported into the depression

from surrounding highlands during rain events [25]. Whilst significant precipitation is re-

quired in the surrounding highlands to deposit the material, low rainfall is necessary within

the basins to facilitate the drying out of these soils to provide easily erodible material. Veg-

etation reduces erodibility by binding and covering the surface whilst absorbing part of the

wind momentum thus increasing the threshold velocity for particle uplift [101]. Minimal

rainfall further promotes erosion by inhibiting this vegetation growth.

Dust production depends on a number of factors including; soil type, vegetation cover,

surface atmospheric turbulence and soil moisture content. The threshold velocity at a spe-

cific location attempts to parameterise the effect of these on the likelihood of dust emission.

There are a number of dust models (eg. Dust REgional Atmosphere Model (DREAM)

[102], Dust Entrainment and Deposition Model (DEAD) [103] and Tegen and Fung (1994))

which attempt to simulate emission from sources, the subsequent horizontal and vertical

transport of dust and finally its deposition. The less complex models parameterise dust

mobilisation using the third or fourth power of the wind speed and then impose an empir-

ical size distribution upon the emitted dust; these are known as bulk mobilisation schemes

[103]. More complex models do not apply a fixed threshold velocity but consider the mi-

crophysical environment for wind friction and saltation purposes. For example, small parti-

cles (diameter < 50µm) have very high threshold friction velocities due to strong cohesion

forces between them and so require saltation and disruption by larger particles, which are

more easily lifted into the horizontal saltation flux, to initially disturb them before they are

suspended into the vertical (suspension) flux [25].

For example, DEAD assumes that saltation and sandblasting are pre-requisite to sus-

pension by considering the vertical suspension flux, Fd to be directly proportional to the

horizontal saltating mass flux Qs:

Fd = αQs (4.1)
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where α is the sandblasting mass efficiency dependent on mass fraction of clay, Mclay,

and Qs is dependent on the wind friction velocity u∗, the air density ρ and the threshold

velocity utp:

α = 100 exp[(13.4Mclay − 6)ln10] (4.2)

Qs =
2.61ρu3

∗
g

(1 +
utp
u∗

)(1−
u2
tp

u2
∗

) (4.3)

utp is calculated via a semi-empirical parameterisation for different particle sizes and

includes the threshold friction Reynolds number and factors which depend on ambient

temporally changing environmental conditions.

The suspended dust may be transported up to thousands of miles via winds until being

deposited via wet or dry deposition. Dry deposition includes gravitational settling and

turbulent mix-out but is very inefficient for the accumulation mode (D < 2µm) for which

wet deposition dominates. Wet deposition corresponds to small particles acting as cloud

condensation nuclei which leads to their removal when precipitation occurs; dust suspended

below a cloud is also scavenged via falling raindrops [104].

Besides the land surface characteristics already discussed, global dust models require

meteorological “driver fields” to provide an accurate representation of the u∗ distribution

into their emission schemes [20]. The key requirement for any dust scheme is an accurate

representation of the high tail of the wind friction velocity, u∗, as the modelled emissions

are highly sensitive to near-peak surface winds [105].

However, studies into the correlation between dust observations from TOMS AI and

10 m wind speed from ERA-40 have shown that the correlation at major dust sources where

it is expected that an increase in surface wind would enhance dust production is actually

insignificant. Engelstaedter and Washington [21] found the best association between dust

and circulation over West African dust sources are with surface wind gusts and turbulence.

They determined that there was a significant positive correlation between ERA-40 10 m

surface gustiness and hence asserted that dust generation appeared to relate more closely to

the passage of near-surface convergence than the instantaneous value of wind [20]. Over-

all, dust mobilisation is known to be forced by synoptic-scale, mesoscale and local-scale
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winds as well as these surface turbulence processes and it is variability in these meteoro-

logical processes on differing timescales which leads to the observed diurnal, annual and

interannual dust cycles [16].

Satellite remote sensing has previously been used to obtain information on dust sources

over bright-reflecting areas eg. “Deep Blue” and the daily noon time Infrared Difference

Dust Index (IDDI) from Meteosat 1 [106]. However, all of these products provide informa-

tion about dust aerosol at a daily time resolution and do not resolve sub-daily processes like

the daily cycle of dust emission [16]. SEVIRI again presents the opportunity for significant

advancement in the understanding of dust source activation on all timescales due to its high

temporal and spatial resolution as a result of its geostationary orbit.

Schepanski et al [16] analysed dust source areas using the MSG IR dust index which is

based on the EUMETSAT dust index product [http://www.eumetsat.int]. Dust detection is

made via the spectral signature of dust in the thermal IR spectrum; brightness temperature

differences 12.0µm - 10.8µm and 10.8µm - 8.7µm and 10.8µm [107, 108]. IR dust index

images are then produced indicating dust contaminated pixels. Schepanski et al use only

this qualitative information on the presence or absence of dust; once a dust plume is spotted

visually the 15 minute observation timestep of images allows the plume to be tracked back-

wards to the location of its first appearance [109]. This location is marked as an active dust

source on a 1◦× 1◦ gridded map and the time of the first observation is taken as the time of

the dust source activation (DSA). Each grid cell can only be counted as a source once per

day and the DSA frequencies (fraction of DSA per day) are binned at 3 hour intervals [44].

Monthly frequencies are retrieved from daily maps by dividing the total number of DSAs

per grid cell in a month by the total number of days with satellite availability [109].

In relation to the determination of the diurnal dust cycle, Schepanski et al remarked that

whilst their method leads to a weighting of the observed time-of-day distribution toward

the earlier activation, observations showed that days when a grid cell could be counted as

active more than once a day were seldom. This would require two or more independent

dust events occurring in a grid cell and was found to be rare in their study.

Figure 4.1 shows the fraction of DSA per day during March 2006 to February 2008

(except for August 2007). It is clear that the most active dust source areas are those in the

foothills of Saharan mountains with the Bodélé depression in Chad (17◦N, 18◦E) the most



CHAPTER 4. THE IMPACT OF DUST CYCLES ON AOD RETRIEVAL 109

Figure 4.1: Fraction of dust source activations (DSA) per day during March 2006 to Febru-
ary 2008 except August 2007 derived from MSG IR dust index. High numbers of DSAs per
day are observed in depression areas (Bodélé, sebkas, and chotts) and the foothills of the
Saharan mountains areas. The boxes mark topographical regions of interest; WS = Western
Sahara, AT = Atlas Mts, AD = Adrar Mts, AI = Air Mts, BO = Bodélé, OU = Ouaddai Mts,
AK = Akhdar Mts, KO = Kordofan, NU = Nubian. From Schepanski et al [16].

frequent DSA. The Bodélé depression is a dried lake bed associated with Lake Chad and

large areas of the basis are filled with dust all year round [110]; it is considered the single

most intense dust source in the world [39].

The Bodélé is surrounded by the Tibesti mountians to the north, the Ennedi Mountains

in the northeast and Ouaddai Mountains in the east (see Figure 4.1). The dust source ar-

eas in the foothills of the Saharan mountain ranges are often associated with depressions

called chotts or sebhkas in North Africa which depending on the season may be periodi-

cally covered by water [110]. This provides sediments which may be uplifted as mineral

dust aerosol. Other high frequency DSA are discussed in relation to the meteorological

processes which control the diurnal and seasonal dust cycles in the following sections.
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4.1.2 Diurnal cycle

The atmospheric lifetime of dust depends on the particle size and ranges from a few hours

for particles larger than 10µm up to several weeks for submicrometer particles. Once dust

is lifted into the free troposphere it can be transported via prevailing winds over thou-

sands of kilometres from the source region [25]. Therefore, dust concentration in regions

which are located farther away from dust sources is more strongly influenced by long term

changes in dust emission and the nature of transport winds than by diurnal variations in

meteorological conditions. Locations next or near to source areas however, are directly

affected by daily fluctuations in dust emission [111].

There are few detailed studies into the diurnal cycle of optical depths across North

Africa and due to most previous satellite measurements providing data from orbital over-

passes only once or twice a day, much of the analysis is based on data from meteorological

stations, AERONET sites or visibility observations. The necessity for high temporal reso-

lution data has often been stressed with Chaboureau et al [112] remarking that a systematic

evolution with MSG observations up to every 15 minutes would lead to substantial progress

in modeling. Schepanski et al, as explained previously, have gone some way to answer this

request with the “first available satellite based data set to provide information on the diur-

nal cycle of dust emission” [16].

Figure 4.2 is probably the most comprehensive study of dust source activation research-

ing both seasonal and diurnal dust emission cycles. It represents the fraction of DSAs per

day during morning hours 0300-0900 UTC and afternoon hours (1200-0000 UTC) and cov-

ers the entire Saharan domain. Considering only diurnal characteristics initially, there is a

distinct cycle shown in Figure 4.2 with most DSAs occurring in the local morning hours

with the onset of dust occurring much less frequently in the afternoon. Schepanski et al pro-

vided a detailed investigation into the relationships between nocturnal low level jets (LLJs)

and dust emission in the hours after sunrise; they concluded that this may be a dominant

mechanism for DSA in the Sahara [16].

LLJs involve a peak horizontal wind speed occurring in the lowest few kilometres of the

atmosphere. The extreme daytime insolation in the desert leads to a wide diurnal surface

temperature difference. Strong radiative cooling after sunset leads to rapid heat loss which
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Figure 4.2: (left) Fraction of DSA per day for different seasons observed during 0300-0900
UTC (comprising local morning hours over the entire Saharan domain) and (right) seasonal
fractions of dust source activations per day observed during 1200-0000 UTC. Morning time
DSAs are mostly related to the breakdown of the nocturnal LLJ. Afternoon to night DSAs
are mostly related to convective events. From Schepanski et al [16].
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cools the lower atmosphere and leads to a surface based inversion. This stabilises the

very lowest air layers and effectively decouples the air that used to be within the planetary

boundary layer (PBL) during the day from surface friction [113]. Under certain conditions

this air becomes nearly frictionless and accelerates.

The importance of LLJ in relation to dust emission is apparent at sunrise with the onset

of solar heating. Surface heating increases the PBL depth and the decoupled fast moving

air becomes frictionally coupled to the surface leading to the LLJ momentum being mixed

down to the surface [20]. Thus, the LLJ peaks during the night whilst the surface winds

which are critical to dust emission peak in the mid-morning [114]. Hence, there is a phase

locked relationship between peak morning dust emission and the LLJ diurnal cycle [16].

Some DSAs evident in Figure 4.2 (right panel) are coincident with local afternoon

time and these are associated with convective events and show increased frequency in the

summer months. The Intertropical Convergence Zone (ITCZ) maximum rainfall belt is at

its most northerly in summer at ∼15◦N. The intense solar heating and moist air leads to

downbursts of cold, humid air related to deep moist convection which can lead to high

surface wind speeds and therefore dust emission [114]. Marsham et al (2008) discussed,

with reference to instances during the GERBILS period, the role of mesoscale convective

systems and the associated gust fronts in dust emission [115].

It is necessary to note that the fraction of DSA per day is associated with the processes

of dust emission and its onset time rather than with the temporal evolution of dust burden

and aerosol optical depths. There have been few detailed studies into the diurnal cycle of

AODs from observations.

Using AERONET data, Smirnov et al [116] found different diurnal variations over all of

their regions of study where dust aerosol was a major contributor to optical depth although

they did observe two sites in Saudi Arabia and Mongolia which are close to source regions

and exhibited a trend with maximum AOD in the afternoon and minimum in the morning.

However, the variation was always < 10% of the daily mean optical depth. Mbourou et al

[111] based their study on observations of reduced visibility at stations in the Sahel and

Sahara. At Sahelian stations in northern Mali and northern Niger, maximum loadings were

registered at 1200-1500 UTC (Mali) and 0900-1200 UTC (Niger). Maxima were observed

between late morning and midafternoon at Saharan stations situated near to source zones in
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agreement with the discussion of LLJ dominated emission, although the diurnal cycle was

much smaller than that in the Sahel (see Figure 4.3).

Figure 4.3: Diurnal cycle of the annual number of days with visibility reduced to less
than 5 km (left side) and less than 10 km (right side) as a result of wind-borne dust. Top:
stations far from the arid-semiarid Sahel-Saharan zone. Centre: Sahelian stations. Bottom:
Saharan stations. From Mbourou et al [111].

More research into the diurnal cycle of dust emissions and column burden is necessary

and it is clear that SEVIRI’s spatial and temporal resolution will prove an asset in the

continuing studies. With regards to the intentions of this study, the diurnal cycle of dust

does not directly impact on the reliability of the retrieved AOD because a new pristine

sky day is determined for each individual timestep rather than using a daily average value.

This method of pristine sky determination will be affected by variations on a timescale

exceeding 24 hours and the occurrence of long term minima in dust loading. Whilst high

intensity events and dust peaks control the quantity of mineral aerosol in the atmosphere,
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the background level of dust which affects the quasi-pristine AOD is determined mainly by

the residence time of the particles in the atmosphere [117].

4.1.3 Seasonal cycle

Discussion on the diurnal cycle of dust has commented on some of the recurring meteoro-

logical features which provide conditions suitable for dust mobilisation. Seasonal variabil-

ity is evident as a consequence of changing meteorological conditions [20] and therefore it

is necessary to have an overview of the North African annual climate due to its critical role

in modulating dust emission.

The North African climate shows pronounced seasonal contrasts which are controlled

by the semi-annual “beat” pattern of the Inter Tropical Convergence Zone (ITCZ) which

determines shifts in the prevailing meteorological conditions [118]. The ITCZ is the region

where the northern and southern hemispheric trade winds converge and are forced upwards

creating an area of low pressure and high precipitation [14]; these high levels of rainfall

result in the distinct wet and dry seasons in North Africa (see Figure 4.4) [111].

The ITCZ follows an annual migration northwards between February and June-August

when it attains a maximum latitude of∼ 25◦N and subsequently retreats equatorward [111].

This movement is driven by the changing latitude of the sun’s zenith point and hence the

most intense solar radiation. The Inter Tropical Front (ITF) is located a few hundred kilo-

metres ahead of the ITCZ and promotes enhanced surface gustiness and other atmospheric

conditions which support dust emission [118]. The ITF is the confluence of the southwest-

erly monsoon winds with the northeasterly dry Harmattan winds. Harmattan winds are

associated with the pressure gradient between anticyclones in Libya and the Azores and

the low pressures of the Saharan heat low which is centred along the ITCZ [119]. The

southwesterly monsoon winds (see Figure 4.4 right), are similarly controlled by a pressure

gradient between the Saharan heat low and the high oceanic pressures of the Santa Helena

anticyclone. These large background pressure gradients frequently generate high surface

winds and support LLJ formation [20].

The wet monsoon season in West Africa is liberally defined as extending from May-

September with increased rainfall reducing the atmospheric dust content in sub-Sahelian
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regions due to increased soil moisture and vegetation cover which inhibits emission [14].

It also removes lofted aerosol via wet scavenging thus reducing residency time.

Figure 4.4: Surface pressure, winds, and the ITCZ (red) over Africa in January and July-
August (based on Mbourou et al) [111].

Nocturnal LLJs are common during both winter and summer [20] however it is the

increased convective activity which likely leads to the more complex and wider range of

dust sources and mechanisms in summer months [14]. Overall, Ben-Ami et al [118] have

described the mean seasonal pattern of emission and transport over the subtropical North

Atlantic as an annual “triplet” consisting of two strong dust seasons and one season with

low dust loading. The first season extends from November-March and primarily involves

dust emission from the Bodélé and more southern latitudes in West Africa as can be seen

in Figure 4.2. November-March also coincides with the peak in biomass burning aerosol

which is clearly shown at ∼ 7◦N in Figure 4.5 but is absent in the summer months due to

the seasonal cycle of anthropogenic burning in North Africa [42]. The LLJ is most frequent

over the Bodélé in boreal winter [16] and sub-Sahelian sources are most active due to the

ITCZ and its associated synoptic systems being at their most southerly [118]. Harmattan

winds also transport dust southward from sources in the Sahara and Sahel which are at their

driest.

The second dust season incorporates May-September and involves emission from a

much wider region including the Western Sahara and Bodélé and is clearly depicted in both

DSA and aerosol loading data in Figures 4.2 and 4.5. As the ITCZ progresses polewards
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Figure 4.5: Monthly mean TOMS AI (x10) (1980-1992). From Engelstaedter et al [14].

the southern boundary of the dust reflects the northern limit of the rain belt and hence a

decrease in sub-Sahelian dust in late summer months. Peak dust is observed in the northern

Sahel and West Africa in June and July as the convergence belt advances north ahead of the

monsoon rainfall belt and crosses the major dust source regions in western-central Sahara.

Figure 4.6 shows how the aerosol loading progresses by month through the annual cy-

cle. The south-north advance of the ITCZ matches the gradient in phase of dust aerosol

loadings below 15◦N which peaks in June at ∼ 15◦N, however the peak in February at

∼ 7◦N is due to the seasonality of biomass burning as mentioned previously and is not

directly attributable to the position of the ITCZ. There is an east-west phase evident at lat-

itudes above 15◦N progressing from May in the central Sahara to July at the west coast of

Africa. This E-W gradient is not fully explained yet however it is surmised that strength-

ening of north easterly jets propagating across North Africa and the Mediterranean may be

related to this phenomenon.

The low dust loading third season of the annual “triplet” is suggested as extending
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Figure 4.6: The phase of the annual cycle of the TOMS AI. White areas indicate that the
first harmonic is not dominating. The locations of the major dust sources are marked. From
Engelstaedter et al [14].

from October-November. The DSA study supports this with lowest activation frequencies

in general over North Africa and TOMS AI also corroborates this with the lowest values

during these months in dust source regions, as the peak regions correspond to biomass

burning aerosol. This notable absence of dust emissions is not fully understood [14], how-

ever Schepanski et al’s research into 10 years of frequency of LLJ occurrence data from

ERA-40 reanalysis has shown a clear minimum in these months across a large region of

West Africa. The temporal coincedence of this with minimum dust loadings and emissions

would appear to support the idea of LLJs as a dominant mechanism for mineral dust aerosol

production.

The seasonal cycle of dust emission and loading could impact on the accuracy of the

SEVIRI AOD retrieval via its influence on the quasi-pristine identification process. It has

been seen that the dust concentration in summer over North Africa is consistently high

due to the high frequency of dust events. Once uplifted the smaller mineral dust aerosol

particles have a long residence time and hence the AODs may remain high for a number of

days. Therefore, it is possible that there is a consistent background level of dust such that

the quasi-pristine observation will contain considerable dust loading. Dust exports from

the Sahara in arboreal winter typically take place in discrete outbreaks lasting only several

days [120] and thus it is anticipated that the quasi-pristine AOD is likely to be lower for

winter retrievals. The potential bias propagated through to SEVIRI AOD is that retrievals
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may underestimate the mineral aerosol loading during summer.

4.2 AERONET observations of AOD

The discussion in the previous section has shown how the presence of dust in the atmo-

sphere above North Africa has distinct seasonal variability as a result of prevailing large-

scale meteorological conditions. This leads to peak dust loadings occurring in summer with

minimal dust during the winter months. However, it was also explained that mineral dust

emission is complex with favourable meteorological conditions requiring particular surface

conditions in order for uplift to occur, hence the episodic nature of dust loading.

The transport and deposition processes lead to a relatively short atmospheric lifetime

of mineral dust aerosol. The combination of the episodic nature of dust events and short

residence time precipitates periods of low dust loading even in peak summer months within

the most active dust source regions. However, the frequency of relatively dust free days will

vary with season and proximity to dust sources.

The purpose of this section is to relate the natural variability of Saharan dust in space

and time to the SEVIRI retrieval algorithm requirements. The main aim is to determine a

lower limit on the window period duration (∆W). The lower limit of ∆W effectively needs

to exceed the mean number of days between dust free days such that for the majority of

retrievals the preceding window period will contain a dust free day. However, as already

stated, a pristine sky day with an AOD = 0 is never evident in North Africa and obviously

would never be encountered regardless of the length of ∆W. Thus in order to make a rea-

sonable estimate of a suitable ∆W, a relatively dust free AOD (from now on referred to as

τRDF) is determined from AERONET data. τRDF effectively aims to represent the minimum

AOD which is actually evident over North Africa during the year and that which, with the

use of a suitable ∆W, should be selected by the algorithm as the quasi-pristine day. The

methodology used for identifying τRDF from AERONET data is explained and the resulting

τRDF is used to propose a minimum limit on ∆W.

In light of the findings regarding dust seasonality, if ∆W was set simply as the annual

mean number of days between τRDF occurrences it is likely that during the peak season,

when dust events are most frequent, a high number of retrievals would not encounter a day
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with an AOD∼ τRDF within ∆W. A similar bias may occur at locations near to dust sources.

The occurrence of AOD∼ τRDF is therefore considered at different locations, times of day

and during different seasons.

4.2.1 Determination of τRDF

AOD observations at 550 nm were obtained from AERONET level 2.0 data for 2005-2009.

Missing data was apparent at most sites either as a result of cloud-screening or instrument

difficulties.

The aim is to distinguish between days which were dust dominated and those with rel-

atively low dust presence and use these AODs to estimate τRDF. Saharan and sub-Saharan

atmospheres contain aerosols besides mineral dust which contribute to the AOD. For exam-

ple, biomass burning aerosol is particularly prevalent around Sahelian latitudes at certain

times of year and other particulates such as sea salt and urban aerosol are found near the

coast and conurbations. Whilst these aerosols contribute to the AERONET AOD at 550 nm

they do not show the same spectral signature as dust in the mid infrared due to their small

particle size and therefore may not be included in the SEVIRI dust aerosol optical depth.

Although the quasi-pristine day will not have τ055 ∼ 0 due to the presence of other aerosol,

it is important that it has low dust loading in order that the brightness temperatures in the

10.8µm and 13.4µm channels are minimally affected.

AERONET τ055 (triangles) and α (440/870) (crosses) for 2007 at 0900 UTC are shown

in Figures 4.7, 4.8, 4.9, 4.10, 4.11 and 4.12. The AERONET measured Ångstrom coeffi-

cient at 0900 UTC was used to distinguish ‘dusty’ (yellow symbols) from ‘non-dusty’ (blue

symbols) observations. Osborne et al [41] classified AOD data from the DABEX cam-

paign by applying the following conditions; biomass burning dominated (α> 0.7), dust

dominated (α< 0.15) and mixed aerosol (0.15<α< 0.7). Similarly, Johnson et al [79]

determined from nephelometer measurements during the GERBILS campaign that α< 0.2

represented dust dominated aerosol layers. In this study, a mixed aerosol limit of α< 0.7 is

applied in Figures 4.10, 4.11, 4.12 and the more constrained condition of α< 0.2 in Figures

4.7, 4.8 and 4.9. The monthly mean dusty AOD is calculated if there are 6 or more valid

observations within the month.
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Many features of the annual dust cycle explained in the literature and discussed in

Section 4.1 are identifiable in Figures 4.7, 4.8 and 4.9. Distinct dust seasons where the

monthly mean τ055 exceeds 1 in consecutive months are only discernible at IER Cinzana,

Banizoumbou, Dakar and Agoufou. These sites are located in the latitude band 13◦-15◦N

and there is a hint of the onset of the dusty period later in the year with increasing latitude;

IER Cinzana and Banizoumbou (∼13◦N) exhibit the majority of dusty days from Feb/Mar

onwards whilst the dusty period at Dakar and Agoufou (14◦-15◦N) commences in Mar/Apr.

This is in agreement with the procession of the ITCZ and its anticipated affect on the

seasonal dust cycle as explained in Section 4.1.

The highest optical depths throughout the year occur on dusty days for the majority of

sites with Ilorin as the notable exception where the peak AODs occur in the winter months

(January and February) which coincides with the Ångstrom exponent peak. This is likely

a result of the maximum emissions of biomass burning aerosol from sub-Sahelian regions

occurring during December-February [42].

Site (latitude) τRDF α > 0.7 τRDF α > 0.2
Ilorin (8.3◦N) 0.48 0.83
IER Cinzana (13.3◦N) 0.25 0.37
Banizoumbou (13.5◦N) 0.16 0.43
Dakar (14.4◦N) 0.27 0.35
Agoufou (15.3◦N) 0.14 0.29
Capo Verde (16.7◦N) 0.14 0.26
Tamanrasset (22.8◦N) 0.07 0.15
Solar Village (24.9◦N) 0.22 0.28
Sede Boker (30.9◦N) 0.14 0.15
Saada (31.6◦N) 0.16 0.21

Table 4.1: Mean of AERONET AODs measured on days when α > 0.7 and α > 0.2 used
as conditions for dust-free skies (τRDF) at different AERONET sites. See text for details.

The plots in Figures 4.7 - 4.12 all refer to 0900 UTC however, those at 1200 UTC and

1500 UTC show similar trends and there is no discernible diurnal cycle. Similarly, when the

evolution of AOD throughout the day was considered at individual AERONET sites there

was no evidence of a diurnal cycle or prevailing time for peak dust loading despite the

findings outlined in Section 4.1.2. However, it was highlighted within the discussion that
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the research had focused on dust emissions which may not align with the temporal evolution

of dust burden and aerosol optical depths. The locations of the AERONET sites included

within this study are outside of the predominant dust emission regions (see Figure 4.2)

and thus it is likely that any diurnal variability is smoothed via the timescales of transport

processes with lofted aerosol from significant dust events taking hours to days to reach the

AERONET locations.

To obtain a longer term perspective, seasonal mean AOD and α were extracted from 5

years of AERONET data (2005-2009) to establish whether any longer seasonal timescale

variability was discernible. The mean AOD (550 nm) and Ångstrom (440 nm/870 nm) was

calculated for each season provided that there were in excess of 20 valid AERONET ob-

servations within the period. In Figure 4.13 the grey shading presents ±σ of the AOD

(black line) and the vertical bars are ±σ of the Ångstrom coefficient (red line). The data is

shown for 1200 UTC however in line with the lack of evidence of a distinct diurnal cycle,

no variation was seen in the seasonal trends at other times of day.

The relationship between the trends in AOD and α are consistent at Agoufou, Bani-

zoumbou and Dakar with the peaks in seasonal AOD coinciding with minima in α and vice

versa. This suggests that the trends in AOD are associated with the relatively coarse min-

eral dust aerosol as α is inversely related to the size of the particulate matter. Ilorin does

not show the same trend as the minima in α lags behind the peak in AOD by one season

which is due to the prevalence of biomass burning aerosol in winter.

The features seen in Figure 4.13 are in agreement with previous studies of the seasonal

cycle of dust in North Africa as discussed in Section 4.1.3. Figure 4.6 shows the phase of

the annual cycle of TOMS AI which for the purposes of this study will also be considered

to represent the phase of AOD. From the AERONET data, the peak AOD occurs in MAM

at Agoufou and Banizoumbou with the mean AOD at Agoufou only slightly decreasing in

JJA but showing a more significant drop in summer months at Banizoumbou compared to

MAM. Banizoumbou is at a slightly more southern latitude (13.5◦N) compared to Agoufou

(15.3◦N) and Figure 4.6 clearly shows a N-S gradient in phase of the peak AOD with time

of year. These findings support the earlier onset of peak AODs in the year at Agoufou

as it is located on the contour denoting the boundary between May/June peak whereas

Banizoumbou is located on the April/May contour.
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The AERONET data at Dakar generally displays a clear peak in AOD later in the year

(JJA) than at the other sites. Dakar is located at a latitude between Agoufou and Banizoum-

bou (see Figure 2.9) and is much further west, situated on the coast of Africa. Engelstaedter

and Washington [14] referred to an E-W gradient in the phase of TOMS AI at latitudes

greater than 15◦N with further westerly regions peaking later in the year. They proposed

that this was related to the strengthening of north easterlies. Whilst Dakar is located just

south of this E-W gradient and therefore according to Engelstaedter and Washington is ex-

pected to peak in May, the AERONET data clearly shows a later response. The data used

in Figure 4.6 is from 1980-1992 and it is possible that there has been some shift in the E-W

gradient in the following decades which results in Dakar AODs peaking later in the year

compared to Banizoumbou and Agoufou even though all sites are at similar latitudes.

The winter peak in AERONET AOD at Ilorin (8.3◦N) is also in agreement with the

findings from the TOMs AI study. Ilorin is situated in a region of biomass burning activity

which is known to peak in the winter months which explains the elevated aerosol loading

in DJF coinciding with a high α of ∼ 0.7. This is in excess of the peak mean seasonal α

measured at other sites which is ∼ 0.5 and implies a higher contribution of small biomass

burning particulates. The minimum α values occur in MAM however, these are ∼ 0.3-0.4

whereas at the more northerly and more dust dominated sites the minimum α (coincident

with peak AODs) are ∼ 0.2. This suggests that in general Ilorin and the southern latitudes

are not dust dominated.

Given the consistency in the multi-year pattern of behaviour, Figures 4.7, 4.8 and 4.9

can provide an insight into the minimum AODs which are actually likely to occur within

North Africa and whether there are extended periods of time during which low AODs are

never apparent. These data suggest that Banizoumbou, Dakar and Agoufou show long

periods in the late spring and early summer when there is a continuous strong presence of

dust with α< 0.2 which will affect the brightness temperatures in the mid-IR. The mean

AOD on all the days which were identified as non-dusty via the Ångstrom condition is

fairly high at these AERONET sites (see Table 4.1) and so the less constrained condition

of α< 0.7 is applied to identify and remove mixed aerosol contaminated skies (seeFigures

4.10, 4.11 and 4.12). This should provide a better representation of the AODs when dust is

absent and a better estimate of τRDF.
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Unsurprisingly, increasing the dust free Ångstom limit reduces the mean non-dusty

AOD at all sites whilst also markedly decreasing the number of days which are identified

as dust-free. τRDF has been dramatically reduced at Banizoumbou from 0.43 (α < 0.2)

to 0.16 (α < 0.7) and at Agoufou from 0.29 to 0.14. In Figures 4.10, 4.11 and 4.12 it is

evident that the days which are outside of the Ångstrom limit generally occur, as expected,

in the winter months.

This small study in annual seasonal variability in AODs at AERONET sites has shown

that there is a distinct season at West African sites within the GERBILS study region when

mineral dust dominates the aerosol loading and correspondingly, a low daily mean opti-

cal depth observation is rare. Identification of days where neither dust nor mixed aerosol

is significantly present via the Ångstrom coefficient has provided an estimate of τRDF at

each AERONET site; this is in effect the lowest possible AOD which occurs at the site and

thus is an indication of an ideal quasi-pristine sky AOD. τRDF using the α < 0.7 limit varies

greatly depending on location with very low values (eg. 0.07) in the central Sahara (Taman-

rasset) and much larger values (eg. 0.27) at Dakar on the west coast of Africa. It was also

found that there was no evidence of a diurnal cycle in τRDF. However using the Ångstrom

screening, there are very few days which are not in part dust aerosol contaminated and

these predominantly occur in winter months. In the next section, the mean minimum AOD

encountered using different ∆W is calculated.

The annual mean minimum AOD obtained from the most suitable ∆W should ideally

lie between the τRDF values obtained using the 0.7 and 0.2 Ångstrom limits. For the major-

ity of retrievals, this should result in the algorithm encountering a day within ∆W which

has conditions as near to pristine as occur in North Africa.

4.3 Optimisation of window period length

The findings in the previous section have provided an insight into the minimum aerosol

loadings which are evident at individual locations. The key consideration is that ideally

for all retrievals a condition as close to pristine as possible should be observed in the win-

dow period, ∆W. In light of the work on τRDF, the duration of ∆W should result in an

AOD ∼ τRDF being selected as the quasi-pristine condition (from now on the AOD on the
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quasi-pristine day is referred to as τqp) such that the impact of dust on the 10.8µm and

13.4µm channels is at a minimum. If τqp � τRDF it may propagate to bias the retrieved

AOD low because although the algorithm will infer additional aerosol loading from the dif-

ferences in the brightness temperatures between measurement and pristine sky day it may

be referencing against an observation which actually includes a marked dust contribution

already.

Besides optimisation of ∆W in reference to quasi-pristine selection, ideally the atmo-

spheric correction ∆TB108p would be small so that the dust signal, ∆TB108d, dominates the

retrieval and thus the error due to model fields is minimised. The anticipated benefit of im-

proving the likelihood of τqp∼ τRDF may be outweighed if ∆W is too extensive; seasonal

and therefore large changes in atmospheric fields may introduce errors that exceed the dust

signal.

This section focuses on the first part of the above discussion; how the mean τqp changes

as ∆W is extended and whether τqp ∼ τRDF is an achievable condition. This is considered

by investigating how the mean minimum AERONET optical depth within ∆W changes

as its duration is varied. The minimum AERONET AOD, τaer, represents an estimate of

τqp. This should provide a lower limit on ∆W. The effect of model fields is examined in

Chapter 5.

4.3.1 Methodology

The minimum AOD occurring within a window period from AERONET data for 2007 at

0900, 1200 & 1500 UTC was obtained as explained in Figure 4.14. The mean of all the

minimum AODs occurring in the window period as the ‘retrieval day’ progressed though

the year was calculated for window lengths varying from 5 to 28 days. The maximum

was set at 28 days due to the likely impact of seasonal changes in climatology and also

potentially vegetation cover on the atmospheric model fields and emissivity.

4.3.2 Results & discussion

Figure 4.15 shows the mean minimum AOD observed as the window length ranges from 5

to 28 days for retrievals throughout 2007 at 0900 UTC at a number of AERONET sites.
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Figure 4.14: Calculation of minimum AOD (in plot AOT = aerosol optical thickness which
is equivalent to AOD) within a varying rolling window length: solid vertical lines denote
retrieval day, dashed lines denote first day in window period and vertical arrows mark
the associated minimum AOD. Black and blue sections have same window length with
different retrieval dates indicating how the minimum AOD changes as the rolling window
proceeds through year. Black and green sections have different window lengths which
results in different minimum AOD for the same retrieval date.

Consistent with the lack of a coherent diurnal signal in AOD at the AERONET sites,

1200 UTC and 1500 UTC show no significant diurnal variation in the impact of window

length. There are clear differences in the minimum AOD attained at each site in Figure 4.15

although a rapid decrease in τaer is evident at all locations. The associated standard devia-

tion in τaer has a similar decreasing trend at all sites although only shown for Agoufou in

the figure.

Previously it was stated that a suitable ∆W would result in the mean τaer being less than

or similar to τRDF. The mean τaer meets this condition at four of the AERONET sites when

∆W is fewer than 10 days. This condition is never met at the remaining sites including

Agoufou and Banizoumbou even at the maximum ∆W. However, at all sites τaer does not

change considerably once ∆W exceeds 15 days. This suggests that a lower limit of 15 days

for ∆W is suitable.

In light of the findings in Section 4.1.3 which highlighted the seasonality of dust load-

ings in North Africa, the mean τaer attained within different ∆W during each season was

considered. This was investigated by calculating the seasonal means at each AERONET
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Figure 4.15: Mean minimum AERONET AOD observed within the varying length window
periods for 2007 at 0900 UTC at different AERONET sites (coloured lines). The grey
shading is ±σ of the mean minimum AERONET AOD (τaer) at Agoufou (red line). The
other AERONET sites show a similar trend. The coloured circles mark τRDF (using α <
0.7); it is marked on the y-axis if the mean minimum τAER never falls below τRDF or on the
lines at the first position when mean τaer < τRDF.

site separately; Figure 4.16 shows the seasonal values for Agoufou, Banizoumbou, Dakar

and Ilorin.

The impact of the seasonality of dust loading on mean τaer is clear. At Banizoumbou

and Ilorin during spring and winter the minimum τaer is markedly higher than for the other

seasons even for the maximum ∆W of 28 days, with values of∼ 0.4 and∼ 0.5 respectively.

The standard deviations are particularly large until ∆W exceeds 15 days at Ilorin, Agoufou

and Banizoumbou however, there is less of a marked decrease for Dakar.

It would be difficult to implement a different window length over different regions in

practice although it would be possible to vary its length on a seasonal basis. However, the

seasonality has been shown to vary with location. Therefore, the aim is to determine a ‘best’

overall compromise and attempt to understand where and when associated issues may be

expected. The results suggest that a low bias in retrieved AOD may be evident during the

peak dust loading seasons and particularly in spring around the 15◦N latitude band due to

the continued presence of high AODs. There may be a similar low bias in retrieved AOD

during winter at Ilorin and sub-Sahelian latitudes however, this strong aerosol presence is

attributed to biomass burning aerosol which should not markedly directly impact on the
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Figure 4.16: As for Figure 4.15 except seasons are considered separately at individual
AERONET sites: (clockwise from top left) Agoufou, Banizoumbou, Dakar & Ilorin for
2007 0900 UTC. Grey circle on axis denotes τRDF when one or more season’s mean τaer is
always in excess of this value. Grey shading indicates ±σ for Spring mean min τaer.

SEVIRI channels used in the retrieval.

It is suggested that the minimum length of ∆W in the retrieval algorithm is 15 days.

AERONET data indicated that shorter window periods had markedly higher annual mean

minimum AODs and standard deviations. Further investigation into the seasonality of

AODs suggested that the annual means were dominated by the highest dust loading sea-

sons, as the low dust loading seasons showed a much smaller impact of changing ∆W

on the seasonal mean τaer compared to the rapid decrease observed for the peak seasons.

However, as the seasonal cycle of dust varies with location it is not possible to apply a

seasonally varying window length.
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Chapter 5

Factors affecting Assimilation

Given the potential influence of mineral dust aerosol on weather forecasting accuracy, one

application of the SEVIRI AOD retrieval algorithm is to employ it to provide accurate

observations of evolving mineral dust optical depth across North Africa for assimilation

into the Met Office Unified Model. The long term aim would be to assess the success

of these forecasts with and without the inclusion of dust and determine its impact on the

output forecast variables (eg. skin temperature) and also the radiation budget at the top of

atmosphere and surface.

Following the successful validation study during the GERBILS period in June 2007

and the investigation into the internal factors affecting the algorithm, it is necessary to con-

sider the direct implications and requirements of assimilation within the Met Office setup.

This chapter focuses primarily on the external factors and inputs to the algorithm as imple-

mentation at the Met Office would require use of Unified Model fields for the atmospheric

variables of surface temperature and column water vapour, rather than ECMWF data which

was used in the validation study.

The research within this chapter explores the impact of using different model fields

by considering the variability and bias in the outputs from the UM and ECMWF based

retrievals. The AOD retrieval resulting from the inclusion of each model field dataset is

also compared with AERONET measurements to determine whether there is a marked

difference in agreement.

Whilst assimilation must obviously be shown to have a positive effect on forecasting
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ability in order for it to become operational, it is also important that the process is optimised

to be as efficient as possible. In light of the study in Chapter 4 regarding the seasonal cycle

of dust, the frequency of relatively dust free days and the potential impact of using different

window periods from AERONET data it appears sensible to test the impact of varying the

window length (∆W) period over which the algorithm searches using actual SEVIRI data.

A shorter window period would optimise the process provided that the retrieval success and

uncertainty is not disadvantaged. In order to assess this, the retrieval algorithm is run under

identical conditions except for varying the window period; these outputs are compared to

determine the impact of varying ∆W alone. Comparisons with AERONET observations

provide an indication of whether the uncertainty and success of the retrieval is markedly

affected by changing ∆W.

5.1 Window period

Fundamentally the retrieval algorithm determines the dust optical depth on a given day

by considering the difference between brightness temperatures measured on the retrieval

day and those measured on a day when minimal dust is present (quasi-pristine sky day).

Chapter 4 showed using AERONET data that due to the periodic nature of dust events

and subsequent deposition processes, relatively low AOD days are evident even in months

within the peak dust season.

It was also shown that the mean minimum τaer (used as a proxy for τqp) within the

window period throughout the year was not significantly reduced once ∆W exceeded 15

days. In light of this it would initially appear reasonable to use ∆W ≈ 15 to optimise the

efficiency of the retrieval. However, prior to making this decision it is necessary to test the

impact of this on the actual retrieved AODs using SEVIRI data. The process and the results

are explained in this section.

The retrieval algorithm was run twice for the GERBILS period with a minimum ∆W

of 16 days and a maximum of 28 days. Whilst the benefit of extending the window period

above 28 days is obvious in terms of increasing the likelihood of observing an extremely

low AOD this would also increase the possibility of extremely different atmospheric con-

ditions on the retrieval and pristine day. In Figure 5.1 the rapid change in monthly mean
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skin temperature at a selection of AERONET sites is shown. The maximum difference in

the mean temperatures between months (ie. 28 days) is ∼ 5◦C which occurs following the

peak SKTs in June for Agoufou and Banizoumbou; between 2 months the difference can

exceed 10◦C. Therefore, if ∆W > 28 days an associated atmospheric correction, ∆TB108p,

of up to 10K could be required which may far exceed the dust signal, ∆TB108d. Errors on

the model fields may then potentially dominate the dust signal which would lead to less

reliable SEVIRI retrievals. Changes in emissivity, particularly due to vegetation changes in

the Sahelian region or strong rainfall events leading to changes in surface moisture, could

also affect the retrieval if a long window period was employed.

Figure 5.1: Monthly mean skin temperature over AERONET sites 1981-2010 from NCEP-
NCAR Reanalysis data.

Extending the window period increases the opportunity for observing a very low AOD;

only cloud-free days are considered by the retrieval as potential quasi-pristine days and

therefore the window period must also be sufficient in length to ensure a large enough

sample of cloud-free days. AERONET level 2 data was used for the study in Chapter 4

which is cloud-screened before distribution. Therefore, the assessment of the minimum

∆W in effect already accounts for the necessity of requiring a significant number of cloud

free days out of which the quasi-pristine day is selected.

The retrieval algorithm was run for ∆W = 28 (output denoted as IAOD28) and ∆W = 16

(output denoted as IAOD16) under identical setup conditions; ECWMF operational analy-

ses CWV and surface temperature fields, NWCSAF/GERB cloud mask, for 20-29/06/07 at
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0900, 1200 and 1500 UTC.

5.1.1 Results & discussion

Figure 5.2 contains density plots of a pixel by pixel comparison between IAOD28 and

IAOD16 at 0900, 1200 and 1500 UTC for the entire observation period.

Figure 5.2: Density scatterplots showing level of agreement between IAOD28 and IAOD
16 for GERBILS period using an AOD binsize of 0.04. Colourscale indicates number of
matched pixels.

It is immediately apparent that IAOD28 always exceeds IAOD16. This is anticipated

because IAOD28 would only select a different quasi-pristine day if that day was determined

to be ‘more pristine’ (ie. lower AOD) than any day contained within the 16 day window.

This would result in a larger difference in brightness temperatures attributable to dust be-

tween the retrieval and quasi-pristine day (∆TB108d, see Equation 2.2) and consequently a

higher retrieved AOD.

The bias for all times is ≤ 0.05 which implies that overall extending ∆W does not

markedly affect the retrieved AOD and there is virtually negligible difference between

the results of the comparison at different times of day. Therefore, as expected from the

AERONET based findings, the impact on the SEVIRI retrieval of increasing the window

period beyond 16 days is minor.

Although the mean impact has been shown to be minimal, in Figure 5.2 the RMS is

≈ 0.12 and it is clear from the plots that there is a small percentage of observations where
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IAOD28 exceeds IAOD16 by up to 1.0. Whilst a small number of discrepancies is to to be

expected, it is prudent to check with regards to assimilation if these larger discrepancies are

either spatially or temporally constrained. Firstly, the plots in Figure 5.2 do not show any

variation with time in the range or density of these larger differences and therefore they do

not appear to have a diurnal cycle.

Figure 5.3: Mean IAOD28 - IAOD16 for 20-29/06/07 for (top left) 0900, (top right) 1200
and (bottom left) 1500 UTC. Colourscale denotes the mean change in the pixel AOD.

Figure 5.3 shows the spatial distribution of the mean difference between IAOD28 and

IAOD16 at each pixel over the observing period. It is clear that the largest discrepancies

are concentrated within the same region; the latitude band between 10◦N and 18◦N. This

latitude band also coincides with the region of highest mean AODs for the period (as will be

shown in detailed analysis in Chapter 6, Figure 6.7) and is also where the peak of the annual

cycle of TOMS AI occurs in June (Figure 4.6). Thus it is not unexpected that extending

∆W would be most significant in this area due to the high frequency of dust events. This

band also borders the most southerly region where cloud is regularly evident and therefore



5.1. WINDOW PERIOD 140

an extended ∆W would also relatively lead to the greatest increase in the number of valid

observations.

Initially, the comparison between IAOD28 and IADO16 indicated that in general ex-

tending the window period only minimally increases the retrieved AOD. However, it has

now been shown that the instances where the AOD is most markedly affected (on the order

of 0.3) are spatially confined to the region where the largest AODs occur. This suggests

that there is a possibility that one of the retrievals may be more successful under high dust

loadings. Whilst this study has provided an insight into the potential effects of extending

∆W it cannot provide an indication of whether 28 days is a more advantageous window

period than 16 days. Thus, each dataset was compared with AERONET measurements to

assess whether the changes actually affected the retrieval quality. Fortunately, as can be

seen from Figure 2.9, most of the AERONET sites are located within the latitude band

where the largest differences were observed.

Figure 5.4: Scatterplot of IAOD28 and IAOD16 compared for 5× 5 pixel means around
AERONET sites. Error bars indicate ±σ across the 5× 5 pixels.

The means of the SEVIRI AOD within 5× 5 pixels around the AERONET sites from

IAOD28 and IAOD16 are compared in Figure 5.4 and coloured according to AERONET

site. This provides an indication of how the retrieved AODs change with ∆W at these loca-
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tions and whether the subsample appears representative of the findings relating to the entire

dataset. Over the subsample the bias is larger at 0.09 compared to the overall pixel by pixel

comparison shown in Figure 5.2; this is likely due to the majority of the sites being located

in the 10◦N-18◦N latitude band. It is evident that retrievals at Agoufou show the great-

est deviation from the 1:1 line; the mean IAOD28 is 1.04 compared to 0.72 for IAOD16.

At Agoufou each IAOD28 retrieval selected a different quasi-pristine day compared to

IAOD16 (see Table 5.1), which is also the case for Saada. However, at Saada this results in

a smaller change in the mean retrieved AOD from IAOD16 = 0.26 to IAOD28 = 0.35.

Site (latitude) τqp; ∆W = 16 τqp; ∆W = 28 % Changed
IER Cinzana (13.3◦N) 0.38 0.38 29
Banizoumbou (13.5◦N) 0.35 0.31 45
Dakar (14.4◦N) 1.06 1.06 0
Agoufou (15.3◦N) 0.59 0.41 100
Tamanrasset (22.8◦N) 0.22 0.23 3
Solar Village (24.9◦N) 0.19 0.19 0
Saada (31.6◦N) 0.11 0.17 100

Table 5.1: Mean AERONET AOD on quasi-pristine day in SEVIRI retrieval for 16 and 28
day windows. Final column is the percentage of retrievals for which the quasi-pristine day
selected by the retrieval algorithm changed as a result of extending the window length.

The discussion above is not unexpected considering the earlier findings. The mean

quasi-pristine AOD for 2005-2009 at Saada showed only a minimal decrease fom 0.09

(∆W = 16) to 0.08 (∆W = 28) which implied that a marked change in retrieved AOD was

unlikely. Table 5.1 contains the mean AERONET AOD on the days selected as quasi-

pristine for the retrievals plotted in Figure 5.4. Apart from at Agoufou, it is apparent that

extending ∆W does not markedly affect the likelihood of including a lower quasi-pristine

AOD in the window period as there is only a minor decrease in the quasi-pristine AOD

mean in the second column compared to the first column.

Finally, Figure 5.5 shows the agreement of IAOD28 and IAOD16 with co-located

AERONET measurements and enables the relative success of the retrievals to be com-

pared. The datapoints are distinguished by colour according to the AERONET derived

Ångstrom coefficient which suggests whether the observation corresponds to high dust
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Figure 5.5: Scatterplots of AERONET AOD compared with 5× 5 pixel IAOD28 (top) and
IAOD16 (bottom) means around AERONET locations. Colourscale indicates the mean
AERONET derived Angström coefficient of observation. Vertical and horizontal error bars
indicate ±σ in the time of data used to obtain mean AERONET value and in space for
mean IAOD values.

presence; typically α< 0.2 corresponds to a strong dust event. There is a marginal increase

in the r correlation coefficient for IAOD28 (r = 0.84) compared to IAOD16 (r = 0.81) with

AERONET. The most notable difference between the datasets is the higher bias of 0.10 for
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IAOD28-AERONET compared to 0.01 for IAOD16-AERONET. This increase in bias is in

the same direction as expected from the extended window period however, unfavourably

it suggests an overestimation as compared to AERONET. Overall the fit statistics do not

suggest an improvement with the extended ∆W; the RMSD values are identical. Focus-

ing only on the data points with Ångstrom coefficient< 0.2 in Figure 5.5, the scatter does

seem reduced in these data for IAOD28 compared to IAOD16 although this coincides with

IAOD28 consistently overestimating compared to AERONET.

Summary

Overall the comparison between IAOD28 and IAOD16 with AERONET suggested that

extending ∆W beyond 16 days does not improve the success of the retrieval. The bias

was actually found to be smaller when the shorter window was employed and there was no

obvious difference at high or low AODs or those which were more likely to be associated

with strong dust events.

The AERONET based study suggested that the assumption that a longer window period

would enhance the opportunity for selecting a quasi-pristine day which is as near to pristine

as ever evident in North Africa is only valid up to ∆W ≈ 15 days. The aim of this aspect

of the study was to check that this finding was corroborated by a similar null-result when

∆W > 15 days in the actual SEVIRI retrieval. It has been shown that the mean quasi-

pristine AOD at AERONET sites is not notably lowered by extending ∆W and although

higher AODs are retrieved when ∆W = 28 rather than ∆W = 16; this did not coincide

with increased agreement with the ‘gold-standard’ AERONET measurements. The ele-

vated AODs from IAOD28 actually showed an increased bias with AERONET. Extending

∆W may increase the error in the retrieved AOD due to atmospheric conditions changing

considerably over a month and therefore the absolute uncertainty in ∆TB108p (atmospheric

correction) would be larger and impact negatively on the retrieval.

Thus, in consideration of improving the efficiency of the algorithm whilst minimising

the uncertainty in the retrieved AODs it is proposed that ∆W = 16 should be used when

implementing the retrieval algorithm.
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5.2 Model fields

It is important to ascertain whether the retrieval success is consistent regardless of the atmo-

spheric field data source; the following section details the analysis of the retrieval algorithm

output when using MetUM atmospheric fields for surface temperature and column water

vapour. Similar to the discussion in Section 5.1, the retrieved AODs from this run (denoted

as MAOD) are initially compared with IAOD16 (from now on referred to as IAOD) which

used ECMWF operational analyses atmospheric fields. This provides information on the

bias and variability entirely associated with using different atmospheric input data. Fol-

lowing this, IAOD and MAOD are compared separately against the co-located AERONET

observations to determine whether either set of atmospheric fields actually provides a more

successful retrieval.

The setup of the retrieval algorithm run was identical for MAOD as for IAOD; NWS-

CAF and GERB operational cloud flags, ∆W = 16 and the data was processed for 20-

29/06/07 at 0900, 1200 and 1500 UTC.

5.2.1 Results & discussion

The use of different atmospheric model fields may affect a retrieval via:

- Selection of a different quasi-pristine sky day resulting in different TB108max and

∆TB108p and therefore altering the residual dust signals, ∆TB108d and ∆TB134d.

- Even if the same quasi-pristine sky day is selected, the atmospheric correction term,

∆TB108p would probably be altered as the models are unlikely to have identical CWV

and Tsfc fields. Thus, the residual dust signals, ∆TB108d and ∆TB134d would be dif-

ferent.

Both of these effects may lead to either an increase or decrease in the retrieved AOD.

Figure 5.6 shows the comparison of every valid pixel from MAOD and IAOD for the

entire observing period at 0900, 1200 and 1500 UTC. During the algorithm development,

Brindley and Russell [78] showed that applying an atmospheric correction improved the

RMSD between AERONET observations and SEVIRI derived AOD (at 670 nm) from 0.40
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Figure 5.6: Density scatterplots showing level of agreement between MAOD and IAOD for
GERBILS period using an AOD binsize of 0.04. Colourscale indicates number of matched
pixels.

to 0.29 and the best fit correlation from 0.78 to 0.89 for the period March-Aug 2006 using

ECMWF fields. Thus, the purpose of this study is to determine whether the use of different

model fields introduces uncertainty or variability which negates the benefits of including

the atmospheric correction term in the retrieval.

The data in Figure 5.6 shows a strong correlation betwen MAOD and IAOD although it

is noticeably lower at 0900 with r = 0.77 compared to≈ 0.87-0.88 at 1200 and 1500 UTC.

Encouragingly, there is a negligible bias between the retrievals which indicates that overall

the use of different model fields has minimal impact on the retrieved AOD. The RMSD is

between 0.2 and 0.28 for all times which is comparable to the variability between AERONET

and IAOD observations in Brindley and Russell. This suggests that some of the variability

between AERONET and IAOD may be due to the model fields. Thus, it implies a limit

on the RMSD and fit correlation achievable for product validation with AERONET obser-

vations, as it has been shown that the inclusion of different data from ECMWF and UM

involves inherent uncertainty itself.

The maximum difference between MAOD and IAOD in Figure 5.6 is reduced as the

AOD (from MAOD or IAOD) increases. This feature is to be expected because as the dust

loading increases, the relative importance of the atmospheric correction term, ∆TB108p, and

thus the impact of its associated uncertainty, diminishes compared to the increasing dust
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signals, ∆TB108d and ∆TB134d. However, at 0900 an IAOD of 1.0 coincides with MAOD

with a range of 0.0-2.0 which is not an inconsiderable discrepancy.

Figure 5.7: Relative frequency histograms of MAOD-IAOD mean pixel bias (top row) and
rms (bottom row) at 0900 (left), 1200 (middle) and 1500 UTC (right).

The data in Figure 5.6 includes every valid pixel retrieval during the observing period

and therefore gives additional weighting to spatial regions which have a greater number of

valid observations ie. consistently cloud-free. In an attempt to account for this potential

bias, the mean difference betwen IAOD and MOAD for each pixel was calculated provided

there was at least one valid observation; the bias and RMSD is shown in Figure 5.7. Thus

each pixel (location) only contributes once to the overall statistics. This analysis shows

that MAOD is slightly higher than IAOD with positive biases of 0.080, 0.081 and 0.058

at 0900, 1200 and 1500 UTC respectively. These biases are higher than those for the ‘all

pixels’ comparison (biases< 0.025) and suggests that, as any spatial sampling bias has been

removed, there are regions where MAOD and IAOD may markedly differ. The RMSD for

each dataset are similar to the ‘all pixels’ comparison.
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It is important that regional dust events on the scale of 10-102 km have accurate optical

depths assimilated into NWP models. The data in Figure 5.7 is mapped in Figures 5.8 and

5.9 to ascertain whether there are specific regions which show a greater dependence on the

model field employed in the retrieval.



5.2. MODEL FIELDS 148

F
ig

u
re

5.
8:

L
ef

t:
M

ea
n

M
A

O
D

-I
A

O
D

bi
as

as
in

di
ca

te
d

by
co

lo
ur

sc
al

e
fo

r
G

E
R

B
IL

S
pe

ri
od

at
09

00
an

d
12

00
U

T
C

(t
op

,
bo

tto
m

)w
ith

A
E

R
O

N
E

T
si

te
s

m
ar

ke
d

by
bl

ac
k

ci
rc

le
s.

R
ig

ht
:M

A
O

D
-I

A
O

D
rm

s
w

ith
A

E
R

O
N

E
T

si
te

s
m

ar
ke

d
by

re
d

ci
rc

le
s.



CHAPTER 5. FACTORS AFFECTING ASSIMILATION 149

F
ig

u
re

5.
9:

L
ef

t:
M

ea
n

M
A

O
D

-I
A

O
D

bi
as

as
in

di
ca

te
d

by
co

lo
ur

sc
al

e
fo

r
G

E
R

B
IL

S
pe

ri
od

at
15

00
U

T
C

w
ith

A
E

R
O

N
E

T
si

te
s

m
ar

ke
d

by
bl

ac
k

ci
rc

le
s.

R
ig

ht
:M

A
O

D
-I

A
O

D
rm

s
w

ith
A

E
R

O
N

E
T

si
te

s
m

ar
ke

d
by

re
d

ci
rc

le
s.



5.2. MODEL FIELDS 150

The regions of high bias and RMS differences at the southern edge (∼ 12◦N) of the

data in the Sahel are likely to be due to misidentification of cloud edges in the model fields

which would result in the Tsfc and CWV data including the effects of clouds even though

the NWC-SAF mask has determined that these pixels are cloud-free. Residual pixels which

have not been removed by the cloud mask would lead to spurious AOD retrievals. This

problem could be minimised by dilating the cloud field and masking out a small number of

additional pixels on the edge of each cloud classified region.

Considering the data presented in Figures 5.8 and 5.9, it is evident that there are more

regions of significant high and low bias and associated elevated RMSD values at 0900 UTC

than later in the day which is consistent with the lower correlation coefficient at 0900 UTC

as shown in Figure 5.6. There are two large regions of negative bias (IAOD>MAOD)

located in Algeria and Niger (referred to as A- and N-). A- remains present throught the

day although its location progresses eastward. A- is located in the general region of the

Air Mountains (see Figure 4.2) whilst N- is found to be in an area of particularly high

surface reflectance exceeding 45% (see Chapter 6, Figure 6.15). N- diminishes in size

from 0900 UTC to 1200 UTC and is only minimally evident by 1500 UTC. Very high bias

(> 0.4) regions of considerable size are only evident at 0900 and 1200 UTC; these regions

in Western Sahara and Mauritania are not associated with either high surface reflection,

elevation or particular surface features.

There does not seem to be a particular surface feature or condition attributable to

the regions which show consistently high bias and RMSD between MAOD and IAOD

which may have a different impact on the atmospheric fields in the ECMWF and UM

datasets. The agreement between the model field Tsfc and CWV are now considered (see

Figures 5.10, 5.11, 5.12 and 5.13).
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It is important to note that a consistent bias over time between the ECMWF and UM

datasets would not lead to discrepancy between MAOD and IAOD, as the retrieval method

is dependent on the difference between atmospheric conditions on the retrieval and quasi-

pristine day. MAOD and IAOD would retrieve similar AODs throughout June 2007 pro-

vided the Tsfc and CWV fields followed the same trend regardless of their absolute value.

The impact of Tsfc and CWV are considered separately in relation to the relative magnitudes

of the terms in Equation 2.1.

CWV typically ranges from 30-50 gm−2 and Tsfc from 300-320 K. The cn coefficients

in Equation 2.1 quantify how the brightness temperature in the 10.8µm changes as the

atmospheric variable changes. cn are a function of θz with the values of order; c1∼ 0.9

(∆Tsfc) and c2 ∼ −0.2 (∆CWV). Thus, changes in Tsfc are likely to dominate the overall

atmospheric correction term, ∆TB108p.

Firstly, the CWV field in Figures 5.12 and 5.13 is considered. CWV shows very little

time dependency with the bias and RMS maps being virtually identical at 0900, 1200 and

1500 UTC. Encouragingly, the RMS is small at ∼ 3 gm−2 which would propagate through

to the atmospheric correction term as follows:

∆TB108p (due to CWV) = c2 ×∆CWV ≈ 3×−0.2 = −0.6 K (5.1)

Therefore, the variability in CWV model fields between UM and ECMWF is unlikely

to lead to the marked discrepancies between MAOD and IAOD.

The obvious feature in Figures 5.12 and 5.13 is the anomalous region in Southern Chad

where UM has a low bias of up to 30 gm−2. Consideration of CWV maps for a single time

step indicate that this discrepancy is due to a disagreement between the UM and ECMWF

regarding the location of the border within Chad between barren and open forest land types.

ECMWF has the barren and much drier atmosphere changing to a wetter atmosphere at a

higher latitude than the Unified Model. Whilst this is interesting to note it should not affect

the retrievals significantly as the feature is consistent throughout June 2007 and therefore

the absolute difference in CWV between retrieval and quasi-pristine day is not adversely

affected. It is also in a region which is consistently removed from the retrieval due to the

presence of persistent cloud.
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c1 is much higher than c2 which indicates a much higher sensitivity to changes in Tsfc

than in CWV. Thus, although ∆Tsfc'∆CWV it propagates through to a larger atmospheric

correction.

∆TB108p (due to Tsfc ) = c1 ×∆Tsfc ≈ 3× 0.9 = 2.7 K (5.2)

This is almost 5 times larger than the CWV impact. Propagating these errors to deter-

mine how they affect the retrieved AOD from Equation 2.4 is complex due to the numerous

dependencies in the algorithm. However, an error in ∆TB108p of ∼ 1 K would likely only

change the retrieved AOD by up to 0.2 whilst an error of ∼ 3 K would result in the AOD

changing by up to 0.7.

Thus, it seems likely that variations in Tsfc dominate the difference between MAOD and

IAOD. Figures 5.10 and 5.11 suggests that there is a notable local time of day dependency

on the agreement between UM and ECMWF skin temperature data. At 0900 and 1500 UTC

there is a UM high bias > 5K at the largest solar zenith angle in the East and West respec-

tively. At 1200 UTC the model fields are in good agreement with a small high bias (< 5 K)

over the Sahara and an equivalent cool bias over the Sahel. The pixel RMSD at 1200 UTC

is also small which suggests that the fields show similar trends through the month. The

0900 UTC RMSD map clearly shows increased variability compared to 1200 UTC and

1500 UTC in east Africa. The probable cause of the lower MAOD and IAOD correlation

at 0900 UTC (see Figure 5.6) is the skin temperatures from the two datasets not exhibiting

similar day to day variability, as evidenced by the slightly higher RMSD at this time.

Although it seems likely that the higher RMSD in Tsfc between ECMWF and UM

fields is related to the lower agreement observed at 0900 UTC in the retrieved AODs, there

is no obvious spatial agreement between the regions of high bias and RMSD seen in the

retrieved AOD and those in the model fields. Similarly, it is difficult to match particular

model disagreement regions with associated AOD differences at other times of day. This

highlights the complexity of how various different inputs and their uncertainties propagate

through to the final retrieved AOD. It has not been possible to identify particular regions

where the use of different model fields is likely to introduce a consistently higher bias or

RMSD than Brindley and Russell [78] calculated when employing the retrieval without the
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atmospheric correction.

As mentioned previously, the atmospheric fields also impact on which day is selected as

quasi-pristine. Over the GERBILS observing period, MAOD and IAOD only selected the

same quasi-pristine day from identical brightness temperature data for 38% of pixels. Con-

sidering the strong agreement and correlation coefficient of ∼ 0.80 between the retrieved

AODs, this suggests that the algorithm is successful in distinguishing the dust signal from

that due to changes in atmospheric conditions and thus different atmospheric data sources

do not significantly affect the retrieval.

5.2.2 Comparison of MAOD and IAOD with AERONET observations

The current findings suggest that there should be minimal difference in the agreement be-

tween MAOD and AERONET AOD, and IAOD and AERONET AOD. The comparisons

AODs are the mean AODs from all cloud free pixels within a 5× 5 pixel box around the

AERONET site at 0900, 1200 and 1500 UTC for each day in the observing period. The

mean of the cloud free pixels is calculated provided that there are 2 or more valid pixels.

Figure 5.14 firstly directly compares the MAOD and IAOD datapoints over the AERONET

sites as a brief check that the behaviour of the sample is not greatly different to that seen

in the complete dataset. In the left hand plot the datapoints are distinguished via the

AERONET site and in the right hand side by the AERONET derived Ångstrom coefficient.

The correlation coefficient is high at 0.80 and the RMSD is similar to the comparison

over the whole of North Africa. At Tamanrasset (orange), IAOD consistently overesti-

mates compared to MAOD with the opposite bias apparent at Ras El Ain (purple). The

AERONET locations are indicated on Figure 5.8; Tamanrasset (22.7◦N, 5.5◦E) and Ras El

Ain (31.7◦N, 7.6◦W) are located in regions of particularly high model bias and RMSD for

the GERBILS period which reinforces the limitations of point-based measurements with

so few sites in North Africa.

Discriminating by the AERONET derived Ångstrom coefficient at the retrieval time, it

is evident that the standard deviation of 5× 5 pixel MAOD and IAOD is markedly reduced

when the aerosol is highly likely to be dust dominated (α< 0.2 and relatively high AODs);

the retrieved AODs are also in much greater agreement. As expected, this indicates that the
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Figure 5.14: Scatterplot of IAOD16 and MAOD16 with error bars indicating ±σ of
data. Upper plot is coloured corresponding to the AERONET site of retrieval and lower
is coloured according to the AERONET derived Angström coefficient at time of observa-
tion.

retrieved AOD is less affected by variations in the model fields in high dust loading condi-

tions. Retrievals of MAOD< 0.3 exhibit the greatest discrepancy with IAOD which again

is likely due to the lower reliability of the SEVIRI algorithm for low aerosol loadings due

to the smaller size of the residual dust signal compared to the model field signal. Also, (see
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Figure 5.15: Scatterplot of AERONET AOD and MAOD16 with error bars indicating ±σ
of data. Symbols coloured according to the AERONET derived Angström coefficient at
time of observation.

Table 4.1) the AOD retrieved for Ångstrom implied dust-free days at these sites is typically

0.2-0.3 and therefore the MAOD retrieved values of < 0.1 are unlikely to be realistic.

In Figure 5.15 the correlation coefficient between MAOD and AERONET is 0.75 com-

pared to 0.81 for IAOD and AERONET. MAOD also exhibits a larger bias with a mean

overestimation of 0.11 compared to AERONET. Overall, MAOD shows greater variabil-

ity in low dust loading (AERONET τ055< 0.3 and high α) than IAOD however, there is

minimal difference between the success of the retrievals at the higher AERONET AODs.
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5.2.3 Conditions on retrieval

Following the research contained in this chapter, a number of possible conditions on the

retrieval are suggested below with the aim of removing the data which has been identified

as less reliable.

Retain retrievals if:-

i. Retrieved τ055 > 0.2

ii. ∆TB108p

∆TB108d
< 2.0

iii. Both conditions applied simultaneously; retrieved τ055 > 0.2 and ∆TB108p

∆TB108d
< 2.0

Condition i. should remove the datapoints which were shown to have the greatest dis-

agreement when different model fields were employed as they are likely to be most influ-

enced by the model fields rather than the presence of dust.

Condition ii. again removes datapoints when the atmospheric correction signal domi-

nates the residual dust signal and thus uncertainties in the model fields can strongly affect

the retrieved AOD. This condition also removes datapoints when ∆TB108p is not large in

absolute terms but is large relative to a particularly small ∆TB108d ie. low dust loading

conditions.

Condition iii. applies both of the above conditions together. The effects from applying

these conditions on the intercomparisons of MAOD, IAOD and AERONET data are shown

in Figures 5.16 and 5.17.

- Condition i. There is a slight increase in the correlation coefficient between MAOD

and IAOD, as the data points which showed the largest discrepancy due to different

model fields have been removed. The outlying points where both IAOD and MAOD

underestimate compared to AERONET measurements are removed; the overestima-

tions are unaffected.

- Condition ii. The number of points where MAOD and IAOD are in significant

disagreement is considerably decreased and again the instances when the retrieved

AODs underestimate compared to AERONET measurements are frequently removed.

However, the datapoints where the retrieval is biased very high are unaffected.
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- Condition iii. Employing both conditions removes approximately 30% of the data-

points and marginally improves the correlation coefficient for all comparisons. The

magnitude of the bias is slightly increased whilst the RMSD is mainly unaffected.

The results in Figures 5.16 and 5.17 suggest that although these thresholds do not rep-

resent an increased agreement with AERONET in terms of the correlation coefficient or fit

compared to the unmodified data, it is clear by inspection that outlying points are removed

from the data and therefore there is some benefit in their application. A larger AERONET

dataset and longer time period would be required for a more conclusive study.

Summary

Large scale comparisons showed minimal differences between MAOD and IAOD. Al-

though only a limited ground based network of observations are available to test these

inferences, the results look consistent with only minimal difference between the success of

the retrievals, particularly at high AERONET AODs. There is a suggestion that retrievals

using ECMWF operational analyses provide better agreement with AERONET than those

using surface temperature and column moisture fields from the UM. However, most of

the variability in both datasets is seen at low dust loadings. Since using the two differ-

ent sources of atmospheric data does not appreciably change the derived quantities, the

retrieval algorithm appears robust to variations in the input data. However, if a different

source was used with different variability this may not hold.



5.2. MODEL FIELDS 162

F
ig

u
re

5.
16

:
Sc

at
te

rp
lo

ts
sh

ow
in

g
ag

re
em

en
t

be
tw

ee
n

(l
ef

t
co

lu
m

n)
M

A
O

D
16

an
d

IA
O

D
16

,
(m

id
dl

e
co

lu
m

n)
IA

O
D

16
an

d
A

E
R

O
N

E
T

A
O

D
,a

nd
(r

ig
ht

co
lu

m
n)

M
A

O
D

16
an

d
A

E
R

O
N

E
T

A
O

D
w

he
n

di
ff

er
en

tc
on

di
tio

ns
ar

e
ap

pl
ie

d.
To

p
ro

w
:c

on
di

tio
n

(i
.)

an
d

bo
tto

m
ro

w
:

co
nd

iti
on

(i
i.)

.
Se

e
te

xt
fo

r
ex

pl
an

at
io

n
of

co
nd

iti
on

s.
D

at
a

fr
om

09
00

,
12

00
&

15
00

U
T

C
fo

r
en

tir
e

ob
se

rv
in

g
pe

ri
od

.



CHAPTER 5. FACTORS AFFECTING ASSIMILATION 163

F
ig

u
re

5.
17

:
Sc

at
te

rp
lo

ts
sh

ow
in

g
ag

re
em

en
t

be
tw

ee
n

(l
ef

t
co

lu
m

n)
M

A
O

D
16

an
d

IA
O

D
16

,
(m

id
dl

e
co

lu
m

n)
IA

O
D

16
an

d
A

E
R

O
N

E
T

A
O

D
,a

nd
(r

ig
ht

co
lu

m
n)

M
A

O
D

16
an

d
A

E
R

O
N

E
T

A
O

D
w

he
n

co
nd

iti
on

(i
ii.

)
is

ap
pl

ie
d.

Se
e

te
xt

fo
re

xp
la

na
tio

n
of

co
nd

iti
on

s.
D

at
a

fr
om

09
00

,1
20

0
&

15
00

U
T

C
fo

re
nt

ir
e

ob
se

rv
in

g
pe

ri
od

.



164

Chapter 6

Direct Radiative Effect of Mineral Dust

Aerosol over North Africa during June

2007

The perturbative influence of atmospheric aerosols on the Earth’s radiation balance has

long been discussed with studies such as Coakley and Chylek [29], Coakley et al [28] and

Charlson et al [121] explaining the theoretical SW effects using a two-stream approxima-

tion to the equation of radiative transfer. Developments in computational technology have

allowed climate models to become significantly more complex and the inclusion of region-

ally varying aerosol climatologies and optical properties has allowed the Direct Radiative

Effect (DRE) of aerosols in the atmosphere to be estimated. Similarly, the advances in

satellite technology and sensors over the past decades have enabled aerosol optical depth

and solar and longwave fluxes to be measured at the TOA which has allowed research into

the quantification of the DRE of aerosols empirically. However, the co-location of SEVIRI

and GERB instruments onboard a geostationary satellite providing continuous validated

aerosol optical depth measurements above the bright Sahara desert surface along with LW

and SW broadband radiative fluxes presents one of the first opportunities for a purely em-

pirical derivation of the SW, LW and net DRE. The significant benefit of geostationary

measurements is the temporal information implicit in the observations and as a conse-

quence of this, the DRE can be obtained across a large range of solar zenith angles over the
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same location.

In this chapter previous research into the SW and LW DRE of mineral dust aerosol is

reviewed along with the various methods which have been used to quantify the effects. The

methodology used in this study to provide estimates of DRESW and DRELW using GERB

and SEVIRI data is explained and the results are presented followed by a discussion of

the findings with particular attention to the dependency of TOA heating and cooling on the

aerosol optical depth, underlying surface reflectance and solar zenith angle.

The direct radiative effects of mineral dust in the longwave and shortwave parts of

the spectrum are initially considered separately due to their different methods of calcu-

lation and also due to many studies only considering either the SW or LW component

alone. DRELW has received less attention partly due to the small radiative effect in the LW

of fine-mode anthropogenic aerosols however, with recent studies highlighting the impor-

tance of the coarse mode in desert dust aerosol there has been an increase in associated

research [122]. There is also the obvious diurnal variation in DRE components; solar ra-

diation is only apparent during daylight hours whilst thermal emission from the Earth is

continuous and thus the net effect only consists of DRELW during the night. During the

daytime the net effect is a combination of DRESW and DRELW which are often opposite

in sign however, there is considerable discussion on the relative contributions of each ef-

fect particularly over desert surfaces. For example, Highwood et al [99] determined from

airborne measurements that the change in terrestrial radiation due to a specific dust storm

was only 10% of that in the solar part of the spectrum whilst Yang et al [123] used satel-

lite observations to conclude that DRESW is negligible over albedos consistent with desert

surfaces.

The research contained within this chapter aims to contribute to the discussion on the

relative importance of DRESW and DRELW. The studies referred to and the results shown

are all associated with DRE under cloud-free conditions in the daytime; the interaction

between dust and cloud is complex with dependencies on the relative altitudes of the layers

and it is first necessary to reduce the uncertainty in DRE estimates under clear skies [124].



6.1. LONGWAVE DIRECT RADIATIVE EFFECT 166

6.1 Longwave direct radiative effect

6.1.1 Previous studies

Mineral dust aerosol generally exhibits a TOA warming effect in the longwave during the

daytime; the presence of a dust layer leads to less outgoing longwave radiation (OLR) than

under clear sky conditions due to it emitting at a lower temperature than the underlying

surface.

The longwave direct radiative effect at TOA is defined as:

DRELW = F↑LW clear − F↑LW dusty (6.1)

Calculation of DRELW requires knowledge of each of the quantities on the right hand

side of Equation 6.1. F↑LW dusty can be measured however, the main difficulty is in de-

termining what the OLR would be at the same location and time under the same meteoro-

logical conditions without the presence of dust, F↑LW clear. The radiative effects of aerosol

are often quoted as efficiencies, DRELWeff with units Wm−2/τ, or the change in flux per

unit AOD. Initial studies using satellite observations eg. Hsu et al [125] and Zhang and

Christopher [126] estimated DRELWeff by simply plotting LW fluxes against co-located

AOD measurements and inferring an efficiency from the gradient.

Hsu et al combined aerosol information from TOMS with TOA radiation measurements

from the Earth Radiation Budget Experiment (ERBE) during Feb-July 1985 in one of the

first studies to use empirical data to estimate DRELW over the Sahara. Initially they showed

that there was a clear negative correlation between TOMS AI and the OLR with a reduction

in TOA OLR of up to 50 Wm−2 over Niger under high dust loading conditions. TOMS AI

indicates high aerosol loading although it is not a measure of AOD and therefore cannot

be used directly to calculate DRELWeff . Hsu et al considered the AI to be proportional to

AOD as measured at ground based AERONET sites and thus converted the DRELW per

unit AI into DRELWeff over the AERONET sites after deriving the relationship between

AI and AOD. Values of 32 Wm−2/τ over land in February and 36 Wm−2/τ over land in

July were obtained and 20 (24) Wm−2/τ over ocean in February (July). The difference

in these results highlights the effect of underlying surface temperature on DRELW with a
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seasonal increase in temperature from February to July and also the land-ocean difference.

Hsu et al recognised that this method is too simplistic, as differences in LW fluxes due

to changes in atmospheric and surface properties including surface temperature and the

vertical distribution of water vapour between measurements were not considered. The

qualitative effects of various parameters on DRELWeff are shown in Table 6.1.

Parameter Effect of increasing
parameter on DRELWeff

Explanation

Altitude of
dust layer

DRELWeff increases Dust layer now emits at a colder
temperature and consequently water vapour
absorption above the dust layer is reduced

Water vapour
loading

DRELWeff decreases Absorption due to water vapour above the
dust later increases. Size of effect is
dependent on dust & water vapour height
profile

Surface
temperature

DRELWeff increases The equivalent clear sky LW flux increases
due to higher emission temperature

Table 6.1: The effect of increasing various parameters on DRELWeff under the condition
that all other variables remain constant.

The relative sensitivity of brightness temperatures in the mid-IR to these parameters is

considered using the MODTRAN radiative transfer code. Figure 6.1 compares the ERA

data with that obtained from instruments onboard the aircraft for the atmospheric profile

during B296 P2. The temperature profiles are in particularly good agreement and although

there is some disagreement between the absolute values of specific humidity at the lowest

altitudes, both data sets agree in the general trend. For the purposes of this sensitivity study,

it is the variation in the output as parameters are changed which is important and therefore

this comparison suggests that the ERA data is overall representative of a desert atmosphere.

The potential impact of the altitude of the dust layer, AOD and water vapour loading to

the brightness temperatures over the wavenumber range 800 - 1600 cm−1 is shown in Fig-

ure 6.2 for a dust layer overlying a desert sandstone surface. MODTRAN radiative transfer

code was used with the atmospheric profile of B296 P2 from the GERBILS flight campaign

specified from ERA data (Figure 6.1) assuming an aerosol profile which is constant with
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Figure 6.1: GERBILS and ERAinterim atmospheric profile data for profile 2 from flight
B296 used for input into MODTRAN radiative transfer code.

height. The single scattering properties of the aerosol were determined using Mie code for

n = 1.52 + 0.00147i using the Volz spectral variation and integrated over the GERBILS

size distribution (Table 3.2). Firstly the impact of varying the dust loading is considered

(top right), increasing the AOD from 0.75 to 2.5, as expected, leads to a much greater de-

pression in the brightness temperatures as compared to pristine sky conditions. The impact

of changing the dust loading from 0.75 to 2.5 is comparable to that of varying the altitude of

the dust (AOD = 1.5, top left) from 899m to 4159m which clearly shows how the radiative

efficiency of dust in the LW will be very sensitive to the altitude of the dust layer. It is ev-

ident that varying the magnitude of the specific humidity by up to 10% whilst maintaining

the same atmospheric profile results in only a small change in the brightness temperature

difference between clear and dusty conditions for a fixed altitude and dust loading. A vari-

ation in the specific humidity profile such as increasing the water vapour above the dust

layer whilst keeping the amount below the dust layer constant would likely cause a greater

effect.
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Following the small sensitivity study, further previous studies of DRELW are now con-

sidered. Zhang and Christopher [126] exploited recent developments in satellite retrieval of

aerosol measurements to determine the DRELW of Saharan dust aerosol for September 2000

using observations from instruments onboard Terra [www.nasa.gov/mission pages/terra/in

dex]. MODIS (MODerate resolution Imaging Spectroradiometer) [http://modis.gsfc.nasa.

gov] was used for cloudscreening, MISR (Multi-angle Imaging SpectroRadiometer) [http

://www-misr.jpl.nasa.gov] for AOD retrieval and radiances measured by CERES (Clouds

and Earth’s Radiant Energy System) [http://ceres.larc.nasa.gov] were converted to fluxes.

MISR is in a sun-synchronous orbit and takes approximately 16 days before it returns to

exactly the same location under nominally identical angular conditions; this reinforces the

benefits of now having geostationary sensors able to measure both AOD and fluxes. Using

similar methodology to Hsu et al, a mean longwave warming effect over North Africa of

15 Wm−2/τ compared to clear sky conditions for September 2000 was calculated. When

the LW flux perturbation was considered over smaller specific latitude/longitude regions

the DRELWeff was found to vary between 1 and 21 Wm−2/τ . Zhang and Christopher at-

tributed this variability to differences in surface and atmospheric conditions in the regions

and stated that collocated observations of surface temperature, water vapour content and

aerosol extinction scale height were all critical to future dust forcing studies that utilise

broadband satellite observations.

Zhang and Christopher also considered the feedback of DRELW on local surface tem-

perature. An elevated dust layer reduces outgoing LW radiation compared to a pristine

sky as it emits at a lower temperature compared to the surface during the daytime. Their

sensitivity study using radiative transfer modeling suggested that the local DRELW doubled

when the surface temperature increased from 300 K to 316 K for a fixed aerosol layer alti-

tude. This demonstrates the climatic important of aerosol studies particularly over regions

with high surface temperatures.

Hansell et al [127] modeled the OLR in dusty and pristine conditions which negates

the problem of changing atmospheric and surface conditions. They used radiance mea-

surements from the Atmospheric Emitted Radiance Interferometer to retrieve AOD and

temperature and moisture profiles at Cape Verde in September 2006 for input into a 1D ra-

diative transfer code. They determined a strong linear correlation of 0.88 between AOD and
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DRELW which gave an efficiency of 13 Wm−2/τ but highlighted that, although atmospheric

effects were now removed, modeling the dust effect introduces potential uncertainties due

to the size distribution and particularly the coarse mode description of the input aerosol.

Figure 6.3: Estimated AOD versus TOA LW flux as a function of thermal emittance nor-
malised to the surface temperature of 300K. The atmospheric water content is presented via
different coloured lines. The standard error for the LW fluxes are shown for water content
of 2 gcm−2. From Yang et al [123].

Yang et al [123] investigated longwave radiative effects accounting for variations in at-

mospheric water vapour content and surface temperature with data entirely from satellite

observations. The development in AOD products over bright surfaces since some of the

earlier studies discussed here has allowed authors to use MISR retrievals over the Sahara.

However as noted earlier, due to its narrow swath width MISR does not provide daily ob-

servations and TOMS AI was used in a manner similar to other studies mentioned earlier to

increase spatial coverage. The relationship between TOMS AI and MISR AOD was derived

using collocated observations and then AI values outside of this region were converted to

(estimated) AOD; this introduces uncertainty into the AOD. CERES radiative flux data was
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used to quantify the radiative effects and the precipitable water, surface temperature and

emissivity were adapted from the CERES dataset. The data was then binned according

to AOD, skin temperature, surface albedo and atmospheric water content in order to ob-

tain aerosol-only signals. Yang et al’s results supported the theory that DRELW increased

with increasing surface thermal emittance and decreased with precipitable water (see Fig-

ure 6.3). They estimated a DRELWeff of 24.3± 1.3 Wm−2/τ for precipitable water of 2.0

and a typical thermal emissivity of a surface temperature of 300K.

The sample of studies into longwave radiative effects over the Sahara desert detailed

above has exhibited the range of methods which have been developed to determine DRELW

and DRELWeff . There are two clear points highlighted by the studies; firstly, the necessity

for an AOD retrieval product over bright surfaces and corresponding fluxes from a geo-

stationary platform and secondly, the importance of CWV and Tsfc observations to enable

the dust only signal to be separated from atmospheric effects between dusty and clear-sky

days.

Slingo et al [88] produced one of the first studies using geostationary data for flux

observations from GERB and also dust presence from SEVIRI to consider DRELW over the

whole of North Africa for a major Saharan dust storm in March 2006. The SEVIRI RGB

dust product was used to identify areas of high dust loading where in a false-colour image

derived from three infrared channels (12.0, 10.8 and 8.7µm) mineral dust appears pink or

magenta (see Figure 6.4). OLR was derived from GERB broadband radiances.

In Figure 6.4 there are deep minima in OLR due to clouds (blue or grey) but there

are also lesser minima (green) which are to the south and west of the mountains which

correspond to the pink regions of dust in the upper RGB image. The authors suggested that

the densest patches of dust reduced OLR by around 30 Wm−2. The study further showed

the evolution of the OLR across the region as the dust storm progressed exploiting the

capabilities of constant coverage from GERB. Although the study by Slingo et al allowed a

dust storm to be tracked it is limited as AOD observations were not available and therefore

DRELWeff could not be estimated. Also, no attempt was made to separate the changes in the

atmospheric state from those caused by the dust itself.

Brindley [128] addressed these key issues by introducing a methodology that could be

employed over bright surfaces using SEVIRI data to derive AOD and the longwave direct
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Figure 6.4: (a) Dust product for 1200 GMT on 8 March 2006. False-color image cre-
ated using algorithm from EUMETSAT which colors red the difference beween 12.0 and
10.8µm channels, green the difference between the 10.0 and 8.7µm channels and blue the
10.8µm channels. Dust appears pink or magenta, water vapour dark blue, thick high-level
clouds red-brown, thin high-level clouds almost black and surface features pale blue or
purple. (b) OLR (Wm−2) derived from GERB broadband radiometer. The Hoggar (H), Air
(A) and Tibesti (T) mountain ranges are indicated. Niamey is marked by a cross. From
Slingo et al [88].

effect from GERB observations. Crucially, the effects of variability in the background

atmospheric state on both the narrow and broadband dust signals were considered and a

technique was developed to correct for these effects. The AOD was determined via the

method outlined in Section 2.1 whilst a very similar technique was used for DRELW.

Analogous to Equation 2.2, the change in OLR due to dust loading alone, ∆OLRdust, is

given by:

∆OLRdust = (OLRmax + ∆OLRp)− OLRr (6.2)

where OLRmax is the OLR on the quasi-pristine day, ∆OLRp is the atmospheric cor-

rection term between retrieval and quasi-pristine days and OLRr is the measurement on the

day of retrieval.

Analogous to Equation 2.1, the change in outgoing LW radiation due to the differences

in background atmospheric conditions on the quasi-pristine day and retrieval day is given

by:

∆OLRp = b1 x ∆Tsfc + b2 x ln

[
LTH

LTHmax

]
+ b3 x ln

[
UTH

UTHmax

]
(6.3)
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Figure 6.5: LW forcing as a function of τ067, with and without correction accounting for
atmospheric conditions applied to pristine-sky OLR. From Brindley [128].

where LTH (lower tropospheric humidity) and UTH (upper tropospheric humidity) are

defined as the mean relative humidities from 1000-500 hPa and 500-200 hPa respectively on

the retrieval day. LTHmax and UTHmax are associated with the quasi-pristine day and ∆Tsfc

is the change in surface temperature between retrieval and pristine days; values are taken

from ECMWF ERA interim data (Brindley originally used ECMWF operational analyses).

The coefficients b1, b1 and b3 are determined from simulations of ∆OLRp under varying

atmospheric conditions.

Applying this technique to observations made over the Banizoumbou AERONET site in

March-June 2006, Brindley found a midday DRELWeff of 17± 5 Wm−2τ−1 (see Figure 6.5).

The reduction in scatter for the corrected compared to the uncorrected data clearly shows

the benefit of the atmospheric correction technique. Although this technique is a consid-

erable advance in attempting to correct for possible LW uncertainties it still assumes a

constant emissivity during the pristine to retrieval period and that aerosol is always effec-

tively lofted to the same altitude. Brindley states that the former assumption is generally

reasonable given the limited variability seen in retrieved surface emissivities but that it may

break down briefly after a heavy rain event or over periods of significant change in vegeta-

tion extent. It is stated further that the altitude assumption is likely to be the reason behind

much of the spread seen in the relationship in Figure 6.5 and that simulations of a dust layer

altitude shift of ∼1 km altered IR brightness temperatures by up to 2.5 K. Hsu et al [125]

stated that the height of the Saharan dust layer changes from winter to summer although

for a given location the dust-plume heights are reasonably consistent on a seasonal basis;
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the dust layer height was most likely between 0.5 and 3 km in winter and between 1.5

and 5.5 km during the summer [129]. The DABEX field campaign in January and February

2006 observed a mineral dust layer below 1-2 km in Sahelian West Africa with an overlying

biomass burning layer which extended to 4-5 km altitude, however dust was found within

fresh biomass burning plumes to the south of Niamey and was also present in the elevated

aged plumes in the region [41]. The SHADE campaign in September 2000 observed dust

layers at higher altitudes as their was no significant contribution to aerosol from biomass

burning as this does not usually take place during the summer months. Elevated excinc-

tions layers were measured between∼ 1-2 km altitude with a second layer between 3-4 km

whilst on one flight a deep aerosol layer was located between 2-3 km [38]. This differ-

ence of altitude in dust layer was found to depend on the location of the sources and hence

the nature of its subsequent transport, however the observations clearly support that dust

aerosol is lofted to higher altitudes in summer compared to winter.

As simulations suggested that even a 1 km shift in altitude could lead to a marked OLR

effect it would seem likely that although the maximum top and minimum bottom heights

of the dust layer may be fairly well constrained on a seasonal basis, there is still enough

variability to add uncertainty to the DRELWeff calculated via this method.

6.1.2 Methodology

In this study, the method of Brindley was followed to determine the DRELWeff of mineral

dust aerosol over North Africa for the GERBILS period 20 - 29 June 2007 using collocated

GERB longwave fluxes and SEVIRI aerosol optical depths. GERB fluxes were interpolated

to SEVIRI resolution.

DRELW was calculated using Equation 6.1 for every cloud-free SEVIRI pixel at 0900,

1200 and 1500 UTC during the observing period. F↑LW clear was taken as OLRmax (Equa-

tion 6.2) which is the GERB-like interpolated LW flux observation on the quasi-pristine

sky day as explained in Section 2.1.2. ∆OLRp was calculated using Equation 6.3 where

the meteorological fields are obtained from ERA-interim data which is also interpolated to

SEVIRI resolution for June 2007.

The coefficients b1, b1 and b3 which quantify the longwave radiative impact in changes
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in atmospheric conditions between quasi-pristine and retrieval day are:

bn

b1 1.8750

b2 -14.9288

b3 -8.2830

Table 6.2: Coefficients for calculating ∆OLRp (see Equation 6.3).

For each pixel, DRELW was then calculated by subtracting the LW retrieved flux from

OLRmax. The DRELW values were then binned (∆τ055 = 0.05) according to the pixel AOD

from SEVIRI. The mean DRELW for each bin containing more than 500 data points was

calculated and plotted against its AOD (see Figure 6.6).

6.1.3 Results

The DRELW for 0900, 1200 and 1500 UTC are shown in Figure 6.6 with the one sigma

standard deviation of the mean flux in each AOD bin represented by the grey shading

for 0900 UTC. The mean standard deviation at 0900 UTC for AOD< 1.0 is 10.9 Wm−2,

15.2 Wm−2 for AOD between 1 and 2, and 20.8 Wm−2 for AOD> 2.0.

DRELW shows a linear increase with greater dust loading until AOD≈ 1.0 indicating

stronger warming ie. less OLR at the TOA. For AOD in excess of 1.0 at 0900 and 1200

there is an increase in warming with dust loading although the slope of the line continually

decreases suggesting a lower radiative efficiency. The DRELW saturates at ≈ 30 Wm−2 for

all times corresponding to an AOD of ≈ 2.5. Therefore DRELWeff was calculated using a

linear fit forced through the origin for AOD< 1.0.

As the dust loading increases the relative contribution to the TOA LW flux from the

dust layer itself increases compared to that from the underlying surface. At these times, the

dust layer is at a cooler effective emission temperature than the hotter surface and therefore

the DRELW increases with AOD. Eventually, at a high enough dust loading all of the TOA

LW flux is emission from the dust layer and from above the dust in regions where the
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Figure 6.6: Top: Mean GERB DRELW versus SEVIRI τ055 for binsize ∆τ055 = 0.05. LW
radiative efficiencies were calculated using a linear fit forced through origin for τ055 <
1.0. The grey shaded area is the one sigma standard deviation from the mean flux in each
AOD bin at 0900 UTC; 1200 and 1500 UTC show similar standard deviations. Second
order polynomial fits valid for AOD up to 2.5 of the instantaneous DRELW are in red.
Bottom: Number of observations in each AOD bin at 0900 UTC (other times show similar
distribution).
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Time DRELWeff

(Wm−2/τ055)
Instantaneous
DRELW (Wm−2)

0900 20.3 25.1τ055 − 5.3τ 2
055

1200 23.9 27.7τ055 − 5.9τ 2
055

1500 19.4 20.9τ055 − 3.4τ 2
055

Table 6.3: Mean LW radiative efficiencies at 0900, 1200 and 1500 UTC during the
GERBILS period for AOD< 1 assuming linear relationship. Instantaneous DRELW for
AOD< 2.5 assuming second order polynomial fit.

atmosphere is opaque, with no surface contribution. This leads to saturation of the DRELW

and further increases in AOD not resulting in a reduction in OLR provided the overlying

atmospheric conditions are similar.

The data at 1500 UTC deviates from the trends seen at 0900 UTC and 1200 UTC for

AOD> 1.0 as the slope appears to flatten and saturate at a lower AOD but then increases

subsequently for AOD in excess of 3. This is not explained via the relative contribution of

the dust layer and surface to OLR at the TOA and may be due to high level cloud which

was not identified via the cloud mask. This would lead to high ‘AODs’ being retrieved and

also a lower effective broadband emission temperature due to the high altitude of the cloud

and thus a large DRELW.

Values of DRELWeff were calculated assuming a linear relationship between DRELW and

the AOD for AOD< 1.0 (see Table 6.3). As stated previously, for AOD exceeding 1.0 a lin-

ear relationship is no longer apparent and thus the radiative efficiency is no longer applica-

ble however, the instantaneous DRELW can be approximated by a second order polynomial

for AOD up to 2.5. The fitted values are shown in Figure 6.6 and the associated relationship

is given in Table 6.3. The DRELWeff and saturation DRELW are largest at 1200 UTC which

is likely due to this corresponding to the time of day when the surface temperatures are

greatest which results in the largest difference between dust layer and surface emitting tem-

peratures. The standard deviation associated with each AOD bin is notable at ∼ 10 Wm−2

for AOD< 1.0. This is probably associated with the variability in dust layer height which

will determine its effective emitting temperature; without accompanying retrievals of dust
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layer altitude this uncertainty cannot be reduced.

Overall, these results agree well with previous estimates of the direct radiative effect of

mineral dust aerosol over North Africa and lie within the maximum and minimum estimates

of the studies discussed previously.

Spatial distribution

Maps of the mean DRELW are shown in Figures 6.7 and 6.8, and the associated radiative

efficiency in the longwave in Figure 6.9. The mean for each pixel was calculated from all

valid retrievals throughout 20-29 June 2007 provided that more than 5 observations were

apparent during the observing period. The mean DRELW of all the valid pixels at 0900,

1200 and 1500 UTC are 8.44, 9.38 and 6.15 Wm−2. The regions of cooling identified in

the maps indicate where the outgoing longwave radiation is greater on the dusty day than

the quasi-pristine day, yet the radiative mechanism of dust in the LW does not facilitate

cooling at these times, as it is not expected that the dust layer would be hotter than the desert

surface. These cooled regions are consistent in location throughout the day, occurring in the

north and along the northern coasts of Algeria, Libya and Egypt where the mean AOD was

less than 0.2. It is therefore likely that there would be only a very small difference in the

OLR as a result of dust and thus the atmospheric conditions and the atmospheric correction

term may dominate the change in LW flux. Brindley determined that the associated rms

difference between fitted and true values of ∆OLRp whilst also assuming realistic errors

on Tsfc, LTH and UTH in Equation 6.3 (1K, 10% and 10%), was 5.12 Wm−2. The overall

error on the radiative efficiencies using this method was determined to be ±5 Wm−2τ−1

and ±10 Wm−2 on DRELW.

The three main factors which affect the longwave direct radiative effect of dust are; dust

layer altitude, underlying surface temperature and size distribution. Firstly, comparing the

maps of the mean DRELW with the mean AOD for the same period in Figure 6.7, it is evident

that their spatial distributions show a reasonably strong agreement with regions of high

AOD being associated with the largest decreases in OLR at all times of day. Secondly, there

is also reasonably strong evidence of the modulation of the mean DRELW by the underlying

surface temperature with regions of high DRELW moving westward at later UTC times for
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a similar AOD spatial distribution. The impact of the surface temperature is evident in

Figure 6.9 where the radiative efficiency normalises the radiative impact to an AOD = 1

over the whole spatial region. The remaining spatial pattern should represent other factor

which impact on the DRELW besides AOD. The region high DRELWeff exceeding 15 Wm−2

move westward at later UTC times.

In Figure 6.7 there is strong warming over southern Saudi Arabia where the mean AOD

exceeds 0.5 at 0900 UTC which is local noon in Saudi Arabia; surface temperatures would

be at their highest further amplifying the dust layer-surface temperature difference and in-

creasing DRELW compared to later UTC times. As seen in Figure 6.15, local time in West

Africa at 0900 UTC is early morning when surface temperatures will be at their lowest

compared to 1200 and 1500 UTC. The regions of AOD∼ 0.5 have a lesser impact on OLR

in this region at 0900 UTC compared to later local times. The region of negative DRELW in

West Africa between 16◦N and 20◦N is evident at all times of day although its magnitude

decreases at later times. The reason for this feature remains unknown, as a positive DRELW

is expected during the day time although it may be due to the impact of the atmospheric

correction. Similarly, the DRELWeff is strongly negative along the northern coast of the

continent in Figure 6.9. The original study by Haywood et al (see Figure 1.9) also found

a negative DRELW along the north of the continent when comparing the model output (ie.

neglecting dust radiative effects) with observations and Allan et al (2011) [130] also iden-

tified a similar effect in North Africa. Possible mechanisms for this negative DRELW have

not been clearly proposed but it may be due to changing column water vapour profiles and

contents which would imapct on the longwave radiative balance.
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Whilst the value of the AOD dominates the magnitude of the mean DRELW it is likely

that variations in dust layer altitude or the size distribution of dust across Africa result

in the variability seen in its magnitude for a given AOD. If the dust layers were known

to be much closer to the surface in particular regions then the surface-dust layer emitting

temperature difference would be reduced and therefore a smaller radiative effect in the

longwave would be expected. Currently, there is no retrieval of dust layer altitude from

SEVIRI and therefore it is not possible to investigate this directly.

Mineral dust aerosol is expected to have a significant impact on longwave radiation be-

cause its typical size distribution contains a relatively high number of particles of sufficient

size to interact with radiation at these wavelengths ie. super-micron particles. If the size

distribution of the lofted mineral dust, in particular the strength of the coarse mode, was

notably different across the African continent then it could possibly account for some of the

variability seen in the observed DRELW. Regions of high optical depth which were known

to predominantly contain dust with a minimal coarse mode would potentially interact less

with longwave radiation than a dust layer of lower total optical depth but containing a

greater percentage of super-micron particles. As detailed in Subsection 3.3.2 there is some

discussion over whether there is significant evolution of the size distribution of dust as it is

transported from its source; research has suggested that the coarse mode is preferentially

removed from lofted dust plumes due to gravitational settling occurring more quickly for

larger than for smaller diameter particles.

It is interesting to compare the spatial distribution of the fraction of dust source activa-

tions in Figure 4.1 with that of the mean DRELW (at 1200 UTC the Western Sahara, Bodélé,

Air Mountain and Adrar Mountain topographic regions have been similarly boxed). There

is some suggestion that the regions of greatest DRELW are associated with those areas which

have high AOD but are also significant DSAs, or near to significant DSAs (marked blue,

green, yellow in Figure 4.1). Close to source regions it is expected that the coarse mode

contribution to the dust size distribution would be at its peak and thus the dust would be

most strongly interacting with longwave radiation. It is difficult to separate out the im-

pact of size distribution and AOD from this limited study but future work could attempt to

differentiate between these effects.
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Summary

Mineral dust aerosol has been found to have a longwave warming effect at the TOA at all

times of day above North Africa with the magnitude of DRELW peaking at 1200 UTC cor-

responding to local noon over West Africa when surface temperatures are at a maximum.

The pattern of mean DRELW showed a reasonably strong agreement with the mean AOD for

June 2007 with the highest AODs corresponding to regions of largest impact on OLR. The

spatial distribution also shows that for a given AOD the magnitude of the DRELW follows

the solar zenith angle due to its impact on the underlying surface temperature. For a given

AOD, there may be some dependency on the size of the dust particles as strong warming

was observed close to source regions where the coarse mode contribution to the size distri-

bution is at a maximum. The largest uncertainty in determining the impact of mineral dust

aerosol on longwave fluxes is probably due to varying dust layer heights which affects the

dust layer emission temperature and further research into this would be extremely useful.

6.2 Shortwave direct radiative effect

Whereas a given amount of mineral dust aerosol over the desert in the daytime will gen-

erally lead to less outgoing LW radiation due to a lower emission temperature than under

clear sky conditions, the SW radiative effect of dust can result in both Earth-atmosphere

system heating and cooling due its dependency on underlying surface properties, aerosol

optical properties and solar zenith angle.

Analogous to Equation 6.1, the SW direct radiative effect at TOA is defined as:

DRESW = F↑SW clear − F↑SW dusty (6.4)

The main difficulty in determining F↑SW clear is not associated with ensuring consis-

tent atmospheric conditions between retrieval and pristine sky days as the SW is not sig-

nificantly affected by surface temperature and atmospheric water vapour content unlike

thermal LW emission. However, as mentioned previously, DRESW is affected considerably

by the solar zenith angle (SZA, θz), which determines the amount of incoming solar flux

and how it interacts with dust via the angular dependency of scattering through the aerosol
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phase function (see Section 1.3.2), and also the surface albedo (αs) at a given location.

Therefore, it is necessary that pristine (quasi-pristine) sky observations under identical SZA

and αs conditions as the retrieval are used. The availability of GERB and SEVIRI mea-

surements again provides the opportunity for a purely empirical consideration of DRESW

by obtaining both terms on the right in Equation 6.4 directly from observations.

6.2.1 Theory

The basic theory behind the shortwave direct radiative effect of aerosol under cloud-free

conditions is summarised in the following. The basic expression for the change in planetary

albedo due to the increase in optical depth of a partially absorbing aerosol in the troposphere

is given by Chylek and Wong [11]:

∆R = (1− αs)2R− 2αsA = (1− αs)2 2βτsc − 4αsτabs (6.5)

where R is the planetary albedo, αs is the surface albedo and A is the absorptance due

to the absorbing aerosol with scattering and absorbing optical depth of τsc and τabs respec-

tively. β refers to the total upscattering fraction. The absorptance can then be expressed

using the single scattering albedo of the aerosol, ω, and its total optical depth, τ = τsc+τabs.

∆R = (1− αs)2 2βωτ − 4αs (1− ω) τ = 2ωβτ

(
(1− αs)2 − 2αs

ωβ
(1− ω)

)
(6.6)

Equation 6.6 may produce a positive or negative forcing [27]. A positive forcing (∆R

reduces) occurs if

ω <
2αs

β (1− αs)2 + 2αs
(6.7)

This defines the critical single scattering albedo which represents the boundary between

negative and positive forcing from atmospheric aerosols and depends on their backscattered

fractions as well as the underlying surface reflectance. It can be seen in Figure 6.10 that

only aerosols which are almost purely scattering lead to cooling above very bright surfaces

whereas partially absorbing aerosols above darker surfaces may lead to heating or cooling
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depend on the specific parameters.

Figure 6.10: Critical ω at which the radiative forcing changes sign as a function of the
underlying surface albedo, Rs, for different backscattered fractions, β. From Haywood
and Shine [27].

Equation 6.6 contains no solar zenith angle dependency apart from how αs will change

at a given location depending on the time of day. It uses the total reflectance, transmittance

and backscattering fraction of an aerosol layer which are obtained by integrating the planar

albedo and transmission and backscattering fraction over all angles of incoming radiation.

Instead, an aerosol layer illuminated by a monodirectional beam is considered [11], ne-

glecting mulitiple scatterings.

The planar albedo, R, and transmission, T, are then

R(τ, µ0) =
τωβ(µ0)

µ0

(6.8)

T (τ, µ0) = 1− τ

µ0

[1− ω + ωβ(µ0)] (6.9)

where µ0 = cos(θz). The total upwelling radiation at TOA is the sum of the reflected

radiation above the dust layer and the contribution from the surface which is initially trans-

mitted through the aerosol layer before being reflected at the surface. The upwelling sur-

face radiation is then attenuated by the dust layer. This expression does not include the

non-unity transmission of the atmosphere above the dust layer.
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Thus the total upwelling radiation in the presence of aerosol is

F↑(τ, µ0) = [R(τ, µ0) + T (τ, µ0)2 αs]F↓(µ0) (6.10)

Negative TOA DRESW occurs if the total upwelling radiation in the presence of aerosol

exceeds the pristine sky upwelling radiation:

[R(τ, µ0) + T (τ, µ0)2αs(µ0)]F↓(µ0) > αsF↓(µ0) (6.11)

The critical surface albedo (αs crit) above which aerosol causes heating and below which

leads to cooling is therefore a function of the aerosol optical depth at a given solar zenith

angle:

αs crit(τ, µ0) =
R(τ, µ0)

1− T (τ, µ0)2
(6.12)

Equation 6.12 shows how the sign of the direct radiative effect is a balance between

the attenuation of upwelling radiation from the surface and the additional upwelling radia-

tion reflected from the dust layer. Mineral dust aerosol at low aerosol optical depths may

cause positive TOA DRESW even above relatively low surface reflectances when the atten-

uation of the upwelling radiation from the surface exceeds the additional reflection from

the aerosol layer.

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) (Ricchiazzi

et al., 1998) was used to model the impact of SZA and AOD on the SW fluxes at the

TOA [131] using the Volz dust model overlying a spectral albedo typical of sand with a

typical desert atmospheric profile. The solar zenith angle was varied in 6◦ intervals from

0◦ - 84◦ and the AOD at 550 nm from 0.0 to 2.0 in increments of 0.1. The upwelling SW

flux at TOA (top) and corresponding ratio of planetary albedo to the pristine albedo at each

AOD (bottom) is shown in Figure 6.11. The upwelling flux clearly increases (ie. negative

DRESW ) with AOD for SZA larger than ∼ 50◦ whilst decreasing (positive DRESW ) for

smaller SZA. Therefore, it is seen that the planetary albedo increases at large SZA relative

to the pristine value whereas the same AOD leads to a decrease in planetary albedo at the

smaller SZA. This is due to the backscattering fraction of the dust increasing at larger SZA.
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Figure 6.11: (Top) Modelled impact of increasing AOD and SZA on the TOA SW
albedo relative to the pristine sky planetary albedo using Volz dust model overyling
a spectral albedo of sand. (Bottom) Modelled impact of AOD and SZA on the TOA
fluxes.

The model output clearly shows the importance of the SZA dependency of DRESW and

how the same dust loading over the same location could induce either a positive or negative

effect depending on the time of day. This small modelling study is in agreement with that

of Osborne et al (2011) [81] who modelled the DRESW at the surface and TOA across all

daylight hours for AOD = 0.79 based on flight B300 from the GERBILS field campaign for

irregular, spherical and spheroidal shaped particles (Figure 6.11). Their results also clearly

show that the same mineral dust aerosol loading could result in both positive and negative
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DRESW depending on the time of day (ie. SZA) and also that the shape of the particles

strongly modulates the amplitude of DRESW .

Figure 6.12: Modelled DRESW at the surface and TOA across all daylight hours at
1h resolution. From Osborne et al. (2011).

6.2.2 Previous studies

Yu et al [132] stated in their review of measurement-based aerosol direct forcing that it

has been much easier to estimate the aerosol direct effect from satellite measurements

over ocean because the dark ocean surface is far easier to characterise than land surfaces.

Whereas ocean anisotropy may vary as a result of wind speed affecting wave heights and

formation, the land surface reflection is large, heterogeneous and also anisotropic which

further complicates DRESW determination.

The study of DRESW over the ocean by Loeb and Kato [33] employed the general purely

empirical method as used in this investigation to obtain an estimate of aerosol forcing.

Broadband flux measurements from CERES were combined with TRMM visible infrared

scanner (VIRS) high-resolution imager AOD retrievals to determine a clear sky flux. Nine

months of TOA fluxes from CERES were plotted against VIRS AOD at 1◦ solar zenith an-

gle increments. The flux was extrapolated to zero AOD to obtain a “no aerosol” albedo for

each SZA which was then used to determine the direct radiative effect as in Equation 6.4.

A linear regression between the 1◦ regional daily mean DRE of aerosols calculated via this

method and the VIRS AOD had a linear fit of slope -32.1 Wm−2 per unit AOD over the

equatorial Pacific Ocean. Zhang et al [133] used a similar approach to that of Loeb and

Kato for their over ocean study however, they exploited the improved spatial, spectral and
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radiometric resolution of MODIS for their aerosol properties compared to the limited VIRS

imager. Essentially, the same method of calculating F↑SW clear was used by Zhang et al

however, rather than using all of the AOD retrieval data in their regression with TOA SW

fluxes they assumed that only observations with τ055 < 0.2 have a linear relationship with

CERES fluxes. F↑SW clear was then obtained at ten SZA intervals and four wind speeds

by extrapolating the regression to zero τ055. This generates a look-up table (LUT) for clear

sky upwelling SW flux as a function of wind speed and SZA allowing DRESW to be estab-

lished for a given CERES observation. The mean DRESWeff off the coast of North Africa

extending across the Atlantic Ocean was calculated at ∼-70 Wm−2/τ .

The studies discussed above employed a method which is also suitable for retrieving

DRESW over bright land surfaces provided that reliable SW fluxes and co-located AODs

can be measured; the recent development and improvement of AOD retrieval algorithms

over bright land surfaces has now enabled this. Patadia et al [134] produced the first ob-

servational estimate of global DRESW over land using satellite data alone. MODIS, MISR

and CERES data from 2001 were used to provide cloud-screening, broadband TOA SW

fluxes and AOD values respectively. The clear sky fluxes over land were obtained for each

season using the regression relationship between cloud free MISR AOD and CERES SW

flux in 0.5◦× 0.5◦ latitude-longitude regions; the y-intercept of the regression line corre-

sponding to the clear sky TOA SW flux. Within the study there was no further constraint

on the timescale of F↑SW clear (eg. local time or solar zenith angle) because the narrow

swath width of MISR and cloud-screening greatly limited the available data. Global desert

regions were excluded from Patadia et al’s initial study as the relationship between MISR

AOT and CERES SW flux was found to be noisy. However, the authors reported a mean

DRESW of -7.8 Wm−2 surrounding the Sahara desert when the mean MISR AOD was∼ 0.3.

Chen et al [135] built on and developed the approach of Patadia et al to determine

the top-of-atmosphere albedo change by aerosol based on land surface types, including

desert (barren) surfaces, using MISR observations for June-September 2007. MISR was

used to source all of the required data including TOA albedo, surface optical properties and

aerosol properties. The MISR TOA albedo dataset is used rather than flux observations

as the authors also considered the relationship between spectral albedo and spectral AOD.

Whereas Patadia et al obtained F↑SW clear from linear regression over AOD and flux data
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pairs within a 0.5◦× 0.5◦ box (ie. purely spatial sampling), Chen et al considered that

the large variability of surface reflectance should be constrained further. They performed

regression for data pairs within larger 2◦× 2◦ boxes across the globe however, within these

regions the data was further divided according to their BiHemispherical Reflectance (BHR

ie. surface reflectance) values. The TOA albedo-AOD regression was then examined for

data sets stratified by BHR within each region provided that there were more than 10 data

pairs covering an AOD range of at least 0.15.

Figure 6.13: Latitudinal distributions of (a) dα and (b) aerosol radiative efficiency (dα
normalised with respect to MISR AOD at 0.56µm) in four spectral bands: blue (blue line),
green (green line), red (red line), and NIR (purple line). The distribution of MISR AOD
(0.56µm) (black dashed line in (a) and BHR, SSA (both at 0.56µm) and AE (black lines in
(b) are shown. These data are averaged over June-September 2007. From Chen et al [135].

Figure 6.13 from Chen et al shows the dependency of dα (change in planetary albedo)

and the radiative efficiency which in this case is given by dα/τ056, on surface reflectance

(BHR) and the aerosol optical properties; single scattering albedo (SSA) and Ångström

exponent (AE). These data obtained from MISR show the complexity and inherent diffi-

culty in determining and modelling how SW radiation interacts with aerosols. In general,

Figure 6.13a indicates that the dα distribution follows the AOD distribution with peaks
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coinciding at 10◦N-30◦N and 0◦-10◦S. There are some regions where dα and AOD show

opposing changes eg. AOD increases between 10◦N and 20◦N whilst the dα decreases.

Figure 6.13b shows the aerosol radiative efficiency which represents the aerosol’s ability

to change the TOA albedo and induce warming or cooling. It is immediately evident that

aerosol radiative efficiencies do not follow the same latitudinal distribution as dα but the

differences are explained by considering the variability of the aerosol and surface proper-

ties. The BHR is high between 20◦N and 30◦S which reduces the contrast between the

aerosol and surface and thus corresponds to a decrease in radiative efficiency in this region.

In regions where the BHR is low, the aerosol optical properties dominate the trend with

increased SSA leading to greater dα/τ056.

Chen et al’s study whilst not quantifying the DRESW clearly shows how satellite re-

trievals can be exploited to understand the dependency of the direct radiative effect of

aerosols on a number of variables and is a significant advance in determining the effects

over bright land surfaces.

The study by Yang et al, as discussed in Section 6.1 in relation to the longwave, used

the same data to estimate DRESW. The AOD was binned into 0.1 increments and plotted

against CERES SW flux observations for various MODIS observations of surface albedo

(interval of 0.02) to assess SW radiative effects. The authors stated that DRESW appeared

insignificant over the Sahara desert because the difference in reflectivity between the bright

surface and aerosol layer is insignificant. It was found that DRESW was slightly cooling for

surface albedo below 0.32 and near zero or slightly positive for above 0.36 but the mean

over the Sahara desert was not statistically significant.

6.2.3 Methodology

Building on these previous studies, here the SEVIRI AOD and GERBlike fluxes are used

to obtain a new estimate of DRESW over the GERBILS period. The advantage of these

data is the continuous coverage from both instruments which enables the impact of the

surface albedo and solar zenith angle on the DRESW to be considered. In the following,

observations are only considered under cloud-free conditions.

DRESW is calculated on a 0.25◦× 0.25◦ lat-lon grid during the observing period by
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subtracting the expected pristine sky SW flux, F↑SW clear, from the GERB measured up-

welling SW at TOA, F↑SW dusty. The pristine sky SW flux is calculated from the pristine

sky planetary albedo, αprist, and the GERB measured incoming SW flux at TOA, F↓SW, for

each gridbox as follows:

F↑SWclear = αprist(θz)× F↓SW (6.13)

αprist is calculated for each gridbox at every retrieval time as surface albedo is dependent

on the solar zenith angle, θz [32]. Essentially, a linear regression is performed for each

gridbox on pairs of SEVIRI AOD and GERB observations of SW albedo to estimate the

y-intercept which corresponds to the expected albedo for a pristine sky (ie. AOD = 0).

Firstly, IAOD data from 20-29/06/07 is averaged to GERB resolution. The GERB and

SEVIRI AOD data is then gridded into 0.25◦× 0.25◦ lat-lon boxes extending from 0◦ to

40◦N and 25◦W to 65◦E. For each gridbox, linear regression is performed on all pairs of

AOD and albedo measurements provided that the AOD is less than 0.5. The upper limit on

AOD is necessary since, as noted earlier, planetary albedo only shows linear variability with

AOD at small AOD values. In Figure 6.14 the linear regression for one gridbox with and

without this condition is shown. The AOD limit is not applied in the left hand plot which

leads to underestimation of αprist whereas the y-intercept from the right hand plot in which

only AOD values < 0.5 are used is clearly a more reasonable estimate of an aerosol-free

albedo.

In order for the regression to be performed there must be at least 10 data pairs incorpo-

rating an AOD range of at least 0.15 with all AOD observations less than 0.5. For the linear

regression to be deemed successful the magnitude of the linear correlation coefficient has

to exceed 0.5 or the RMS of regression has to be greater than 0.025. The y-intercept was

calculated following the method of Isobe et al [1990, equation (8)]. In Figure 6.15 the maps

of pristine sky planetary albedo at 0900, 1200 and 1500 UTC derived using this method are

shown.

In Figure 6.15 it is evident that although the method is successful over a wide range of

the study region there are still many patches of missing data. It is encouraging that the spa-

tial distribution of αprist is in agreement with the GERB climatological surface reflectance
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Figure 6.14: Example of linear regression for a 0.25◦× 0.25◦ gridbox at 0900 UTC for
pairs of IAOD and GERB SW albedo observations. The solid black line denotes the linear
regression used to obtain the y-intercept value which corresponds to αprist for the gridbox.
The regression shown on the left uses all values of AOD whilst the right limits the AOD to
less than 0.5.

(bottom left in Figure 6.15) at 0.6µm [68]. The expected increase in surface albedo at a

given location as the solar zenith angle increases is also clearly evident across the region.

The regression appears to have been unsuccessful in regions where the GERB climato-

logical surface reflectance, Rs, (middle left in Figure 6.15) at 0.6µm changes rapidly over

a small spatial scale. The bottom left plot in Figure 6.15 shows the standard deviation of

Rs when averaged to the grid resolution. It is evident that there is some similarity between

regions of high standard deviation, which indicates less spatial homogeneity of Rs across

the gridbox, and the areas of missing data in αprist. This is anticipated due to the strong

dependency of the DRESW for mineral dust aerosol on the underlying albedo. In order to

obtain an estimate of DRESW over the entire region of interest a second attempt is made to

estimate αprist for the missing boxes. The approach which is used to fill in the missing data

is described in the following paragraph.

αprist is binned according toRs and θz using data from all of the time slots with intervals

of ∆θz = 5◦ and ∆Rs = 1%. For each bin, the mean of the αprist values is calculated. In

Figure 6.16 the mean αprist determined via this method for Rs = 39% with θz ranging from

0◦ to 70◦ is shown. The importance of determining αprist at each time of day (solar zenith

angle) is also clearly evident in Figure 6.16 with an increase in albedo of 0.10 across the

range of θz. All other values of Rs show a similar trend in αprist with increasing θz and as
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Figure 6.15: Pristine sky albedo at (clockwise from top left) 0900, 1200 and 1500 UTC
derived using linear regression method using pairs of IAOD and GERB SW albedo obser-
vations as described in text. Concentric circles denote solar zenith angle contours. Second
row left: GERB climatological surface reflectance (%) for June at 0.6µm. Bottom left:
Standard deviation of the GERB climatological surface reflectance for each gridbox as a
result of binning to 0.25◦× 0.25◦ resolution.
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Figure 6.16: Mean αprist as solar zenith angle increases from 0◦ to 70◦ for gridboxes with
surface reflectance = 39%. The error bars indicate ±σ for the bin. ∆αprist indicates the
difference between max and min αprist.

expected, the pristine sky albedo at a given solar zenith angle increases with Rs. αprist is

estimated for each missing gridbox by interpolating the data to the appropriate Rs and θz
values of the gridbox.

In Figure 6.17 the increase in pristine sky albedo with solar zenith angle is clearly

evident. At 0900 UTC, local noon occurs in Saudi Arabia whilst high θz corresponding to

local early morning occur in West Africa. At 1200 UTC, local noon now occurs in West

Africa with θz ≈ 0◦ and correspondingly αprist is now lower at ≈ 0.35 compared to 0.40 at

0900 UTC for the same region at 18◦N. SEVIRI AOD is not retrieved at θz greater than 70◦

which results in the terminator across East Africa at 1500 UTC.

6.2.4 Results

The mean of all the gridbox DRESW values during the whole observing region at 0900,

1200 and 1500 UTC are 0.27, 3.33 and 0.31 Wm−2 respectively. The values at 0900 and

1500 UTC suggest negligible overall atmospheric warming due to dust aerosol whilst the

higher value at 1200 UTC indicates that there may be a marked atmospheric warming at this

time. The strongest warming is likely to be found at local noon (1200 UTC corresponds

to the lowest SZA over West Africa) due to higher insolation at this time and also due to



6.2. SHORTWAVE DIRECT RADIATIVE EFFECT 198

Figure 6.17: Pristine sky albedo at (clockwise from top left) 0900, 1200 and 1500 UTC
as shown in Figure 6.15 but with missing data now removed using interpolation method as
explained in text.

mineral dust aerosol being less backscattering at low SZA. In Figure 6.18 a band of marked

atmospheric warming occurs at∼18◦N at 1200 UTC which is less distinct at the other times

even though the mean AOD spatial pattern is similar in Figure 6.7. Particularly strong

warming in excess of 10 Wm−2 is seen in the region surrounding the Bodélé Depression

(17◦N, 18◦N) which has the highest surface reflectance in the observing region at all times

(although there is limited available data at 1500 UTC). This is expected as the mineral

dust aerosol is ‘less bright’ than the underlying surface which leads to less reflected SW

radiation and hence atmospheric warming.

At 0900 and 1500 UTC there is a region of distinct cooling with DRESW < -20 Wm−2

below 18◦N and west of 0◦. This region has a relatively low surface reflectance and θz is

large in the early morning and late afternoon hence the dust backscattering fraction is also
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high which leads to the mineral dust effectively being ‘more bright’ than the underlying

surface. Although the data is fairly noisy in Figure 6.18 it can be seen that the regions

of high pristine sky albedo in Figure 6.17 do show some similarity to the distribution of

the regions of strongest positive DRESW. The maps of the mean SW DRE efficiency in

Figure 6.19 are noisy which makes it difficult to distinguish clear relationships. The Bodélé

depression is highlighted at 1200 UTC when its high surface reflectance increases the SW

radaitive efficiency of the mienral dust aerosol with a similar but lesser effect at 0900 UTC

due to the greater SZA at this time. Use of this methodology over a longer timescale would

hopefully reduce the noise seen in the DRESWeff and enable clearer spatial patterns to be

observed.

Figure 6.20 shows the instantaneous DRESW and corresponding AOD at 1200 UTC and

1500 UTC on 20/06/07. There was a particularly strong dust event on this day in Mali and a

smaller event in Mauritania as shown in the RGB image (pink indicates dust presence) with

peak AOD≈ 3. This case study shows the complexities of the radiative effects of mineral

dust as whilst the AOD pattern is similar at both times, the DRESW is notably different in

the bottom panel. At 1200 UTC there is a strong cooling in Mali and a strong warming

region in Mauritania whereas at 1500 UTC cooling dominates in both regions although

the peak dust area over Mauritania does still warm. The region in Mali has high Rs (see

Figure 6.15) and thus the warming at 1200 UTC is expected and due to the solar zenith

angle dependency of surface albedo it may be expected that a stronger warming would be

observed at 1500 UTC as θz increases. However, the high dust loading in excess of AOD = 1

means that the SW upwelling radiation is dominated by the dust layer rather than surface

reflection such that the angular dependency of the dust interaction with radiation dominates.

The backscattering fraction of dust increases with θz and therefore its ‘brightness’ leads to

cooling.
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Figure 6.20: Instantaneous RGB composite (top), AOD (middle) and SW DRE (bottom)
on 20/06/07 at 1200 UTC (left panel) and 1500 UTC (right panel). Colourscale denotes in-
stantaneous SW DRE in Wm−2 where negative values indicate cooling at TOA and positive
indicate warming in bottom panel and AOD (550 nm) in middle panel.

It is difficult to distinguish any robust relationships between the pristine sky albedo,

AOD and DRESW in Figure 6.18. Therefore, the data from the entire observing period

(all gridboxes at all timesteps) were binned according to AOD with interval ∆τ = 0.1 and

pristine albedo with ∆αp = 0.01. The top plot in Figure 6.21 shows the mean instantaneous

DRESW in each bin expressed as change in planetary albedo for different pristine sky albedo

and AOD. A negative change in albedo represents cooling due to the presence of dust and

positive indicates TOA warming. The bottom plot represents the standard deviation of each

of the bins.
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Figure 6.21: Top: Contour plot of the change in GERB planetary albedo (indicated by
colourscale) with the SEVIRI retrieved AOD as a function of the estimated pristine sky
planetary albedo. AOD data is binned with an interval of 0.1 and pristine sky planetary
albedo is binned with an interval of 0.01. Mean of all data within each bin from the GER-
BILS period from 0900, 1200 and 1500 UTC is plotted. Middle: σ of data within each bin
in top plot. Colourscale indicates σ of change in planetary albedo. Bottom: Number of
data points within each bin as indicated by colourscale.
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A critical pristine-sky albedo is clearly evident in this representation of the data at

∼ 0.35 where the addition of extra dust (increasing AOD) does not result in a marked

change in the planetary albedo, αp. Below this value of αp high dust loadings lead to

an increase in the planetary albedo and TOA cooling and vice versa for values exceeding

0.35. The critical pristine-sky albedo can be considered as that at which the reduction in

the surface contribution to upwelling SW radiation is balanced by the additional upwelling

reflected SW radiation due to the presence of the dust layer. The dependency of DRESW on

AOD is also nicely shown; the amount of dust necessary to cause a significant change in the

planetary albedo increases as the pristine-sky albedo converges to the critical αp either from

above or below. For darker (lower) pristine-sky albedos the addition of a small amount of

dust has an immediate cooling effect as the reduction in surface upwelling SW radiation is

small relative to the additional dust layer contribution. As the pristine-sky albedo increases,

the initial reduction in surface contribution increases relative to the additional contribution

from the dust layer and therefore a larger AOD is necessary until the dust layer contribution

dominates the change in planetary albedo. Similarly, at higher pristine-sky albedo the

reduction in upwelling surface radiation is relatively small initially compared to the total

upwelling radiation and therefore a high dust loading is required for the SW emission to be

dominated by that from the dust layer which leads to TOA warming.

It was shown earlier that the SZA dependency of surface albedo results in an increase in

the pristine-sky albedo as θz increases from 0◦ to 70◦ at a given location (Figure 6.16). This

suggests that the same dust loading could induce heating or cooling over the same location

depending on the time of day, as the pristine-sky albedo may exceed the critical value at

later local times. In terms of aerosol assimilation into NWP models this implies that the

evolution of modelled AOD with time needs to be accurate in order to correctly determine

the effect on TOA fluxes.

The standard deviation of the bins (bottom panel) increases markedly with AOD as the

dust layer starts to dominate the SW emission. This is due to the data not being separated

according to SZA as the dust interaction with solar radiation is known to have an angular

dependency [136, 137]. There may also be a number of types of dust over North Africa

(different mineralogical composition) which would also interact differently leading to a

different DRESW at the same AOD.
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Figure 6.22: Same as in Figure 6.21 (top panel is change in GERB planetary albedo and
bottom panel is standard deviation) except right panel contains observations when SZA
between 10◦ and 20◦ and left panel for SZA between 40◦ and 50◦.

In an attempt to distinguish the solar zenith angle dependency, the data with θz between

10◦ and 20◦ is plotted in the right panel in Figure 6.22 and between 40◦ and 50◦ in the left

panel. The limited amount of data means that it is not possible to use a smaller SZA range

however it is still possible to discern certain features. The standard deviation of the data in

each bin has decreased markedly at higher AODs as expected due to the SZA stratification;

this indicates the importance of considering radiative effects at different times of day as

opposed to a single SW radiative efficiency for mineral dust aerosol. Earth-Atmosphere

warming commences at lower AOD in the right hand panel for a given pristine sky albedo

compared to the greater solar zenith angles in the left panel. For example, at αp∼ 0.33 for

θz between 10◦ and 20◦ the albedo change is of order 0.02 when the AOD is 1.2 whereas

there is only a slight 0.005 warming under similar conditions for θz between 40◦ and 50◦.

There is stronger evidence of the angular dependency of the dust-radiation interaction when
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considering that the TOA cooling dominates the albedo change at the larger solar zenith an-

gles in the right panel but is barely evident at low solar zenith angles. This supports the idea

that dust contributes strongly to backscattering of SW radiation leading to TOA cooling at

greater solar zenith angles, whereas the same dust loading shows minimal DRESW at low

SZA. This is in agreement with the findings of Pilinis and Li [138] who noted that the up-

scatter fraction is a strong function of SZA and that when the sun is close to the zenith the

predominant forward scattering of larger particles causes the upscatter fraction to decrease

whereas it attains its maximum when the sun is at the horizon.

Summary

It has been shown that the shortwave direct radiative effect of mineral dust aerosol is

strongly dependent on the pristine-sky albedo and the aerosol optical depth, both of which

also show strong dependencies on the time of day through changes in the solar zenith an-

gle. Therefore, it is difficult to prescribe a single shortwave radiative efficiency to mineral

dust as it has been seen that a given dust loading can result in an increase or decrease in

upwelling SW flux at TOA depending on the time of day. This is extremely important in

terms of the assimilation of dust AOD and its radiative effects in NWPs, as it is imperative

that the evolution of a dust event with time is modelled correctly in order to determine the

correct sign of the impact on the TOA fluxes before an absolute magnitude can be reliably

estimated.

6.2.5 Uncertainty

In this study the value of mean DRESW for the GERBILS period in June 2007 over the

bright Saharan desert surface has been derived from purely empirical data without the need

for modelling. Although this is an improvement on previous studies which found the data

too noisy or had a limited data source from low Earth orbiting satellites, there are still

considerable uncertainties associated with this methodology. The following sources of

uncertainty are considered; uncertainty from the linear regression, intrinsic uncertainty in

the SEVIRI AOD and GERB flux measurements and the uncertainty in the Rs prescribed

to a gridbox. In the following section each of these errors is assessed in turn and an overall
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estimate of the error on the results is calculated.

Isobe et al’s [139] method was used for determining the variance on the y-intercept

of regression which was assumed to be the pristine sky albedo. The variance on each

successful linear regression y-intercept estimate, ∆β, is calculated as follows where x is

the SEVIRI AOD and y is the GERB derived planetary albedo.

∆β =
1

n2
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y0
i −

Sxy
Sxx

x0
i − nx̄

[
x0
i

Sxx
(y0
i −

Sxy
Sxx

x0
i )

]2
}

(6.14)
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1

n

n∑
i

yi (6.19)

The uncertainty due to the intrinsic uncertainty in the retrieved AOD from SEVIRI is

now considered. The RMS error (∆τ ) which has been shown to be ∼ 0.3 is multiplied

by the slope of the planetary albedo-AOD relationship from the regression such that the

additional uncertainty is;

=
∂α

∂τ
∆τ (6.20)
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Therefore, for each gridbox there is an uncertainty;

(∆αp)
2 = (∆β)2 +

(
∂α

∂τ
∆τ

)2

(6.21)

In order to account for the errors in the radiative fluxes the values from Slingo et al [88]

are used; the absolute accuracy of solar radiances from GERB is estimated to be 2.25%

and the introduction of angular models to convert the radiances to fluxes results in a typical

error on the SW fluxes of 10 Wm−2. They also state that these errors may be larger for

aerosol as there is no explicit angular model. This potential source of error is returned to in

Section 6.2.6.

Therefore, the total uncertainty for the DRESW was

∆(DRESW)2 = (∆αpF↓)
2 + (10 Wm−2)2 (6.22)

For gridboxes where the linear regression method proved unsuccessful resulting in the

interpolated pristine sky albedo being used, the uncertainty is estimated by considering

uncertainty on the mean Rs prescribed to the gridbox and also the uncertainty on the mean

αp values which have been calculated for each surface reflectance and viewing zenith angle.

Therefore, the gridbox uncertainty in DRESW for the interpolated gridboxes is

∆(DRESW)2 = (∆αpF↓)
2 + (10 Wm−2)2 + (∆RsF↓)

2 (6.23)

where ∆Rs is the standard deviation of the surface reflectance of all the pixels contained

within each gridbox and ∆αp is the interpolated standard deviation of the values used to

obtain the mean αp at the gridbox Rs and VZA.

The uncertainty for each gridbox is calculated at each timestep and a mean gridbox

uncertainty is obtained when there are more than 5 valid AOD DRESW measurements over

the observing period. The mean DRESW gridbox uncertainties over the whole observing

region at 0900, 1200 and 1500 UTC are ±15.6, ±14.8 and ±13.4 Wm−2. Figure 6.23

shows the individual mean DRESW errors at each time step.

Figure 6.23 indicates that over most of the region the error is of order 10 - 15 Wm−2

which is reasonable considering the error on the GERB fluxes is assumed to be of or-
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Figure 6.23: Mean uncertainty on SW DRE in Wm−2 for 20-29/06/07 at (clockwise from
top left) 0900, 1200 and 1500 UTC. Colourbar denotes uncertainty in Wm−2.

der 10 Wm−2. However, at 0900 UTC there is a region in Algeria with particularly high

uncertainty ∼ 30 Wm−2. This region corresponds to an area of rapidly changing Rs in

Figure 6.21 and is also a region for which the linear regression was not completely suc-

cessful thus requiring missing gridboxes to be filled in using the interpolation method. In

Figure 6.7 the spatial pattern of the mean AOD is similar at each time with a band of

higher AOD below ∼18◦N in West Africa and generally lower AODs in the north and east.

However, at 0900 UTC there is a marked region of higher mean AOD in Algeria which

corresponds to this region of high uncertainty. It is also interesting that this region showed

considerable bias between IAOD and MAOD retrievals at 0900 UTC in Figure 5.8 which

was attributed to a different representation of surface features in the ECMWF and MetUM

models resulting in different atmospheric fields over the region.
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6.2.6 Angular distribution models

Satellite radiometers cannot measure the outgoing SW and LW flux from the Earth directly.

Instead, the instantaneous radiance for a single viewing direction is measured. Flux (F) is

related to radiance (L) via

F (θz) =

∫ 2π

0

∫ π
2

0

L(θz, θv, φ)cosθvsinθvdθvdφ (6.24)

where θz is the solar zenith angle, θv is the viewing zenith angle and φ is the relative az-

imuth angle defining the azimuth angle position of the observer relative to the solar plane.

In order to determine the flux from radiances it is necessary to know the angular character-

istics of the SW and LW radiation reflected and emitted at the TOA. An angular distribution

model (ADM) represents the outgoing radiance intensity as a function of the total hemi-

spheric flux leaving an imaginary surface element at the top of the atmosphere such that

a radiance measurement at a single angle can be converted into an inferred hemispheric

flux [140].

In general,

F (θz) =
πL(θz, θv, φ)

R(θz, θv, φ)
(6.25)

where L(θz, θv, φ) is the observed reflected SW radiance at TOA, R(θz, θv, φ) is the

anisotropic factor for the given geometry and scene type and F (θz) is the inferred flux.

The GERB flux data used for determining the SWDRE in Section 6.2.3 is processed

by applying the CERES TRMM ADMs according to the GERB scene type [141] which

in North Africa is typically bright desert or dark desert and applying a small correction

term. Different ADMs are developed for clear and cloudy skies however, there is no spe-

cific treatment of varying aerosol amount. As such, fluxes for aerosol contaminated skies

are determined by application of clear sky ADMs. The differences in anisotropy between

dust aerosol and clear sky desert ADMs may result in biases in the GERB fluxes [67]. The

potential bias is likely to increase with higher dust loadings which could result in the signal

which has been attributed to DRESW actually being due to the incorrect conversion of radi-

ance to flux for the given conditions. The clear sky ADMs will include a small amount of
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aerosol as they have been built up from observations on non-cloudy days and as has been

shown in previous discussion, there is always some dust present in the atmosphere above

North Africa.

Figure 6.24: Top panel: CERES TRMM ADM for clear sky bright desert for SZA 30-40◦.

Bottom panel: SBDART derived ADMs for AOD at intervals between 0.0 and 1.2 at SZA

= 36◦ for a bright desert BRDF with spherical dust particles. Colourbar indicates isotropic

factor for both panels.

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) [142] code

was used to simulate dusty ADMs with spherical and spheroidal dust particles (phase func-
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tions) at various optical depths above a desert surface. The underlying bright desert surface

was specified by using the BRDF parameters for a pixel at 18.5◦N, 7.5◦W from the MODIS

shortwave BRDF 0.5 degree (MCD43C1) 16 day average product from 18/06/07 - 03/07/07.

The BRDF coefficients parameters used were; isotropic coefficient: 0.501, gemoetric co-

efficient: 0.015 and volumetric coefficient: 0.012. The CERES TRMM bright desert clear

sky ADM for SZA = 30◦-40◦ is shown in the top panel in Figure 6.24 and the bottom panel

shows the SBDART derived spheres model ADM at SZA = 36◦ for AOD = 0.0 - 1.2. Fig-

ure 6.25 shows the SBDART model ADM for spheroidal dust particles. From looking at

these plots it is evident that the CERES clear sky ADM does contain a small amount of

aerosol with an AOD between 0.3 and 0.6 and it can be seen that as the dust loading in-

creases in modelled ADMs they become less similar to the CERES clear sky ADM which

suggests that the flux bias would increase with AOD.

Figure 6.25: SBDART derived ADMs for AOD = 0.0 - 1.2 at SZA = 36◦ for a bright desert

BRDF with spheroidal dust particles. Colourbar indicates isotropic factor.

To test the likely bias in the TOA fluxes due to the radiance-flux conversion using a

clear-sky bright desert ADM rather than an aerosol specific ADM the modelled spheres and
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spheroids ADMs were applied to the GERB measured radiances for a single pixel over the

GERBILS period at 0900, 1200 and 1500 UTC. For each observation the modelled AOD

dependent anisotropic factors were interpolated to the SEVIRI derived AOD, solar and

viewing geometry, and applied to the GERB radiances. The CERES fluxes were generated

from the CERES clear sky ADM for comparison with the equivalent GERB fluxes. The

derived fluxes (left panel) and the difference between the ADM and GERB fluxes (right

panel) were then compared against the SEVIRI retrieved AODs in Figure 6.26 at 0900,

1200 and 1500 UTC to consider different geometries. The pixel is located at 18.5◦N, 7.5◦W

which matches the location of the MODIS BRDF parameters.

Firstly, the left panels in Figure 6.26 show an overall trend of decreasing flux with in-

creasing AOD at 1200 UTC (low SZA) and increasing flux with AOD at 1500 UTC (high

sza), however there are interesting features which show the complex relationship between

dust loading and its effect on fluxes. It is evident that the different ADMs lead to a con-

siderable offset between the derived fluxes with the GERB ADMs typically having higher

fluxes compared to the modelled spheres and spheroids at all times. At 1200 UTC (θz = 7◦)

the modelled spheres results in a much lower upwelling SW flux (∆F↑≈ 15 Wm−2) than

the modelled spheroids which appears to be in agreement with other studies using radiative

transfer models which found that shape was important for the upwelling scattered radiation

‘especially for small solar zenith angles and super-micron-sized particles’ which leads to

an underestimation of upwards radiation when spherical particles were assumed compared

to spheroidal [138]. At 0900 UTC and 1500 UTC it is the modelled spheroids representa-

tion which results in the smallest upwelling SW flux.

It is important to note that the potential impact of using an incorrect ADM on the

DRESW estimate is concerned with the difference between the derived fluxes and the GERB

fluxes as the AOD increases. A consistent offset would not affect the estimated DRESW.

The GERB-model flux differences shown in the right panel of Figure 6.26 suggest that

whilst the GERB-spheroids flux difference is fairly consistent at 1200 UTC at≈ 6 - 8 Wm−2

for the AOD range 0.4 - 0.9, there is a significant change in the difference between the fluxes

as AOD increases at 0900 UTC and 1500 UTC. The spheres and spheroids representations

show a greater increase in upwelling SW flux as the AOD increases compared to the GERB

fluxes. The spheroid flux resulted in an additional F↑ of ≈ 12 Wm−2 over the AOD range
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Figure 6.26: Top left panel: Fluxes from a single bright desert pixel (18.5◦N, 7.5◦W) at
1200 UTC (θz = 7◦, θv =23 ◦,φ= 70 ◦) from GERBILS period derived from GERB radiances
using clear sky CERES TRMM, modelled spheres and modelled spheroids ADMs plotted
against SEVIRI retrieved AOD. GERB fluxes are plotted for comparison. Top right panel:
difference between different ADM derived fluxes and GERB fluxes plotted against SEVIRI
retrieved AOD. Middle panel: Same as top for 0900 UTC (θz = 47◦, θv = 23 ◦,φ= 97◦). Bot-
tom panel: same as top for 1500 UTC (θz = 37◦, θv = 23◦,φ= 52◦).
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whilst the spheres flux has an additional F↑ of ≈ 25 Wm−2. Although this is one specific

case, the general trend seen here suggests that either of the aerosol specific ADMs would

enhance the DRESW and in this example lead to dust causing a stronger TOA cooling effect.

Although this brief study does not allow any strong conclusions to be drawn on the

impact of using a constant GERB ADM which does not vary with aerosol amount it does

suggest that it could be having a significant effect on the estimated values of DRESW, par-

ticularly when the sun is far from the zenith. Further study including the application of

these ADMs over a broader range of solar and viewing geometries would assist in deter-

mining how significant this issue may be although the development of an aerosol specific

ADM for GERB use in the longterm can only benefit the study into the direct radiative

effect of mineral dust aerosol.

6.3 Net direct radiative effect

The net direct radiative effect, DRENet is an overall measure of whether mineral dust

aerosol has a heating or cooling effect at the TOA;

DRENet = DRESW + DRELW (6.26)

As with the individual longwave and shortwave components, a positive DRENet indi-

cates TOA warming and a negative value implies cooling. The mean gridbox DRENet is

shown in Figure 6.27 for the GERBILS period at 0900, 1200 and 1500 UTC; the means

across the whole grid are 9.07, 13.29 and 7.33 Wm−2. Table 6.4 shows the relative mag-

nitude of the SW, LW and net DRE at different times of day. Thus, the overall effect of

mineral dust aerosol in North Africa is to reduce the outgoing flux at TOA and that DRELW

dominates the radiative effect.
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The net DRE is clearly strongly modulated by the surface temperature and its influence

on the DRELW (see Figure 6.7) as the main regions of heating progress westwards with

the solar zenith and the peak mean DRENet occurs at 1200 UTC. Considering the mean

DRESW in Figure 6.18 it appears that DRESW may be the dominant effect at 0900 and

1500 UTC below 16◦N in the western Sahara where there is marked cooling corresponding

to relatively high AOD over the GERBILS period and a low surface reflectance. Comparing

the maps of DRENet and DRELW it appears that apart from this region the spatial distribution

of the strongest DRENet matches that of the longwave component.

0900 1200 1500

AOD (550 nm) 0.45 0.45 0.42

DRESW (Wm−2) 0.27 3.33 0.31

DRELW (Wm−2) 8.44 9.38 6.15

DRENet (Wm−2) 9.07 13.29 7.33

Table 6.4: Mean SW, LW and NET DRE for 20-29/06/07 at 0900, 1200 & 1500 UTC in

Wm−2 and the corresponding mean AOD at 550 nm.

The data in Table 6.4 suggests that the contribution of the SW component to the overall

radiative balance at the TOA over North Africa was negligible during the GERBILS period

except at 1200 UTC when it added to the stronger warming effect of dust aerosol in the LW.

Summary

Despite the fact that the mean AOD distribution over North Africa was very similar at 0900,

1200 and 1500 UTC during the GERBILS period it has been shown that the direct radiative

effects in the LW, SW and the corresponding net effect were strongly dependent on the time

of day. In the LW, the time of day dominates the radiative effect through its modulation

of the surface temperature such that the same dust loading leads to an enhanced DRELW

warming at local noon. The impact of mineral dust aerosol on the SW flux was found to

be far more complicated with both the pristine-sky albedo and dust-radiation interactions
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being dependent on the solar zenith angle. There was evidence of the critical pristine-sky

albedo at ∼ 0.35 in the GERBILS period data and that identical dust loadings result in an

increase or decrease in outgoing radiation or a negligible effect on the radiative balance at

TOA depending on the underlying surface albedo and solar zenith angle.

Overall, mineral dust was found to reduce the outgoing radiation at the TOA with a

reduction of order 10 Wm−2 during the GERBILS period from 20-29/06/07 above North

Africa. However, there was a strong regional variation in DRENet with both DRESW and

DRELW dominating the net effect in different regions and at different times of day. This

study has shown the importance of ensuring that the spatial and temporal evolution of

mineral dust AOD within the Met Office NWP are accurately represented in order that the

sign of the radiative effect of dust is correctly determined.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Recent discussion has highlighted that the discrepancy between modelled and measured

outgoing longwave fluxes at the top of at the atmosphere may be due to the lack of assimi-

lated aerosol into NWPs which could contribute to errors in the forecasting skill of skin and

near-surface temperatures. There have been a number of studies using regional atmospheric

dust models which initialised the forecast AOD using satellite observations; these results

were encouraging as there were significant improvements in the atmospheric temperature

and mean sea-level pressure forecasts obtained over dust contaminated areas as well as a

reduction in cold and warm biases which had existed in the model without the inclusion of

aerosol. The UK Met Office has long realised the importance of mineral dust aerosol in

its Unified Model NWP and recently tested the assimilation of aerosol optical depths de-

rived from the SEVIRI instrument onboard Meteosat-9 in a regional trial over North Africa.

This trial showed a relatively large increase in forecasting skill for AOD when compared

against AERONET observations. In an effort to improve their Numerial Weather Predic-

tion model, the Met Office aim to run a larger trial which would include testing the impact

of the assimilated AOD on the forecasted TOA fluxes prior to operational use.

This research has focused on evaluating mineral dust aerosol retrieval from SEVIRI

brightness temperature observations in the mid IR and its direct radiative effect from GERB

TOA flux measurements with a view to improving forecasts in the UK NWP model by
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informing on the retrieval quality and also the expected radiative effects of dust in both the

longwave and shortwave for comparison with modelled fluxes from the next wider trial.

The validation study of the SEVIRI retrieval algorithm focused on the GERBILS field

campaign, 20-29 June 2007. Retrieved AODs were found to be in very good agreement

with both flight observations and co-located AERONET sites throughout the period with

particularly strong agreement when the aerosol was determined to be dust dominated via

assessment of its Ångström coefficient. Insitu sampling during the field campaign provided

data on the varying physical and optical properties of dust plumes encountered during the

study period. The sensitivity of the retrieved AODs to the particular dust properties used

for quantifying the relationship between mid IR brightness temperatures and dust loading,

which the algorithm uses to determine dust AOD, was investigated by modelling their ra-

diative impact. The retrieved AODs were found to be most sensitive to the presence of a

coarse mode in the size distribution of the dust used in modelling the relationship. There-

fore, aerosol optical depths may show some bias if the dust plumes observed are emitted

from source regions which are known to have significantly different coarse modes to the

size distribution used during the retrieval algorithm development. The sensitivity of the

retrieval to surface, atmospheric and other dust properties was found to be minimal.

The SEVIRI retrieval algorithm uses external atmospheric fields of surface temperature

and column water vapour to correct for changes in the brightness temperatures between

dusty and quasi-pristine reference days due to different weather conditions, prior to deter-

mining the dust loading. The retrieved AODs were found to be fairly insensitive to the

dataset used for this input when the aerosol loading was high and dust dominated the signal

seen. The retrieval compares the observed brightness temperatures on a dusty day to those

from a clear sky day occurring within a window period preceding the observation. The

optimum window period was found to be 16 days in order to provide sufficient time for a

minimal aerosol loading day to occur whilst also minimising the change in the background

atmospheric or surface conditions due to seasonal effects.

Following the successful validation of the SEVIRI retrieval and investigation into its

sensitivity, the measured AODs were analysed with GERB fluxes at TOA to assess the di-

rect radiative impact of mineral dust aerosol for June 2007. This study provided, for the

first time, an observationally based estimate of the net direct radiative effect of mineral dust
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aerosol from geostationary satellite observations, giving new insight into the influence of

time of day on DRESW, DRELW and DRENet. This will inform the testing of a wider assimi-

lation trial at the Met Office incorporating dust radiative effects by providing observed data

for comparison with the modelled fluxes. The longwave radiative efficiency was estimated

to peak at 1200 UTC at 23.9± 5 Wm−2/τ055 compared to 20.3 and 19.4± 5 Wm−2/τ055

at 0900 and 1500 UTC respectively. The spatial distribution of the regions of strongest

DRELW clearly followed the solar zenith and hence skin temperature. As expected, mineral

dust aerosol DRELW was found to warm the Earth-atmosphere system across North Africa

during June 2007 at all times of day.

Pristine sky albedo maps were generated at 0900, 1200 and 1500 UTC using linear re-

gression on SEVIRI AOD and GERB planetary shortwave albedo pairs. The solar zenith

angle dependency of the surface albedo was clearly evident within the data and this rein-

forces the need to consider DRESW both in terms of surface reflectance and solar zenith

angle. The relationship between planetary SW albedo and AOD at all SZA showed a criti-

cal pristine-sky albedo of∼ 0.35 and the amount of dust required to induce either a marked

heating or warming was found to increase as the surface albedo approached the critical

albedo either from above or below. Discriminating between DRESW observations at differ-

ent SZA showed a marked dependency; dust loadings which induced a strong increase in

outgoing SW flux at high SZA were found to have minimal effect over the same location

when at a low SZA. This result suggests that a good temporal evolution of dust plumes is

required when assimilating AODs into NWP models to accurately track dust events as a

function of SZA. Although instantaneous DRESW was found to be large under certain con-

ditions, the mean SW forcing for the GERBILS period at 0900 and 1500 UTC was found

to be negligible although a slight reduction in outgoing SW of ≈ 3.3 Wm−2 was found at

1200 UTC.

The net direct radiative effect for June 2007 was found to be dominated by DRELW with

mineral dust inducing a net reduction in outgoing net flux of order 10 Wm−2; although its

impact was considerably larger at 1200 UTC when both the peak longwave and shortwave

radiative effects coincide. Overall, the research contained within this study has reinforced

the idea that the mean and peak instantaneous effects of mineral dust aerosol on both the

longwave and shortwave radiative flux balances may be significant such that a better repre-
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sentation of these effects in NWP models could extend to improved forecasting ability.

7.2 Future work

The obvious next step in this research is a full assimilation trial of SEVIRI retrieved aerosol

optical depths including the radiative effects of dust in the Met Office Unified Model fol-

lowed by a detailed analysis of modelled TOA fluxes with GERB observations. The Met

Office are planning to run this trial in 2013. The brief assessment of the likely bias in

outgoing shortwave fluxes as a result of not using an aerosol specific ADM to convert

GERB radiances to fluxes indicated that there is the potential for a significant impact on

the DRESW estimates particularly at the greatest solar zenith angles. Thus, the develop-

ment of aerosol specific ADMs would be extremely beneficial prior to comparison of the

modelled TOA fluxes with GERB observations.

Work is currently being undertaken at Imperial College to obtain DRESW for the recent

Fennec field campaign [143] in June 2011 using the methodology from this thesis. Prelim-

inary work from this investigation supports the results from this study including the SZA

dependency of the DRESW and the importance of determining the pristine planetary albedo

at each location and how it changes with the local time. Following this study, the aim is to

initially calculate DRESW and DRELW for the entire GERB historical dataset for the month

of June before considering the entire year. This should allow any longterm changes in the

direct radiative effect of mineral dust aerosol over North Africa to be investigated as well

as the seasonal effects of changing mineral dust aerosol loading on the Earth-atmosphere

radiative balance to be discussed. Preliminary results from this study should be available

in late June 2013.

There are two key areas which require development in the retrieval of AODs from SE-

VIRI; night-time retrievals and a simultaneous retrieval of dust layer height. Currently, the

SEVIRI algorithm is only optimised for day time retrievals by relating the depression in

brightness temperatures in the atmospheric window to the presence of ‘cooler’ dust com-

pared to the underlying hot desert surface. At night-time, desert surface temperatures can

be very low which may result in the dust layer being effectively warmer than the surface

or at least a minimal contrast between the layer and skin temperature. Therefore, the phys-
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Figure 7.1: Profile of scattering, AOD, temperature and dewpoint temperature for GER-
BILS flight B299 P4 as measured onboard during flight.

ical basis of the retrieval algorithm means that it is not adaptable for night-time retrievals

although obviously, it would be advantageous to have night-time retrievals of AODs for

assimilation purposes.

Retrieving the altitude of a dust layer is also extremely important in terms of its radia-

tive effects and also for visibility forecasting purposes. Although it is unlikely that dust

layer altitude can be retrieved from the SEVIRI channels, it may be possible to use infor-

mation from other sensors or the model fields in order to at least address the size of the

uncertainty introduced into the retrieval as a result of the unknown height of the dust layer.

For example, although CALIPSO does not have constant coverage of the region of interest,

it could provide mean altitudes on a monthly basis which would help remove uncertainty

regarding the seasonal changes in dust layer height.

The dust layer is usually capped by a temperature inversion of order 5 K [144] which is

also evident in the profiles of temperature obtained during the GERBILS flight campaigns

(see Figure 7.1). The retrieval method currently uses atmospheric fields to determine the

AOD and therefore future work could involve attempting to use these to determine the
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Figure 7.2: Simulated value of ∆TB108 as a function of dust τ055 (left) stratified accord-
ing to the mean dust layer temperature minus the skin temperature and (right) stratified
according to the simulated ∆TB134. From Brindley and Russell (2009).

likely altitude of the dust layer prior to the AOD being retrieved. Figure 7.2 shows the

original simulations used to derive the SEVIRI retrieval algorithm stratified according to the

modelled mean dust layer temperature minus the skin temperature (left) and also according

to ∆TB134 (right). ∆TB134 is used in the final retrieval in order to account for the dust layer

height and whilst Figure 7.2 shows that this method is successful in providing information

on the dust layer altitude for the retrieval, it is evident that the relationship between dust

τ055 and ∆TB108 and the fitted curves is stronger when the actual temperature difference is

known (left plot). Thus, developments in this area as well as night-time retrievals would

help to reduce the uncertainty in estimates of the direct radiative effect of mineral dust

aerosol whilst also increasing the times when retrievals are possible.

Another area of research which is currently receiving considerable attention relates to

mineral dust sources in North Africa and also the evolution of the size distribution of dust

plumes from these sources with time and distance from emission. In this study it has been
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shown that the retrieved AOD using this methodology is particularly sensitive to the amount

of coarse mode aerosol which is present in the dust model used to generate the algorithm

fit coefficients. The ongoing work by Schepanski and Ryder [145] may show that certain

regions are predominantly affected by dust from one source and that its size distribution

evolves significantly with transport for example, a reduction in the coarse mode due to

gravitational deposition. There is scope for revisiting the SEVIRI retrieval algorithm and

potentially varying the fit parameters for individual sources, or at different times as the

plumes are transported, in order to optimise the retrieval. This would be an interesting area

of study although it would likely require a wider network of ground-based or flight-based

measurements for comparison.

Obviously this study has been limited with its specific focus on June 2007 and a wider

validation study of the SEVIRI retrieval algorithm covering the full annual dust cycle would

be beneficial before also assessing the direct radiative effects on a seasonal basis. Banks

and Brindley [146] have considered this area including a three-year AOD validation from

2008-2010 which also showed how surface features can falsely trigger dust detections.

Following their work it would be interesting to use these validated retrievals to determine

longer term DRE estimates in both the shortwave and longwave which would hopefully

help to reduce the uncertainty. It would be particularly interesting to research the longer-

term temporal evolution of the SW pristine-sky albedo and consider seasonal effects, as

currently only the daily cycle due to changing SZA has been considered.
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P. Koepke, and M. Fiebig, “Airborne measurements of dust layer properties, particle

size distribution and mixing state of Saharan dust during SAMUM 2006,” Tellus B,

vol. 61, no. 1, pp. 96–117, 2009.

[50] T. Müller, A. Schladitz, K. Kandler, and A. Wiedensohler, “Spectral particle absorp-

tion coefficients, single scattering albedos and imaginary parts of refractive indices

from ground based in situ measurements at Cape Verde Island during SAMUM-2,”

Tellus B, vol. 63, no. 4, pp. 573–588, 2011.
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