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The Geostationary Earth Radiation Budget Intercomparison of Longwave and
Shortwave radiation (GERBILS) was an observational field experiment over North
Africa during June 2007. The campaign involved 10 flights by the FAAM BAe-
146 research aircraft over southwestern parts of the Sahara Desert and coastal
stretches of the Atlantic Ocean. Objectives of the GERBILS campaign included
characterisation of mineral dust geographic distribution and physical and optical
properties, assessment of the impact upon radiation, validation of satellite remote
sensing retrievals, and validation of numerical weather prediction model forecasts
of aerosol optical depths (AODs) and size distributions. We provide the motivation
behind GERBILS and the experimental design and report the progress made in
each of the objectives. We show that mineral dust in the region is relatively non-
absorbing (mean single scattering albedo at 550 nm of 0.97) owing to the relatively
small fraction of iron oxides present (1–3%), and that detailed spectral radiances
are most accurately modelled using irregularly shaped particles. Satellite retrievals
over bright desert surfaces are challenging owing to the lack of spectral contrast
between the dust and the underlying surface. However, new techniques have been
developed which are shown to be in relatively good agreement with AERONET
estimates of AOD and with each other. This encouraging result enables relatively
robust validation of numerical models which treat the production, transport, and
deposition of mineral dust. The dust models themselves are able to represent large-
scale synoptically driven dust events to a reasonable degree, but some deficiencies
remain both in the Sahara and over the Sahelian region, where cold pool outflow
from convective cells associated with the intertropical convergence zone can lead to
significant dust production. Copyright c© 2011 Royal Meteorological Society and
British Crown Copyright, the Met Office
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1. Motivation and rationale for the experiment

The radiative impacts of mineral dust have come under
increased scrutiny over the last decade as mineral dust
can have a profound local, regional, and continental-scale
impact on both top of atmosphere and surface fluxes in both
solar and terrestrial regions of the electromagnetic spectrum.
Three key measurement campaigns and modelling projects
that motivated the GERBILS campaign are summarised here.

The SaHAran Dust Experiment (SHADE; Tanré et al.,
2003) investigated the impacts on the radiation budget
over the ocean off the coast of West Africa. Haywood
et al. (2003) showed a clear increase in the reflected solar
radiation by mineral dust of up to 130 W m−2 for a min-
eral dust aerosol optical depth (AOD) at 550 nm (AOD550)
of around 1.5. Retrievals of the solar direct radiative impact
were found to be in good agreement with those derived
from the Clouds and the Earth’s Radiant Energy System
(CERES) satellite instrument. Simultaneous investigations
of the terrestrial impact of Saharan dust using a high spectral
resolution interferometer revealed a strong signature in
the 8–12 µm atmospheric window with a brightness
temperature reduction in zenith observations of up to 30 K
(Highwood et al., 2003).

The SINERGEE (SImulations from an NWP model
to Exploit Radiation data from a new Geostationary
satellite, Explore radiative processes and Evaluate models)
project has provided an extremely useful insight into the
performance of the global numerical weather prediction
(NWP) configuration of the Met Office Unified ModelTM

(MetUM) in terms of the top of the atmosphere outgoing
long wave (LW) and short wave (SW) radiation budget
(Allan et al., 2005). This project highlighted a large
discrepancy in the clear-sky outgoing LW radiation (OLRc)
over the Sahara Desert, which reaches a maximum during the
June–July–August period each year (Haywood et al., 2005).
An example of the OLRc anomaly is shown in Figure 1 when
comparing the MetUM to both the Meteosat-7 narrow band
and preliminary measurements from the first Geostationary
Earth Radiation Budget Experiment (GERB) instrument
(Harries et al., 2005) onboard Meteosat-8.

Very similar geographical features can be seen in both
sets of analyses, with the largest discrepancy in the OLRc
exceeding 50 W m−2. Haywood et al. (2005) suggested that
the most likely explanation for the overestimation of OLRc
in the MetUM was the lack of mineral dust: when the
radiative effects of mineral dust derived from the Total
Ozone Mapping Spectrometer (TOMS) were included, the
discrepancy was reduced.

Comprehensive observations of both mineral dust and
biomass burning aerosol were performed during the Dust
and Biomass burning Experiment (DABEX; Haywood et al.,
2008), a project affiliated with the overarching African
Monsoon Multidisciplinary Analysis (AMMA; Lebel et al.,
2010), when the aircraft was based in Niamey, Niger.
The radiative impacts of aerosols were shown to be
significant both at the surface and at the top of the
atmosphere in a number of measurements. For example,
Haywood et al. (2008) used data from the Atmospheric
Radiation Measurement (ARM) Mobile Facility (AMF) to
show a decrease in the peak surface SW irradiance by
around 230 W m−2 when the combined mineral dust and
biomass burning AOD550 increased by around 1. Milton
et al. (2008) performed a seasonal analysis of model versus

AMF measurements for January–February–March 2006
and found a mean daytime SW impact from mineral dust
and biomass burning aerosol in excess of 80 W m−2. Milton
et al. (2008) show that around 40% of this bias is due to
dust in January, but greater than 90% of this bias is due
to dust by mid March. Johnson et al. (2009) used aircraft
instrumentation to measure instantaneous reductions in
near-surface SW radiation owing to biomass burning and
mineral dust aerosols of around 150 W m−2 in the vicinity
of Niamey, Niger.

These three projects suggest that mineral dust exerts a
very significant perturbation to the radiation budget in both
the SW and LW regions of the spectrum, and that the
neglect of the radiative impacts of mineral dust in NWP
models causes a significant bias in the radiation budget, with
consequences on the atmospheric and surface heating rates
which influence the dynamical evolution of such models.
Mineral dust will increase the absorption of both SW and
LW radiation in the atmosphere, and decrease the SW
flux at the surface while increasing the LW flux at the
surface. The diurnal cycle is likely to be influenced owing
to LW effects acting throughout the day, while SW impacts
only act during daylight (e.g. Parker et al., 2005). Milton
et al. (2008) modelled the overall impact of mineral dust
during a Saharan dust event and found that dust exerts a net
atmospheric warming and a surface cooling which increases
the static stability of the atmosphere.

While these three projects noted above give insight into
the physical and radiative properties of mineral dust, no
dedicated investigation of mineral dust had been carried
out during the summer months over land surfaces close
to the sources of mineral dust. The intense heating surface
and absence of biomass burning aerosols during summer
months will lead to a very different dynamical environment,
and the lack of complex interactions between mineral dust
and biomass burning aerosols (e.g. Capes et al., 2008) will
lead to a more straightforward assessment of the physical and
radiative properties of mineral dust. Hence the GERBILS
intensive airborne measurement campaign was justified with
the following objectives:

1. To characterise the geographic distribution and
physical and optical properties of mineral dust

2. To assess the impacts of mineral dust on the radiative
budget

3. To assess satellite retrievals of mineral dust associated
radiative impacts

4. To use the aircraft and satellite remote sensing
techniques to validate and improve the performance
of dust modelling within numerical models

2. Pre-campaign experimental design and flight patterns

The representivity of the OLRc bias shown July 2003 in
Figure 1 was investigated before deployment of the aircraft
by examining the inter-annual variability throughout the
June–July–August 2003–2005 period. Although some
inter-annual differences in the position and the magnitude
of the OLRc biases were found, the area of maximum OLRc
bias was found to occur consistently at a latitude of 15–20◦N
and a longitude of 10◦W–5◦E (see Allan et al., 2011). An
idea to use two bases – one to the east (Niamey, Niger) and
one to the west (Nouakchott, Mauritania) – was developed
so that the aircraft could approach, pass over, and depart
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(a) (b)

Figure 1. An example of the OLR anomaly (from July 2003) when comparing the UM against (a) that from Meteosat 7, (b) the GERB instrument on
Meteosat 8. The positions of Nouakchott (Mauritania) and Niamey (Niger) are marked in (a), together with a ‘standard route’ that was flown by the
aircraft as described in the text.

Table I. The flying plan developed for GERBILS. ‘Standard
route’ indicates flights along 18◦N as described in the text.
The comments show deviations from the standard route.
Nouakchott and Niamey airfields are at 18.10◦N, 15.94◦W

2.18◦N, and 13.48◦E respectively.

Date Planned flight activity Comments

18/06/07 UK → Nouakchott B294: Flight over
ocean refuelling at
Agadir

19/06/07 Nouakchott → Niamey B295: Standard
route

20/06/07 Set-up (NO FLYING) NO FLYING
21/06/07 Niamey → Nouakchott B296: Diverted to

south to intercept
dust plume.

22/06/07 Nouakchott → Niamey B297: Flight over
ocean to intercept
dust plume.
B298: Direct rout-
ing to Niamey.

23/06/07 Down day (NO FLYING) NO FLYING
24/06/07 Niamey → Nouakchott B299: Standard

route
25/06/07 Nouakchott → Niamey B300: Standard

route
26/06/07 Down day (NO FLYING) NO FLYING
27/06/07 Niamey → Nouakchott B301: Standard

route
28/06/07 Nouakchott → Niamey B302: Standard

route
29/06/07 Niamey → UK B303: High alti-

tude only

from the area with maximum OLRc bias. An intensive fixed
flying programme was developed where the destination of
the aircraft on a particular day was predetermined (Table I).

While the proposed fixed flying programme could
simplify logistics, a study of the effectiveness of such a
stringent programme was performed before deployment.
For effective radiation measurements to be made, the aircraft

would have to operate in cloud-free conditions away from
the presence of any cloud. We utilise the satellite analysis
of Allan et al. (2011) to determine cloudy and cloud-free
pixels: cloud-free pixels are only assigned if cloud cover is
determined to be less than 1% by Meteosat. Table II shows
the likelihood of encountering 0–6 cloud-free days during
the 6 days associated with the three pairs of Niamey ↔
Nouakchott flights using data from the GERB satellite for
June–August for the years 2003–2005.

There is a better than 85%–63%–36% chance of
experiencing at least 3–4–5 cloud-free days, respectively.
The mean OLRc bias is in excess of 20 W m−2. The fractional
number of pixels with less than 1% cloud cover exceeds
40% for the majority of the time. Given these statistics,
this fixed flying programme appeared reasonable. A flight
pattern following a ‘standard route’ along 18◦N was devised,
routing the aircraft through areas statistically expected to
have the highest OLRc bias (see Figure 1). Table I shows
that while the ‘standard route’ at 18◦N was followed for
the majority of the flights, some flexibility in the flying
programme was possible provided the aircraft destination
airport was adhered to. This allowed diversion of the aircraft
to the south of the region and over ocean when a significant
dust event occurred. The geographic distribution of flight
patterns for the campaign is shown in Johnson and Osborne
(2011).

Because the distance between Niamey and Nouakchott
is large (over 2000 km as a direct routing) compared to
the range of the BAe-146 aircraft, only a little flexibility
was allowed in the flight patterns. A schematic diagram
of a typical flight plan is shown in Figure 2. Because the
range of the aircraft decreases with decreasing altitude the
aircraft could not fly at low altitudes (<5 km) for the entire
flight and spent major portions of each flight at altitudes
of 7–8 km, remotely sensing the dust and desert surface
from above. Time spent travelling on a reciprocal heading
was also limited to about 15–20 minutes. These constraints
were tighter when travelling from Nouakchott to Niamey
owing to the headwind which European Centre Re-Analysis
(ERA40) suggested was around 10 m s−1 at 600 hPa.

Typically on the ‘standard route’ the aircraft performed
straight and level runs at FL200–FL250 (7–8 km) above the
aerosol, dropping radiosondes to measure the temperature,
humidity, and wind speed and direction. These data were
assimilated within the MetUM, providing high-resolution,
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Table II. The fractional number of cloud-free days that might be expected using the proposed flying schedule. Data from
June–August are used for the 3 years 2003–2005 in the calculations along a line from Niamey to Nouakchott. A cloud-free

day is defined as one where cloud cover in a Meteosat pixel is less than 1%.

No. of cloud-free days 0 1 2 3 4 5 6

Likelihood cloud-free %
(cumulative)

0 4% (100%) 11% (96%) 22% (85%) 27% (63%) 27% (36%) 9% (9%)

OLRc bias (W m−2) mean
and (SD)

0 19 (11) 28 (11) 25 (8) 24 (8) 25 (8) 24 (7)

% pixels cloud free 0 21 41 41 43 46 46

GERB/
SEVIRI

Figure 2. A sample flight plan from the western operating airport (Nouakchott) to the eastern operating airport (Niamey).

high-quality temperature, humidity and wind-field data in a
geographically data-sparse area. Upon approaching an area
of heavy dust loading as determined from satellite data and
from model forecasts, the aircraft performed a profile down
into the mineral dust, a low-level straight and level run, and
a series of banked orbits to make measurements analogous
to the almucantar scans of AERONET (see Osborne et al.,
2011), before profiling back up and continuing at FL200–
FL250 (7–8 km) to the destination airport. Nevertheless,
these flight patterns proved very effective at sampling peak
concentrations of mineral dust aerosol.

3. Flight planning during the GERBILS campaign

It was important during GERBILS to ensure that the aircraft
low-level work (see Figure 2) was performed under dusty
conditions. Throughout the campaign, two main tools were
used to aid with flight planning and to co-ordinate the
low-level work of the aircraft: satellite images, in particular
the EUMETSAT Spinning Enhanced Visible and Infrared
Imager (SEVIRI) RGB dust product, and forecasts from

the Crisis Area Mesoscale model (CAM, Greed et al., 2008;
Johnson et al., 2011).

The SEVIRI dust product is available every 15 minutes
and colours blue the 10.8 µm channel, red the difference
between the 12.0 and 10.8 µm channels, and green the
difference between the 10.8 and 8.7 µm channels. This
product strongly emphasizes high atmospheric loadings of
mineral dust that, in the absence of cloud, lead to magenta
(pink) colours in the images. The product has therefore
been used for studying the development and propagation of
dust storms at high temporal resolution (e.g. Slingo et al.,
2006; Milton et al., 2008). The sequence of SEVIRI RGB
dust products at 1230 UTC each day is shown in Figure 3
together with the flight patterns.

Dust events are clearly evident, particularly during the
first half of the campaign. A large dust event centred on
the Hoggar Mountains in southern Algeria is evident on 18
June which progresses south and westwards. On 20 June (not
shown) the large synoptic-scale dust storm reinvigorates and
plunges south in a trough associated with the African easterly
waves and the intertropical convergence zone (ITCZ) and
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18/06/07 19/06/07

25/06/0724/06/0722/06/07

21/06/07

29/06/0728/06/0727/06/07

Figure 3. The SEVIRI RGB dust products at 1230 UTC throughout the GERBILS measurements period. Only days with flights are shown. The dust is
shown by the intense pink colours, while deep convective clouds associated with the ITCZ are shown in brown. The approximate route of the aircraft is
shown by the arrows (see Johnson and Osborne, 2011) for more details.

is then advected out over the Atlantic Ocean on 21 and
22 June. Subsequent synoptic-scale mineral dust activity is
reduced as the monsoon flow and deep convective clouds
associated with the ITCZ move to the north. However, while
synoptic-scale generation and transport of dust are reduced
in the second half of the GERBILS period, dust continues to
be produced at smaller scales. Marsham et al. (2008) analyse
GERBILS flight data from 27 June and show that significant
dust is generated by the nocturnal monsoon winds (Parker
et al., 2005) and cold pool outflow from deep convective
systems of the ITCZ.

The CAM model is a limited area configuration of the
MetUM run at 12–20 km resolution over a relocatable
domain. For GERBILS, the CAM is run at 20 km with
38 vertical levels over a domain approximately covering
7◦S–37◦N, 45◦W–20◦E, with boundary conditions supplied
by the global version of the MetUM. Both the CAM
and global MetUM configurations were used in DABEX
for forecasting dust generation, advection, and deposition
(Greed et al., 2008; Milton et al., 2008). Figure 4 shows the
AOD550 forecast by the CAM model during the campaign
when flights occurred.

Generally, there is a reasonable spatial correlation between
the areas where the SEVIRI RGB dust product show
significant dust (see Figure 3) with the areas of high
AOD550. The geographic progression of the large dust storm
indicated in the SEVIRI RGB product on 21–22 June appears
reasonably well represented. The CAM forecast was the main
tool leading to the decision to divert the aircraft from the
‘standard route’ to that shown in Figure 3 for 21–22 June,
a decision that was later vindicated by the SEVIRI RGB
products. A full description of the CAM model and its

performance in terms of the AOD and size distribution
when compared against a wide range of satellite and in situ
measurements is provided by Johnson et al. (2011), as will
be summarised in section 5.4.

4. Aircraft instrumentation and satellite products

The FAAM BAe146 is jointly funded by the Met
Office and the Natural Environment Research Council
(NERC), and has the largest payload of the European
fleet of meteorological research aircraft. The scientific
payload was tailored for aerosol, radiation/remote sensing
and basic gas phase chemistry measurements as well
as measurements of standard meteorological variables
such as temperature, humidity, and wind speed and
direction. Aircraft instrumentation was a stripped down
version of that used during the DABEX campaign,
which is fully described in Haywood et al. (2008) and
at http://www.faam.ac.uk/index.php/science-instruments;
only a brief description of relevant instrumentation is given
here.

The size distribution of mineral dust over the size range
0.05–30 µm radius was determined using a combination
of the wing-mounted Passive Cavity Aerosol Spectrometer
Probe (PCASP-100X) and a second version of the Small
Ice Detector (SID2; Cotton et al., 2010). Corrections were
made for refractive index by assuming the refractive index
of Balkanski et al. (2007) with a haematite content of 1.5%,
and shape by assuming irregular shaped particles and
using combinations of Mie scattering, T-matrix, and ray
tracing techniques (Johnson and Osborne, 2011). A standard
Rosemount inlet fed the internally mounted TSI 3563
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18/06/07

22/06/07

27/06/07

19/06/07

24/06/07

28/06/07

21/06/07

25/06/07

29/06/07

Figure 4. The AOD550 predicted by the operational version of the CAM configuration of the MetUM.

3-wavelength nephelometer and particle soot absorption
photometer (PSAP), which were corrected for non-ideal
scattering (Anderson and Ogren, 1998), and absorption
artefacts (Bond et al., 1999). The filter measurement system
(Klaver et al., 2011) consists of thin-walled nozzles (Andreae
et al., 1998) with curved leading edges leading to two stacked
filter units under sub-isokinetic conditions. Each stacked
filter unit consisted of a Nucleopore filter of 47 mm diameter
and nominal pore size 0.4 µm. Gas phase measurements
were made using Rosemount inlets coupled to a TECO 42
for measuring NO and NO2, a TECO 43C for measuring
SO2 and a TECO 49 for measuring ozone, while CO was
measured using an Aero-laser AL5002.

Radiation measurements were made using upper and
lower clear-dome and red-dome Eppley pyranometers
(e.g. Haywood et al., 2003) to measure the 0.3–3.0 and
0.7–3.0 µm irradiances respectively. Spectrally resolved
upward and downward irradiances at a resolution of up
to 0.0032 µm were determined from the Solar Hemispheric
Integrating Measurement System (SHIMS), which consists
of an integrating head coupled by fibre optics to Zeiss
spectrometer units. A new ‘pirouette’ correction procedure
detailed by Haywood et al. (2011) was applied to account
for pitch and roll variations for downwelling irradiances,
while no correction was deemed necessary for upwelling
irradiances. Spectral radiances at the same spectral resolution
as SHIMS were also measured using a pointable narrow field
of view short-wave spectrometer (SWS). As well as zenith
and nadir measurements, aircraft orbits where the aircraft
was flown in a circle at a fixed angle of bank enabled the
spectral radiances to be measured as a function of scattering
angle (Osborne et al., 2011). Such a procedure provides
data analogous to the almucantar scans from the Aerosol

Robotic Network (AERONET; e.g. Dubovik et al., 2006).
The Airborne Research Interferometer Evaluation System
(ARIES) was also flown and has previously been used to
measure the spectrally resolved impact of mineral dust in
the long-wave region of the spectrum at a spectral resolution
of approximately 0.5 cm−1 (Highwood et al., 2003).

A wide range of satellite instruments and data were
used in pre-campaign planning (section 2), flight planning
during the campaign (section 3) or in post-campaign
quantitative analyses of AOD or mineral dust radiative effects
(section 5); those relied on most heavily are summarised in
Table III.

5. Key results

The GERBILS measurement campaign had four major
objectives (section 1). Here we discuss the progress made in
each of these objectives and the key results.

5.1. Aircraft-based assessments of the geographical distribu-
tion and physical and optical properties of mineral dust

Aircraft-mounted filter measurements of the chemical
composition of mineral dust were examined by Klaver
et al. (2011), while the geographic distribution and physical
and optical properties were examined in detail by the
aircraft-mounted measurements of Johnson and Osborne
(2011). Filters exposed on the aircraft (Klaver et al., 2011)
were analysed by X-ray diffraction techniques, which
indicated that clays such as illite and kaolinite made up
80–90% of the aerosol mass, while quartz, calcite, dolomite,
gypsum, alkali feldspars and iron oxides made up the
remaining mass. Iron oxides, which are responsible for the
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Table III. Summary of the satellite instruments and products
that were used in operational planning or scientific analyses

for GERBILS.

Satellite sensor Use during GERBILS

GERBa Diagnosis of difference between
model OLRc and observations to
determine dust radiative impact
(Allan et al., 2011)

MODISb Operational determination of dust
storms using rapid response data
(http://rapidfire.sci.gsfc.nasa.gov/
subsets/)
Standard AOD (Remer et al., 2005)
and Deep Blue AOD (Hsu et al.,
2006) utilised over bright surfaces:
Christopher et al. (2008, 2009, 2011)

MISRc Used as standard to calibrate wide
swath OMI retrievals (Christopher
et al., 2008, 2009)

OMId Operational determination of dust
storms
Correlative relationships developed
(Christopher et al., 2008, 2009,
2011) to allow model validation
(Johnson et al., 2011)

SEVIRIe Operational RGB product for moni-
toring dust storms in near-real-time
for flight planning.
Assessment of dust direct radiative
effect (Haywood et al., 2011)
Assessment of dust model perfor-
mance (Johnson et al., 2011)

aGeostationary Earth Radiation Budget (Harries et al., 2005).
b Moderate Resolution Imaging Spectrometer (Kaufmann et al., 1997).
c Multiangle Imaging Spectroradiometer (Khan et al., 2005).
d Ozone-monitoring instrument (Torres et al., 2007).
e Spinning Enhanced Visible and Infrared Imager (Brindley and
Russell, 2008).

majority of absorption of solar radiation, were derived by
chemical extraction methods to be 1–3% of the total aerosol
mass. This is in the range of values also found by Formenti
et al. (2008) and Kandler et al. (2009) for near-emission
and transported dust during DABEX, Dust Outflow and
Deposition to the Ocean (DODO) and Saharan Mineral
Dust Experiment (SAMUM) measurement campaigns.
Klaver et al. (2011) also derived the median aspect ratios for
mineral dust particles of around 1.5–1.6, similar to those
derived by Chou et al. (2008) and Kandler et al. (2009) for
the AMMA/DABEX and SAMUM measurement campaigns.

The AOD derived by integrating the aerosol scattering
from the nephelometer during aircraft profiles compared
well to that derived from sun photometers located at
Nouakchott and Banizoumbou – a surprising result given
the suspected low sampling inefficiency of the Rosemount
inlet to coarse aerosols when the instrument was installed on
the C-130 aircraft (e.g. Haywood et al., 2003). The aircraft
measurements suggest that AODs in this data-sparse region
are at least as high as current satellite products suggest
(Christopher et al., 2009).

The size distribution showed a peak mass concentration
at a radius of around 2 µm, in reasonable agreement with
the results of SHADE (Haywood et al., 2003) and DABEX
(Osborne et al., 2008). The GERBILS size distributions
are also remarkably similar to those derived from
AERONET retrievals. However, the peak size distribution
is significantly smaller than the aircraft observations made
during SAMUM (Weinzierl et al., 2008). The differences
between SAMUM and GERBILS size distributions could be
due to a combination of factors, including differences in
instrumentation, measurement techniques and instrument
corrections, and differences in geographic region (SAMUM
was based in northwest Sahara). Differences in underlying
soil types and surface conditions may affect the emitted size
distribution of mineral dust and due to sedimentation the
measured size distribution varies with distance from the
source region.

The absorption from the mineral dust as measured
using the corrected nephelometer and PSAP combination
suggests single scattering albedos at 550 nm (SSA550) in
the range 0.92–0.99, with a mean of 0.97. Johnson and
Osborne (2011) show that the mineral dust refractive indices
from Balkanski et al. (2007) assuming 1.5% haematite gave
reasonable agreement with the single scattering albedo,
consistent with the findings of Klaver et al. (2011). An
SSA550 of 0.97 is higher than that obtained from aircraft
measurements during the SAMUM experiment performed
in Morocco but in reasonable agreement with that from
the SAMUM-2 experiment, which made measurements in a
similar geographical location to GERBILS (Andreas Petzold,
personal communication). Ground-based measurements
during SAMUM (Schladitz et al., 2009) estimate the single
scattering albedo at Tindouf in northern Morocco to be
0.96 ± 0.02 (at 540 nm) when high concentrations of
mineral dust are present, which is similar to our estimates.

5.2. The impact of mineral dust on radiation and radiative
closure

Osborne et al. (2011) used aircraft orbits and SW spectral
radiance measurements in close proximity to the Dakar
AERONET site (Holben et al., 1998) to show that the aircraft
SWS reproduced the AERONET sun photometer radiances
as a function of the scattering angle during almucantar
scans (e.g. Dubovik et al., 2006). Modelled radiances were
then computed for spheres, spheroids, and irregular-shaped
particles (polycrystals) with sharp edges using combinations
of Mie scattering, T-matrix, and ray tracing diffraction on
facet techniques (Havemann and Baran, 2001; Hesse, 2008).
While the single scattering albedo showed insignificant
variation (Johnson and Osborne, 2011), the scattered phase
function and scattered radiance are particularly sensitive
to the particle shape (Osborne et al., 2011). Kokhanovsky
(2003) performed laboratory studies showing that irregular
polycrystals can represent scattered radiances from mineral
dust to high accuracy. However, Osborne et al. (2011)
are the first to show that use of polycrystals definitively
leads to better agreement between measured and modelled
atmospheric radiances than the use of spheres or spheroid
models (i.e. models with smooth surfaces) for high optical
depth mineral dust aerosol. These results indicate that some
form of irregularity and/or surface roughness is required if
the scattering phase function is to be adequately modelled.
Clearly, there is a need for further research and field
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measurements in this area, particularly at backscattering
angles, where differences in scattering are manifest between
smooth and irregular particles. Osborne et al. (2011) also
show that while the SW spectral signature of mineral dust is
clearly detectable in low-altitude zenith measurements over
land, there are significant difficulties in detection in high-
altitude nadir measurements owing to the variability in the
underlying surface reflectance. The aircraft measurements
and radiative transfer modelling suggest that daytime mean
reductions of downwelling SW radiation at the surface
are estimated to be 137–153 W m−2/AOD550. In the LW,
the peak reduction in the brightness temperature in high-
altitude nadir data for a relatively modest AOD550 of around
0.8 was 14 K, which corresponded to a reduction in OLRc
by 14–26 W m−2 at local noon depending on the assumed
refractive indices. These values are entirely plausible, given
the analysis by Haywood et al. (2005) and Allan et al. (2011)
and match reasonably well with values derived from GERB-
like SEVIRI fluxes in the presence of aerosol (Brindley
and Russell, 2008). The Balkanski et al. (2007) refractive
indices appear to perform reasonably in obtaining radiative
closure in the LW region of the spectrum (Osborne
et al., 2011; Haywood et al., 2011). Osborne et al. (2011)
suggest a diurnal average LW radiative impact of around
18 W m−2/AOD550.

While the majority of the GERBILS measurement
campaign was performed over desert regions, Haywood
et al. (2011) perform a radiative closure study over ocean
regions while the aircraft was on route to the campaign. Hay-
wood et al. (2011) clearly detect a significant upwelling SW
direct radiative effect of 33 ± 3 W m−2, which is reasonably
represented by the SEVIRI retrievals developed by Brindley
and Russell (2008). The corresponding measured reduction
in the downwelling SW flux was around 47 ± 9 W m−2.
When variations in the solar zenith angle are accounted
for, SW radiative closure appears reasonable provided a
lightly absorbing aerosol model is used (spherical, spheroid,
and irregular models coupled with the refractive index of
Balkanski et al. (2007) yield SSA550 of 0.95–0.97), closure is
not possible using refractive indices from the World Climate
Program (1986). The spectral dependence of the SW and
LW radiative impacts are clearly detected, and modelled
reasonably, although some discrepancies exist in near-infra
wavelengths that may be due to inaccurate representation
of the spectral dependence of the sea surface reflectance,
and in the 8–12 µm atmospheric window owing to the
sensitivity to assumed refractive index.

5.3. Satellite retrievals of dust and their associated radiative
impact

One of the motivational studies for performing the GERBILS
campaign was that of Haywood et al. (2005, Section 1),
which demonstrated a significant bias in OLRc between the
global NWP MetUM and measurements by the Meteosat-
7 satellite (see Figure 1) in July 2003. To establish the
representativeness of this study, Allan et al. (2011) perform
a multi-year seasonal analysis of the bias in SW and LW
fluxes when compared to a variety of climate models and
show that a significant bias in OLRc (mean ∼9–11 W m−2

over the North African region 10–40◦N, 20◦W–30◦E) is
present in all of the climate models when compared to
a range of satellite retrievals. Some of the climate models
include the LW properties of mineral dust and some of

them do not. Allan et al. (2011) find that the bias in LW
fluxes is present in all of them. This suggests that, even if
dust radiative effects are included in the models, further
attention and refinement of mineral dust LW properties
is required in climate models if the LW fluxes are to be
accurately modelled. Allan et al. (2011) show that in a high-
resolution version of the MetUM, when the LW properties
of aerosols are fully parameterised, the bias is much reduced
(Woodage et al., 2010). Further comparisons of the MetUM
against GERB show that the radiative biases were indeed
largest during 2003 (Haywood et al., 2005), but that the LW
and SW biases had decreased. Allan et al. (2011) suggest
that the reasons for the decrease in biases are likely a
combination of improvements in the model (e.g. changes to
the surface emissivity, improvements to data assimilation)
rather than any temporal trend in AOD. Additionally,
the GERB data produced during 2003 operated under a
preliminary processing system, using Meteosat-7 imager
data to define scene type, and are therefore considered
of lower accuracy than GERB data produced after March
2004. Nevertheless, model biases remain significant: Allan
et al. (2011) analyse the GERBILS period, finding OLRc
biases as high as 20–30 W m−2 during daylight hours, which
is in line with what might be expected (section 2) and
vindicates the experimental design and aircraft deployment
(section 3).

The aircraft observations over ocean (Haywood et al.,
2011) allow assessment of the SW direct radiative effect
derived from SEVIRI (Brindley and Russell, 2008). They
show that the agreement between the aircraft observations
and the SEVIRI retrievals is encouraging provided the most
accurate representations of the bidirectional reflectance
function are used. While satellite retrievals over ocean
are more straightforward owing to the relative invariance
and well-characterised nature of the surface reflectance,
retrievals over bright land surfaces are becoming available
using a variety of techniques. This is particularly useful as
it enables near-source observations where the AODs are
at their highest. Christopher et al. (2009) presented results
from a single case study on 21 June 2007 flight B296 (see
Table I) and showed good agreement in the altitude of
the aerosol detected by the space-borne CALIPSO lidar
when compared to aircraft measurements. Good agreement
in remotely sensed AODs from MODIS, MISR and OMI
with aircraft measurements was also shown except when
the AOD measured by the aircraft was particularly high.
Christopher et al. (2011) extend the analysis of satellite data
from a single case study to the entire GERBILS period.
In addition to polar orbiting satellite data, Christopher
et al. (2011) show the utility of the geostationary SEVIRI
data at tracking large-scale dust events as the data are
available at 15 minute temporal resolution. AODs over land
from MODIS Deep Blue (Hsu et al., 2006), estimated from
correlation between OMI and MISR (Christopher et al.,
2008), the standard OMI product (Torres et al., 2007), and
the SEVIRI sensor (Brindley and Russell, 2008), all show
good agreement with those from AERONET sites. MISR
is considered a particularly good sensor for making remote
sensing retrievals owing to the multi-angle capabilities (Khan
et al., 2005), but the narrow swath width makes validation of
model fields during short-duration field campaigns such as
GERBILS problematic. However, Christopher et al. (2011)
show correlations between MISR and the other retrievals
which agree to within 25%. Taken together, the correlation
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between broad-swath satellite retrievals and AERONET
and broad-swath retrievals and the narrow-swath MISR
instrument is encouraging as the broad-swath products can
then be used with reasonable confidence to validate models
over larger spatial and temporal scales (Haywood et al., 2011;
Johnson et al., 2011).

5.4. Validation and improvement in dust modelling

Improving the performance of NWP model simulations of
mineral dust was a factor motivating the GERBILS campaign.
While the CAM model had been used before in simulating
dust production, advection and deposition (Greed et al.,
2008), a more comprehensive validation is provided by
Johnson et al. (2011). Subsequent to the DABEX campaign,
the refractive indices of mineral dust were changed from
those of the World Climate Program (1986) to those from
Balkanski et al. (2007) assuming 1.5% haematite content,
similar to the 1–3% iron content suggested by Klaver
et al. (2011). Again, during GERBILS these refractive indices
were found to better represent the absorption properties of
mineral dust (see Haywood et al., 2011). Two dust uplift
schemes were investigated. Johnson et al. (2011) found
that imposing a log-normal distribution on the emitted
size distributions produced a more realistic size distribution
when compared to aircraft and AERONET size distributions.
Generally, while the dust model provided a reasonable
representation of the dust fields (compare Figure 4 with
Figure 3), particularly for intense dust events driven by
large-scale synoptic-scale meteorology, AODs were found to
be on average a factor of 1.5–2.0 too high over the southwest
Sahara but 20–50% too low over the Sahel. Untangling the
reasons for these discrepancies requires further effort, as they
are linked to potential errors in wind speed (e.g. Marsham
et al., 2008), soil type and moisture and vegetative fraction.

These key results show the effectiveness of targeted
intensive aircraft measurement campaigns like GERBILS
in addressing problems in atmospheric observations and
modelling. The detailed planning subsequent to the
conception of the GERBILS project proved very valuable
in effective deployment of the aircraft.

6. Future perspectives

GERBILS has provided many insights into the SW and LW
radiative effects of mineral dust, our ability to quantitatively
assess mineral dust loadings from space, and the accuracy
of current global and mesoscale models in forecasting dust
production, transport and deposition. However, it is worth
considering how we can move forward in the future.

In situ measurements of large particles such as mineral
dust pose considerable problems for instrumented aircraft.
Coarse-mode mineral dust particles have been measured
using FSSP instruments, which use only a very narrow range
of forward scattering angles, that were originally developed
for measuring small cloud droplets (e.g. Weinzierl et al.,
2009). However, recent research developments such as the
SID-2 detector enable a more robust assessment of the
physical properties of mineral dust as the size and non-
sphericity of the particles can be simultaneously assessed
(Johnson and Osborne, 2011). Also, probes such as the
Cloud, Aerosol and Precipitation Spectrometer (CAPS,
http://www.dropletmeasurement.com/) extend the range of
radii that can be measured from that of the PCASP-100X,

which measures accumulation mode aerosols. To definitively
determine the accuracy of measurements of the coarse mode
and corrections made in calibrating the instruments, wing-
tip to wing-tip measurements in dusty environments over
AERONET sun photometers should be performed.

Owing to the presence of a significant coarse mode, it
has become widely appreciated that mineral dust exerts
a significant impact on both the SW and LW fluxes in
the atmosphere. At the top of the atmosphere the impact
in cloud-free conditions is strongest for the SW over the
ocean where the surface reflectance is lowest (e.g. Haywood
et al., 2011), while the impact is strongest for the LW
over land where the surface skin temperature is highest
(e.g. Osborne et al., 2011; Haywood et al., 2005). For the
SW, the single scattering albedo determined from in situ
and remote sensing measurements indicates relatively low
absorption (mean SSA550 of 0.97) but the range of 0.92–0.99
suggests that absorption is variable by a factor of around
three. This is not surprising as there will undoubtedly be
regional variations owing to different mineral dust size
distributions and chemical compositions. Although satellite
remote sensing over desert surfaces has made significant
progress by using either infra-red channels (e.g. Brindley
and Russell, 2009) or by using UV channels where the
surface reflection is invariant (e.g. Hsu et al., 2006), a reliable
method for determining the single scattering albedo from
space would be a welcome addition. The use of underlying
bright targets such as stratocumulus clouds may offer some
ways forward (e.g. Haywood et al., 2004), although the near-
zero Ångström exponent associated with mineral dust and
relatively low absorption would likely make smaller, more
highly absorbing particles such as biomass-burning aerosols
more suitable for such an approach.

The non-sphericity of mineral dust causes some
considerable uncertainty in SW remote sensing retrievals
owing to variations in the scattered radiance. While
a number of models have been developed based on
measurements of the forward-scattered radiance from
AERONET observations (e.g. Dubovik et al., 2006) the
applicability of these models for backscattered radiances
should be further tested. The Aerosol Polarimetry Sensor
(APS) on the GLORY mission may assist in this regard
(http://glory.giss.nasa.gov/aps) would have assisted in this
regard as radiances and polarised radiances would have
been measured over a wide range of scattering angles, but
unfortunately the satellite failed to gain orbit on launch.

While SEVIRI retrievals using infra-red channels have
led to some significant steps forward in remote sensing
over both ocean and land at high temporal frequency,
only a few spectral channels are used. Fully spectrally
resolved LW features at high spectral resolution can be
derived using the aircraft-mounted ARIES interferometer
(Haywood et al., 2011; Osborne et al., 2011). This approach
could be made global using new satellite retrievals which are
being developed using the Infrared Atmospheric Sounding
Instrument (IASI). These will allow a comprehensive
assessment of the variability of refractive indices in the
atmospheric window and allow greater confidence in
assessments of the LW impacts.

Dust modelling has made significant steps forward in the
past decade, with NWP global and mesoscale models able to
represent dust storms driven by larger synoptic features.
However, modelling dust outbreaks driven by smaller-
scale cold pools from convective downdrafts remains a

Copyright c© 2011 Royal Meteorological Society and
British Crown Copyright, the Met Office

Q. J. R. Meteorol. Soc. 137: 1106–1116 (2011)



GERBILS Saharan Dust Measurement Campaign 1115

challenging issue. Model resolution will need to improve
considerably so that the intense gust fronts associated with
convective downdrafts are accurately represented before
dust generation at relatively local scales can be resolved
(e.g. Reinfreid et al., 2009). This approach is currently
impractical in coarse-resolution global models; development
of parameterisations utilising sub-grid-scale probability
distribution functions of wind speed in dust generation
could give some benefits. From a climate forcing and climate
feedback point of view, determination of the anthropogenic
fraction of mineral dust is an ill-defined problem (Forster
et al., 2007) as increased dust generation can be via increased
grazing (technically a forcing) or via increased desertification
from warming and drying (technically a feedback). Only by
utilising models can such processes be elucidated.
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