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This paper uses aircraft, ground-based and satellite observations to assess the
performance of Met Office dust forecasts during the Geostationary Earth Radiation
Budget Intercomparison of Long-wave and Short-wave radiation (GERBILS)
campaign. The dust forecasts were produced from a 20 km resolution limited-
area numerical weather prediction configuration of the Met Office Unified Model,
based over North Africa. Dust uplift was modelled using two modified versions of the
Woodward (2001) dust parametrization scheme. The model produced widespread
dust over the Sahara desert in response to synoptically driven strong wind events.
The modelled aerosol size distribution and short-wave optical properties compared
well with aircraft in situ measurements and retrievals from the Aerosol Robotic
Network (AERONET). Better size distributions and extinction coefficients were
achieved by fixing the emitted dust size distribution rather than attempting
to predict this dynamically. The two versions performed similarly compared to
observations of other variables. The interaction of dust with short-wave and long-
wave radiation compared well with aircraft observations when scaled to allow for
local differences in Aerosol Optical Depth (AOD). AODs were on average 50–100%
too high over south-western parts of the Sahara but 20–50% too low over the Sahel
when compared to AERONET sites, aircraft profile estimates and satellite retrieval
products. This implicated excessive dust emission over central parts of the Sahara
and insufficient dust emissions from the Bodélé depression and semi-arid regions
on the southern border of the Sahara. These biases were linked to potential errors
in wind speed, soil texture, soil moisture and vegetation, and possible limitations
in the dust parametrization, such as the lack of an observationally constrained
or geomorphologically based preferential source term. Copyright c© 2011 Royal
Meteorological Society and British Crown Copyright, the Met Office
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1. Introduction

Dust storms are frequent weather phenomena over deserts
and semi-arid regions of the world, leading to disruption
and hazards to human health. Dust aerosol also affects the

local, regional and global circulation by altering the fluxes
of solar and terrestrial radiation via scattering, absorption
and emission. For example, Haywood et al. (2005) showed
a large bias in outgoing long-wave radiation over south-
western parts of the Sahara Desert in comparisons of the
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Met Office Unified ModelTM (MetUM) with measurements
from the Geostationary Earth Radiation Budget (GERB)
satellite. This anomaly of up to 50 W m−2 was linked to
the absence of dust in the operational Numerical Weather
Prediction (NWP) model, where Milton et al. (2008) also
showed errors in the radiation budget of North Africa
due to lack of aerosol in the model, leading to excessive
solar absorption at the surface and overestimation of surface
temperatures. These findings advocate for the representation
of aerosols in operational models. Indeed Tompkins
et al. (2005) and Rodwell (2005) showed positive impacts on
the European Centre for Medium-range Weather Forecasts
(ECMWF) model following the inclusion of an improved
aerosol climatology. The largest changes in Aerosol Optical
Depth (AOD) occurred over North Africa but effects on
atmospheric circulation were noted, not only on the West
African monsoon and African easterly jet, but also on
extratropical weather systems of both hemispheres, leading
to a notable improvement in the skill of medium-range
forecasts. Based on these results a reasonable representation
of dust aerosol in models is considered beneficial to forecast
accuracy. Moreover, visibility is seriously hampered by high
aerosol loadings, and outbreaks of dust pose a major weather
hazard in certain dust-prone regions. Therefore prognostic
treatment of dust aerosol in NWP models offers valuable
forecast information as well as benefits to overall model
performance.

In recent years several models have been proposed
for the prediction of dust aerosol emissions in global
circulation models (Tegen and Fung, 1994; Marticorena
and Bergametti, 1995; Alfaro and Gomes, 2001; Ginoux
et al., 2001; Woodward, 2001; Zender et al., 2003a). These
schemes attempt to simulate the erosion of exposed soil
during high winds; a process that occurs via saltation.
Saltating sand particles dislodge finer clay and silt particles,
which are subsequently lifted into the atmosphere via
turbulent air motion. Under this theory there is no explicit
consideration for the re-suspension of loose fine particles,
or other erosive forces such as vehicles or agricultural
activity. In general, atmospheric dust schemes (such as those
referenced above) have been developed to assess the role of
dust in the climate system, both in past, present and future
climates. As such, the overall performance of these schemes
is usually judged against long-term climatologies of dust
loading and AOD with the goal of reproducing the mean
geographic distribution of dust and its seasonal variation.
The application to NWP imposes new demands on such
schemes to simulate individual dust events to a high degree
of accuracy on small spatial and temporal scales. In addition
there is a greater stringency in parametrization complexity
and computational cost. A simplified parametrization for
dust and other major aerosol types was introduced in the
ECMWF model as part of the project Global and regional
Earth-system Monitoring using Satellite and in situ data
(GEMS: Hollingsworth, 2005) and accompanied by the
data assimilation of AOD from the Moderate-resolution
Imaging Spectroradiometer (MODIS). Dust models have
also been used operationally in Europe (Nickovic et al.,
2001), Australia (Cope et al., 2004), and East Asia (Park and
In, 2003; Shao et al., 2003; Tanaka et al., 2003; Uno et al.,
2004, 2006) and at the US Naval Research Laboratory (Liu
et al., 2003, 2007).

During the Geostationary Earth Radiation Budget
Intercomparison of Long-wave and Short-wave radiation

(GERBILS) campaign, a limited-area configuration of
the MetUM was run to forecast the meteorology and
dust aerosol over the North African region. This limited
area model, the Crisis Area Mesoscale Model (CAM)
contained almost identical physics to that of the global
NWP model and in addition ran a modified version of
the Woodward (2001) dust scheme, originally developed
by the Met Office Hadley Centre for climate research
configurations of the MetUM. The CAM was primarily
used as a forecasting tool to aid in flight planning during
the GERBILS experiment. However, the simulations also
offer a unique opportunity to assess the performance of
an operational dust forecasting model against the GERBILS
observations. This paper assesses two versions of the dust
scheme that were trialled in the CAM. The two versions of
the dust scheme differ only in the treatment of dust size
distribution. The modelled dust fields are compared against
satellite products, in situ measurements from the Facility for
Airborne Atmospheric Measurement (FAAM) aircraft and
retrievals from AERONET.

2. Methods

2.1. The CAM model

The Crisis Area Mesoscale Model (CAM) is a limited-
area configuration of the Met Office Unified ModelTM

(MetUM) used in support of military and disaster relief
operations and scientific field experiments (Greed et al.,
2008). This is a comprehensive NWP model treating
all the relevant meteorological processes. It was run
with 20 km horizontal resolution and 38 vertical levels
taking boundary conditions from the coarser-resolution
operational global NWP MetUM. At this resolution the
CAM captures synoptic-scale and mesoscale dynamics well,
and parametrizes smaller-scale processes such as convection
(Gregory and Rowntree, 1990; Martin et al., 2006) and
turbulent mixing (Brown et al., 2008). The model domain
for these experiments covers most of North Africa and
adjacent portions of the North Atlantic (approx. 0–40◦N,
45◦W–25◦E, see Figure 1). The radiation scheme is that of
Edwards and Slingo (1996) run with six bands in the short
wave and nine bands in the long wave.

The CAM was run from 14 to 30 June 2007, allowing
4 days spin-up before the start of the GERBILS period
(18–29 June). The dust concentration was set to zero
at the initial time and then accumulated with time as
the simulation progressed. Analyses showed that the 4-
day spin-up period was just sufficient to create a steady
balance between dust emission and dust loss via deposition
or advection out of the domain. There was no input of
dust at the lateral boundaries although dust could exit at
the boundaries. Since the wind was generally from east to
west this meant that air entering in the east was aerosol-
free and air leaving the domain in the west took aerosol
with it. The short spin-up and lack of dust input at the
boundaries may have both led to an underestimation of
background dust, especially of the smaller sizes (bins 1–3)
that have longer lifetimes. Although meteorological variables
were incremented via data assimilation, the concentration
of dust was a free-running variable (not incremented by data
assimilation). Since dust was by far the dominant source of
observed aerosol mass and optical depth over the GERBILS
region (Johnson and Osborne, 2011; Klaver et al., 2011) the
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Figure 1. Campaign mean AOD at 0.55 μm from the CAM models and satellite data from MODIS and OMI-MISR. Campaign mean AODs from five
AERONET sites are plotted as shaded squares. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

representation of other species was not considered essential
for this study.

2.2. Parametrization of dust emission and deposition

The dust scheme used in this study was a modified version
of Woodward (2001) that has been developed for the Met
Office Hadley Centre Earth System Model (HADGEM2-
ES). The basis of the scheme is that the emission of dust
into the atmosphere arises as a consequence of a horizontal
flux of particles across the surface. This horizontal flux
is partitioned into nine size bins spanning the size range
0.0316–1000 μm, equally spaced on a logarithmic scale, i.e.
0.0316–0.1, 0.1–0.316, and so on. The horizontal flux (H) is
predicted from the surface friction velocity as in Woodward
(2001):

Hi = 0 for U∗ ≤ U∗
t,i

Hi = 2.61ρ(1 − υ)U∗3

(
1 + U∗

t,i

U∗

) {
1 −

(
U∗

t,i

U∗

)2
}

Mrel,i

g

for U∗ > U∗
t,i H =

9∑
i=1

Hi (1)

where U∗ is the surface friction velocity over bare soil, U∗
t,i

is the threshold friction velocity for particles of size bin i,
ρ is air density, υ is vegetation fraction, g is gravitational
acceleration, and Mrel,i is the relative proportion of soil
mass composed of particles in size bin i. The influence
of subgrid-scale gustiness on surface wind speed is taken
into account by increasing the surface friction velocity by a
resolution-dependent tuning parameter, i.e. U∗ = CuU∗

o,
where U∗

o is the original value of surface friction velocity
supplied by the surface layer parametrization. Cu takes a
value of 1.4 in these simulations. The introduction of the
Cu parameter is a modification to the original Woodward

(2001) scheme and the version used in Greed et al. (2008).
The calculation of threshold friction velocity is also different
from the Woodward (2001) scheme and takes the form:

U∗
t,i(w) = U∗

t,dry,i

[
1 + 1.21{max(Cww − wt, 0)}0.68

] 1
2 (2)

U∗
t,dry,i is the threshold friction velocity for nominally dry

conditions (w � wt), w is the volumetric soil moisture
content (m3/m3) and Cw is a tuning, which in these
simulations was assigned a value of 1. The threshold soil
moisture wt is the residual soil moisture corresponding to
the adsorption of water onto the surface of clay particles.
This residual moisture is not free to move within the soil
and does not contribute to inter-capillary forces that would
bind the soil. The threshold soil moisture is given by Fécan
et al. (1999):

wt = 14Fc
2 + 17 Fc (3)

where Fc is the clay fraction of the parent soil. U∗
t,dry,i is

given values: 0.85, 0.72, 0.59, 0.46, 0.33, 0.16, 0.14, 0.18 and
0.28 m s−1, based on Bagnold (1941).

The vertical flux of dust into the atmosphere is assumed to
occur only for the smallest six bins (radii 0.0316–31.6 μm)
and is assumed to be a certain proportion of horizontal flux,
as in Marticorena and Bergametti (1995) and the original
Woodward (2001) scheme:

Gi = H × 10({13.4 min(Fc, 0.2)}−6)

× Msdf,i × Cglobal for i = 1, 6 (4)

where Gi is the vertical dust flux and Fc is again the clay
fraction. In this version Fc is capped at 20% since this was
the highest clay fraction in the measurements of Gillette
(1979) on which Eq. (4) is based. The mass in each bin is
weighted according to an assumed mass size distribution,
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Msdf,i and a global tuning parameter Cglobal. The original
Woodward (2001) scheme used in Greed et al. (2008) did
not include these final terms, i.e. their formulation would
be equivalent to assuming Msdf,I = 1 and Cglobal = 1. Two
alternate assumptions for the mass size distribution were
tested in this study. The first approach, referred to as CAM-
H, is based on version 2 of the Hadley Centre Environment
Model (HadGEM2) and assumes that the shape of the size
distribution lifted mirrors that of the smallest six bins within
the horizontal flux:

Msdf,i = Hi

6∑
i=1

Hi

; Cglobal = 1.0 [CAM-H] (5)

The alternative approach, referred to as CAM-LN,
assumes that the mass size distribution takes a log-normal
distribution, as in Zender et al. (2003a):

Msdf,i = 1

2

{
erf

(
ln(rmax,i/rv)√

2 ln σ

)
− erf

(
ln(rmin,i/rv)√

2 ln σ

)}
;

Cglobal = 0.3 [CAM-LN] (6)

where rmin and rmax are the minimum and maximum radii
of the size bins, rv is the geometric volume mean radius,
set to 2.91, σ is the standard deviation, set to 1.9, and
‘erf’ is the standard error function. This reproduces the
log-normal mode proposed by d’Almeida (1987) as a fit to
their observations of transported dust. The global tuning
parameters were set following previous trials to give the
best agreement between model AOD and AODs from five
dust-prone AERONET sites in the domain (Cape Verde,
Dakar, Cinzana, Agafou and Banizoumbou) (see section
2.5). Each model version had to be tuned separately since
optical efficiency (extinction per unit mass) and atmospheric
residence time vary greatly with particle size distribution.
One additional constraint on the dust scheme is that dust
emissions are suppressed on steep slopes to avoid anomalous
dust production associated with wind speed oscillations
around steep orography.

Wet and dry deposition processes follow the same
formulation as Woodward (2001) and vary greatly with
particle size. For instance, the scavenging coefficient that
determines the efficiency of wet deposition varies by a factor
of 20 between the small (bins 1 and 2) and large (bins 5
and 6) particles (see Table I of Woodward (2001)). The
dominant term in the dry deposition rate is Stokes’ velocity,
which increases with radius squared. This leads to an order-
of-magnitude increase in Stokes’ velocity with ascending
size bins (since size bins are segregated by a factor of

√
10

in radius). Consequently, the largest particles (bin 6) are
removed very quickly by dry deposition (residence times
of only a few hours) whereas the small and medium-sized
particles (bins 1–4) have long residence times (several days)
and are mainly removed by wet deposition.

2.3. Dust optical properties

The optical properties of the dust aerosol were calculated
separately for each size bin using Mie theory. Since each size
bin covers a wide range of particle sizes (a factor of 3.16)
the optical properties were averaged over the size range
represented by each bin. The complex refractive index was
taken from Balkanski et al. (2007), assuming a haematite

content of 1.5%. The results of the Mie calculations were
averaged into the six short-wave bands and nine long-
wave bands of the MetUM radiative transfer model. The
direct radiative effects of the dust were fully coupled to the
evolution of the model state. The impact of including this
coupling has yet to be explored in the CAM but previous
studies with other models (e.g. Heinold et al., 2008) suggest
that it can have non-trivial feedbacks on dust emissions.
The interaction of dust with cloud condensation nuclei (i.e.
indirect aerosol effect) was not represented in this model.

2.4. Aircraft data

The aircraft data used in this study were collected by the
Facility for Airborne Atmospheric Measurement (FAAM)
aircraft as part of the GERBILS field experiment. This
occurred during 18–29 June 2007 over south-western
parts of the Sahara Desert (see Johnson and Osborne,
2011, for flight plans and further details). Aerosol size
distributions were measured using a Passive Cavity Aerosol
Spectrometer Probe (PCASP) and Small Ice Detector. These
were calibrated and averaged over all runs during the
campaign, as described in Johnson and Osborne (2011).
Scattering, absorption, extinction and single-scattering
albedos were estimated from the nephelometer and Particle
Soot Absorption Photometer (Johnson and Osborne, 2011).
AODs were derived by integrating aerosol extinction
coefficient over height during vertical profiles. The specific
extinction and asymmetry parameters were calculated from
Mie theory and T-Matrix calculations using the refractive
index data of Balkanski et al. (2007) (1.5% haematite)
and log-normal fits to the campaign mean aircraft size
distribution (Johnson and Osborne, 2011).

2.5. Satellite and AERONET data

AERONET data were obtained from http://aeronet.
gsfc.nasa.gov for Banizoumbou, Agafou, Institut
d’Economie Rurale (IER) Cinzana, Dakar and Cape Verde.
We used level 2, version 2 for all AOD and size distribution
retrievals that employ the inversion algorithm of Dubovik
et al. (2006). AOD was interpolated from 0.44 and 0.675 μm
to 0.55 μm for comparison against CAM and satellite data.
This used logarithmic interpolation. The MODIS data were
a combination of the standard collection-5 algorithms for
ocean (Remer et al., 2005), dark land surfaces (Levy et al.,
2007) and the Deep Blue algorithm for bright surfaces (Hsu
et al., 2004). Comparisons with AERONET measurements
indicate that standard retrieval meets the expected accuracy
levels of ±0.05 ± 0.15τ over land and 0.03 ± 0.05τ over
ocean (τ = AOD). Comparisons between the Deep Blue
and AERONET AODs are generally within 20–30% of each
other (Hsu et al., 2004). All three of these products are at
a nominal spatial resolution of 10 × 10 km2 but have been
averaged to generate a 0.5 × 0.5 degree mean AOD over the
area of study.

The OMI-MISR AOD product combines Multi-angle
Imaging SpectroRadiometer (MISR) AOD with the Ozone
Monitoring Instrument (OMI) Ultraviolet Absorbing
Aerosol Index (OMI AI), as outlined in Christopher
et al. (2008). This product has already been used for model
verification and validation (Greed et al., 2008). Due to its
narrow swath width, MISR cannot provide daily maps of
AOD over the entire Saharan region. In order to take
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advantage of the OMI AI data where daily values are
available for the entire study region, AI is converted into
AOD values using relationships between OMI AI and MISR
AOD at 0.5 × 0.5 degree resolutions. The estimated AOD
compared within 20% of the AERONET AODs in dust
regions (Christopher et al., 2008).

3. Validation of model AOD

3.1. Campaign mean spatial distribution of AOD

The performance of the dust simulation has been examined
by comparing the dust AOD from the model against various
sources of observational data. Figure 1 shows the campaign
mean AOD at 0.55 μm from CAM-H, CAM-LN and the
MODIS and OMI-MISR satellite products. The campaign
mean AOD from five AERONET sites (interpolated from
0.44 and 0.675 μm to 0.55 μm) are over-plotted in square
boxes. Both models produce widespread dust over the Sahara
with AODs ranging from 0.25 to 1.5 over a broad portion of
the continent. The AOD patterns in CAM-H and CAM-LN
are similar though with some subtle differences. For example
CAM-H has a slightly higher degree of heterogeneity than
CAM-LN.

The models are both in broad agreement with the range of
AODs in the satellite products, although there are obvious
discrepancies in the geographic distribution. The models
develop the highest AODs in a single large plume extending
from Algeria through to the Atlantic coast. AODs peak at
around 1.5 at the centre of these plumes. In contrast, MODIS
has the highest AODs in a belt running east–west between 10
and 20◦N and a peak of around 1.5 over Chad. OMI-MISR
has maximum AODs further north (15–25◦N), closer to
where the model produces the highest AODs although it has
few peak AODs over 1. There is therefore some uncertainty
over the north–south position of maximum AODs, and
this shows up well when comparing zonal mean AODs
(Figure 2). The reason for this disagreement is not clear but
the strong north–south gradients in surface reflectivity and
aerosol optical properties are likely to be major challenges
for any satellite retrieval in this region. The AERONET
data (see Table I), though spatially limited, agree better
with MODIS than OMI-MISR. For example, there is a large
discrepancy between AERONET and OMI-MISR AOD at
Cinzana (12◦N, 6◦W). Figure 2 and the AERONET data
(Table I) therefore suggest that the models have the dust
too far north and too little AOD in the Sahel (south of
15◦N). The problem may relate to insufficient dust south
of 15◦N or the lack of other relevant aerosol species (e.g.
anthropogenic, natural biogenic) that were not represented
in CAM. The models inevitably underestimate AOD in
eastern parts of the domain due to a lack of incoming
dust at the model boundaries. This problem seems to be
compounded by insufficient dust emissions from Chad
(Figure 1, and discussed in section 4). This low bias in the
east is quite clear when comparing FAAM profile AODs
with co-located model AODs (Figure 3). Conversely, at
the western end of the aircraft operating region the model
quite clearly overestimates AOD. This is supported by the
AERONET data at Dakar where the model AOD is a factor
of 1.5–1.8 too high (see Table I). Thus, the main plume of
dust in the models is too strong but other plumes (i.e. those
originating from Chad and the Sahel border ∼15◦N) are too
weak.

Figure 2. Campaign mean zonal mean AOD at 0.55 μm averaged over
the longitude range 20◦W–20◦E for MODIS, OMI-MISR, CAM-H and
CAM-LN.

Figure 3. AODs at 0.55 μm from FAAM aircraft profiles and co-located
model output from CAM-H and CAM-LN.

The comparison of model AOD with MODIS suggests
that long-range transport of dust over the Atlantic may have
been insufficient in the models. The belt of high AODs
(>0.5) between 10 and 20◦N extends all the way from
the African coast to about 45◦W in the MODIS data. The
models only bring this tongue of high AODs out as far as
30◦W, about half the distance shown by MODIS. The neglect
of sea salt aerosol in the model muddies this comparison
but only to a small extent. Time series of MODIS images
suggested that high AODs (>0.5) over the ocean were
exclusively associated with aerosol plumes originating over
Africa. The vast majority of dust deposition events during
these simulations occurred via dry deposition rather than
wet deposition, thus implying that the gravitational settling
rate and/or surface layer deposition flux may be too high in
the model. Assessing this in detail is beyond the scope of this
study.

3.2. Validation of AOD during a large dust event

A large dust storm occurred on 20–21 June 2007 bringing
AODs of over 1.5 to large swathes of West Africa. The dust
storm was driven by a synoptic-scale high-winds event over
central parts of the Sahara on 20 June that subsequently
swept down over southern Mali and Senegal on 21 June.
The event was well captured by infrared imagery from the
Spinning Enhanced Visible and Infrared Imager (SEVIRI)
(Figure 4, shows dust as pink), the Aerosol Index product
from OMI and the AOD retrievals from MODIS (Figure 5).
AERONET AODs at Dakar and Cinzana showed marked
increases from less than 0.5 on 19 June to over 1.5 on
21 June (Figure 6).
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Table I. Campaign mean AODs at 0.55 μm at five AERONET sites

Cape Verde Dakar Cinzana Agafou Banizoumbou

Lat, lon (◦) 16.7N, 22.9 W 14.4N, 17.0 W 13.3N, 5.9 W 15.3N, 1.5 W 13.5N, 2.7E
AERONET 0.50 0.76 0.88 0.86 0.62
MODIS 0.62 0.64 0.70 0.73 0.56
OMI-MISR n/a 0.63 0.37 0.60 0.51
CAM-LN 0.64 1.08 0.58 0.60 0.30
CAM-H 0.63 0.99 0.44 0.50 0.21

Figure 7 shows the high-winds event as represented by
the CAM model wind fields and the associated intense dust
emissions. The dust storm is generated by strong north-
easterly surface winds over the central Sahara and is then
transported by a coherent east to north-easterly flow at
mid-levels. A FAAM aircraft flight on 21 June showed the
dust layer over southern Mali to be mainly located between
2 and 4.5 km altitude (see section 7) so we have assumed
the 3 km wind to be a good guide to the steering flow. The
initial hot spot of high dust AOD in the CAM on 20 June
corresponds well to the location of the emerging dust storm
shown by the MODIS, OMI and SEVIRI plots (Figures 4
and 5). The CAM also produces a fair amount of dust on
21 June as the high surface winds move further southwest.
Diffluent flow at mid-levels then strains the plume creating
a plume with a large head over Senegal and an elongated
tail running back into Mali. The general shape of the dust
plume is well captured by CAM (Figure 5) but its position
is slightly too far north. This was confirmed by the aircraft
observation made by the FAAM aircraft (see section 7) and
also by the underestimation of AOD at Dakar and Cinzana
(Figure 6).

The CAM therefore seems to do a fairly good job at
capturing the dynamics and dust uplift during synoptically
driven dust events. However, errors in either the geographic
distribution of dust sources (see section 4) or surface friction
velocity lead to poor skill in forecasting the AOD at specific
locations. The fact that the dust plume was too far north in
the model again shows that the model may not lift sufficient
dust in the semi-arid regions of the Sahel.

4. Dust emissions

Figure 8(a) shows the geographic distribution of dust
emissions from CAM-H averaged over the campaign period
(18–29 June 2007). This is the total mass of dust emitted over
all size bins (i.e. the total vertical flux, G). The geographic
distribution of emissions from CAM-LN (not shown) was
virtually identical to that of CAM-H but a factor of ∼4
lower. This difference in total emission was mainly due
to the lower global tuning parameter (Eqs (5) and (6)).
However, feedbacks between the dust loading, its radiative
effects and the model wind fields apparently had some
influence on the total dust emission, otherwise the ratio
of CAM-H to CAM-LN total emissions would have been
exactly (1:0.3) or 3.33. This potential feedback mechanism
has not been investigated here but may be of interest for
future studies. The dust emissions were widespread over
desert areas to the north of 15◦N but emission rates were
very inhomogeneous, varying from 0 to 30 g m−2 d−1. The
highest emission rates were found in western regions of the

Sahara. For ease of reference, Figure 8(b) shows the model
orography, with labelled countries and geographic features.

While no direct observations of dust emission rate
are currently available for comparison against the model
emission field, the Dust Source Activation Frequency
(DSAF) derived from SEVIRI observations by Schepanski
et al. (2009) provides for a qualitative assessment. Figure 8
shows the DSAF for June, July and August (JJA) 2007
(Figure 8(c)) and the annual mean for the years 2007 and
2008 (Figure 8(d)). The DSAF was derived by tracking every
observed dust event back, through the 15-minute SEVIRI
observations, to the first observed source (Schepanski et al.,
2007), and these dust source observations are accumulated
on a daily basis onto a 1◦ × 1◦ grid. The DSAF is therefore
the proportion of days during the period which a particular
1◦ × 1◦ grid box is observed to be an active dust source.
While DSAF does not translate directly into an estimate
of the dust emissions, the spatial patterns of the emission
rate and DSAF should be well correlated. The CAM-H
emission pattern shares some of the broader features of the
DSAF for JJA 2007 although there are some exceptions to
this agreement. The main discrepancy is that the emissions
appear to drop to zero at roughly 2◦ to 4◦ too far north,
missing out the Aı̈r Massif at 16◦N 8◦E. When looking in
more detail, other discrepancies include the high CAM-H
emissions along the Moroccan coast that do not appear in
the DSAF observations and high DSAF in the region of the
Bodélé depression (15–18◦N, 15–20◦E) and the southern
tip of Algeria that are not strongly reflected in CAM-H. The
lack of observed dust sources on the Moroccan coast may
be due to the presence of cloud, and reduced brightness
temperature differences along the coast. However, any
further investigation would also need to consider whether
the high wind speeds along the Moroccan coast are realistic in
the model (see section 4.2). The comparison of details such as
these may be highly influenced by the variability of synoptic-
scale meteorology, given the short model simulation period
(12 days from 18 to 29 June 2007). However, because
surface characteristics place a strong constraint on where
dust may or may not be emitted (both in reality and in
the model) useful insights may still be gained from the
comparison. For example, the model dust emissions do not
seem sensitive to the orography within the interior of the
Sahara. The dust sources associated with the depression in
central Algeria (26◦N, 2◦E) are not reflected in the CAM-H
emission pattern, and the model fails to sufficiently inhibit
emissions over the Hoggar mountains (26◦N, 6◦E). The
DSAF shows some support for the regions of low or zero
emissions in the interior of the Sahara that the model
predicts. As explained below, these are associated with a lack
of clay at the surface.
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Figure 4. SEVIRI infrared dust images for 1400 UTC on (a) 20 and (b) 21June 2007.

Figure 5. CAM-LN AOD, MODIS AOD and OMI Aerosol Index for ∼1400 UTC on 20 and 21 June 2007. The location of a FAAM profile on 21 June is
shown by the black square in the CAM plot. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Figure 6. Daily AODs at 0.55 μm from the CAM models’ 1200 UTC analyses and AERONET retrievals averaged from 1000 to 1400 UTC at Dakar and
Cinzana in June 2007.
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Figure 7. Dust emission (g m−2 d−1) and 10 m wind vectors, AOD and 3 km wind vectors for 1200 UTC on (a and b) 20 June and (c and d) 21 June
2007 for the CAM-LN simulation. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

4.1. Relationship of dust emissions to surface properties

The rate of dust emission depends on several properties of
the land surface including soil composition, soil moisture
and vegetation cover. In this section we explore how
well these factors are treated in the model and how the
formulation of the parametrization affects the behaviour of
emissions.

The soil clay fraction is a strong limiter of dust emission, as
shown in Figure 9(b), based on Marticorena and Bergametti
(1995), using only seven observations from Gillette (1979).
Emissions increase very rapidly with clay fraction until clay
fraction reaches 20%, then the curve flattens off, as expected
due to the 20% cap on the Fc term in Eq. (4). The exponent
in Eq. (4) leads to a factor-of-100 difference in emission rates
between areas of low (5%) and high (�20%) clay fraction.
Figure 9(a) shows the clay fractions used in the CAM,
generated from the International Geosphere–Biosphere
Programme (IGBP) land cover and soil dataset (Loveland
and Belward, 1997; Global Soil Data Task Group, 2000).
This shows that the majority of land areas in the domain
have clay fractions of 20% so the clay fraction term of
the parametrization only limits emissions in a few regions.
These irregular-shaped regions of low clay fraction explain

the ‘holes’ in the emission field (Figure 8(a)) (i.e. patches of
negligible or zero emission) in the interior of the Sahara.

The spatial patterns of these emission holes in Figure 8(a)
are best compared to the 2007–2008 annual mean DSAF
(Figure 8(d)). By averaging over this wider time period,
Figure 8(d) gives a statistically more robust indication of
which regions within the Sahara are not active dust sources.
The largest feature is an area of low annual mean DSAF
spanning central Mauritania and northwestern Mali. This
corresponds, albeit roughly, to the areas of low clay fraction
in the IBGP dataset and is a reflection of the large expanses of
sand dunes in those regions. Similar correspondence is seen
between the emission holes in western Algeria and western
Libya and areas of low annual mean DSAF. By contrast
there are a number of smaller clay fraction emission holes
in northern Algeria which all miss a small region of low
DSAF. Looking at southern Algeria, Niger and Chad, there
are several regions of very high annual mean DSAF – the
Bodélé depression in Central Chad and drainage flows/wadis
from the highlands of the Hoggar in Southern Algeria, the
Aı̈r just to the south in Niger and the Tibesti in northern
Chad. Between the Aı̈r, Tibesti and Bodélé there is a region
of slightly lower DSAF in the sand dunes of the Grand Erg
de Bilma in eastern Niger. From Figure 9(a) the Grand Erg
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Figure 8. (a) Campaign mean dust emissions from CAM-H model with (b) labelled model orography. For comparison, the Dust Source Activation
Frequency (DSAF) from SEVIRI observations for 2007–2008 (Schepanski et al., 2009) is shown for (c) June, July and August 2007 and (d) 2007–2008
annual mean. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

de Bilma shows no dust emission and the Bodélé region
has a modest level of emission in comparison to the annual
mean and JJA DSAF. The weak or modest emissions in those
regions were in part due to a lack of strong wind events
during the simulation period (see Figure 12(a)). However,
the clay fraction in the Bodélé region is lower than 20% (i.e.
below the cap on Fc applied in Eq. (4)) and this shows that
emissions would have been inhibited in that region even
though it is known to be one of the most intense dust source
regions in the world (e.g. Washington et al., 2006). The Aı̈r
and Tibesti are just outside the region of low clay fraction.
This shows either a need to examine the soil clay fraction
dataset or the theory linking dust emission to clay fraction.

Other soil datasets were examined, such as a new high-
resolution soil texture map from Dharssi (2010) that merges
data from the Harmonised World Soil Database (FAO,
2008), State Soil Geographic Database (conterminous USA
region, Miller and White, 1998) and point observations of
soil sand, silt and clay fractions, and while the details within
the regions of high clay fractions were noticeably different,
the regions of low clay fraction were found to be identical

(not shown). A re-examination of the relationship between
dust vertical flux and clay fraction may be necessary. For
example, given the uncertainties in the original analysis
(Gillette, 1979) it could be argued that the relationship in
Eq. (4) does not hold well for Fc > 10%. Reducing the
cap on the Fc term in Eq. (4) would greatly reduce the
dependency of dust emission on clay fraction and might
resolve some of the problems shown above. However, a
more fundamental problem that would also need resolving
is lack of representation for bare rock in the model. An
additional issue is also to examine whether the theory of
particle release via saltation and attrition is an adequate
description for how dust is emitted in all environments.
Addressing this later problem is a topic for further research.

The vegetation and soil moisture place additional strong
constraints on dust emissions from around 15◦N southwards
(Figure 10). In this transition zone, bare soil fraction
decreases from 100% in the Sahara to less than 10% in
the Sahel across a very narrow region of only 100–300 km
(Figure 10(a)). Unlike some of the Met Office climate models
which have an interactive vegetation fraction, the vegetation
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(b)

Figure 9. Soil clay fraction and mean dust emission rate from CAM-H as
a function of soil clay fraction. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

fraction in the CAM is prescribed and does not vary with
time. Seasonal vegetation die-back is represented by the
evolution of a leaf-area index term, which is prescribed from
a monthly climatology derived from MODIS observations
(Knyazikhin et al., 1999). This formulation works well in
describing the seasonal variability of surface albedo but there
is currently no link from this to changing the exposure of the
soil to the wind. In the CAM dust scheme the relationship
between dust emission and vegetation is the fraction given
by the (1 − υ) term in Eq. (1) preventing dust emission over
vegetated areas (Figure 10(b)). As a consequence of this,
CAM-H is unable to emit dust in the seasonally vegetated
Sahel, while the annual mean DSAF observations clearly
shows that dust emission does occur in this transition zone,
particularly in the Aı̈r mountains which are in a region of
50% vegetation.

Soil moisture also increases from 4% or less in the Sahara
to 15% or more across a more gradual transition zone
(Figure 11(a)). This more gradual transition zone means
that the soil moisture does not produce the unrealistic
constraints to the dust emission which are caused by the
vegetation fraction term. The relationship between dust
emission and soil moisture is shown in Figure 11(b). The
average emission rate falls rapidly as soil moisture exceeds
4% and drops to zero where soil moisture exceeds 14%. The
slight increase in dust emissions with soil moisture from
soil moisture values of 1–4% is counter-intuitive but clearly
demonstrates the threshold nature of the relationship; the
soil only needs to be ‘dry enough’. In this model simulation,

(b)

Figure 10. Bare soil fraction and mean dust emission rate from CAM-H as
a function of bare soil fraction. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

‘dry enough’ corresponds to w ∼ 4% (as can be expected by
substituting Fc = 0.2 in Eq. (3)).

The CAM-H model size distribution changes dramatically
with increasing soil moisture; the smaller size bins are
suppressed much more strongly by moisture than the larger
size bins. This is because the smaller size bins have higher
threshold friction velocities so a little extra soil moisture
may increase the threshold friction velocity beyond friction
velocity values diagnosed by the model (see Eq. (2) in section
2.2). The consequence is that only the heaviest size bin (bin
6, 10–31.6 μm) is lifted once soil moisture exceeds 7% and
very skewed source size distributions occur in CAM-H across
the semi-arid zone. In CAM-LN the source size distribution
was universally fixed (Eq. (5)) so did not vary with any of the
above factors. However, the total mass emission from CAM-
LN responded to soil texture, soil moisture and vegetation
in exactly the same way as CAM-H. This is because the total
dust emission (vertical flux) is related to the horizontal flux
in the same way in both model versions (Eq. (4)), the only
difference between the two schemes being a change in the
source size distribution and global tuning parameter. Hence
the equivalent CAM-LN plots are not shown.

4.2. Relationship of dust emission to wind speed

The wind speed is another very important factor in
determining dust emission. Since dust emission increases
with the cube of wind speed, it is important to get both
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(b)

Figure 11. Campaign mean volumetric soil moisture content (water
vol./soil vol.) and mean dust emission rate from CAM-H as a function
of soil moisture content. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

mean and peak wind speeds right. In this study we do
not make a full assessment of the model wind fields but
consider how the mean surface wind affects the pattern
of emissions. We also consider how the formulation of the
parametrization affects the relationship between wind speed,
dust emission and emitted size distribution.

Over areas of dry, bare, clay-rich soils, dust emissions
were driven primarily by surface wind speed. Although the
parametrization is written in terms of friction velocity (U∗),
it is more intuitive to consider how dust emissions vary with
the 10 m wind speed (Figure 12(a)). Since the model assumes
a uniform roughness height over all bare soil surfaces, U∗
and the 10 m wind speed were well correlated in the model.
The highest mean surface winds occurred over western parts
of the Sahara and locally in some northern parts of the
Sahara. These areas of peak wind speed correspond well
with areas of maximum dust emission shown in Figure 8. As
Figure 12(b) shows, there is a strong relationship between
10 m wind speed (U10m) and dust emissions rate. Dust
emissions begin when the 10 m wind speed exceeds 3 m s−1

and grew nonlinearly due to the cubic dependence of U∗
(see Eq. (1) in section 2.2). The threshold at 3 m s−1

corresponded to surface friction velocities exceeding the
threshold value (U∗

t,dry) for size bin 6. In CAM-H the
smaller size bins are only lifted at high wind speeds (e.g. bin
3 only for U10m > 9 m s−1) leading to a gradual shift in
the size distribution with increasing wind speed. In CAM-
LN the source size distribution was fixed (see section 5)

(b)

Figure 12. Campaign mean 10 m wind speed, with wind vectors and mean
dust emission rate from CAM-H as a function of 10 m wind speed (m s−1).
This figure is available in colour online at wileyonlinelibrary.com/journal/qj

but the total mass emission followed the same pattern as
in CAM-H (not shown). Therefore CAM-LN emitted all
sized particles for U10m > 3 m s−1 whereas CAM-H requires
much greater wind speeds to emit long-lived and optically
efficient particles (i.e. bins 1–4).

Figure 12(a) also shows a general drop in wind speed
between the desert and vegetated zone south of 15◦N. This
drop in 10 m wind speed was partly due to the drag
exerted by vegetation; the ratio of 10 m wind speed to
925 hPa speed was almost 1 over desert and nearer 0.5 over
vegetated regions (not shown). Thus vegetation suppresses
dust emissions indirectly, by retarding the wind, as well as
directly via the (1 − υ) term in Eq. (1). In theory the drag
exerted by vegetation, due to its higher roughness length,
would increase turbulence and increase the ratio of U∗
to U10m. However, the model diagnoses U∗ independently
for each surface type, according to the roughness length
specified for that surface. This implicitly assumes that areas
of bare soil are separate from, and not influenced by, the
roughness of other surfaces within the grid box, except via
their effects on grid-box mean wind speed. This assumption
is necessary whilst the model does not have a representation
for the interaction of wind with the surface in areas of
mixed vegetation and bare soil. The model may also poorly
represent certain mechanisms that can generate high winds
at low levels. These include the diurnal cycle of mixing
of momentum from nocturnal low-level jets to the surface
(e.g. Todd et al., 2007; Schepanski et al., 2009), the monsoon
flow (Bou Karam et al., 2008) and cold-pool outflows from
deep convection (e.g. Knippertz et al., 2007). These are
all expected to be important processes (Marsham et al.,
2008a; Bou Karam et al., 2009; Marticorena et al., 2010) but
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their relative contributions are currently poorly understood.
Furthermore, subgrid variations in wind were not accounted
for in the model except through a resolution-dependent
tuning of the surface friction velocity, which assumes a
uniform gustiness everywhere rather than attempting to
parametrize the effects of processes such as boundary-layer
convection (Marsham et al., 2008b), dust-devils (Koch and
Renno, 2005), and downdraughts from moist convection.

5. Aerosol size distributions

5.1. Domain mean size distributions

The size distribution of dust is important for both the
interaction with radiation and the rates of wet and dry
deposition. However, the size distribution varies greatly
with space and time and spans at least 2–3 orders of
magnitude. The CAM dust scheme segregates dust particle
size into six size bins spanning the range 0.0316 to 31.6 μm.
Whilst CAM-H predicts the size distribution of emitted
particles from size-dependent threshold friction velocities,
CAM-LN simply specifies this as a log-normal function, as
explained in section 2.2. CAM-H leads to highly skewed
initial size distributions with the mass emissions increasing
rapidly with increasing particle size (Figure 13(a)). This
is due to the decrease of threshold friction velocity with
increasing particle size. Thus much stronger winds are
required for lifting of the smaller particles. The CAM-LN
size distribution peaks in bin 4 (r ∼ 2 μm) and has a very
small contribution from the largest size bin, in stark contrast
to the result from CAM-H. The log-normal used to specify
this distribution was based on observations of transported
dust, i.e. in situations where large particles would have
dropped out with time. The total emissions from CAM-H
are about 4 times higher than from CAM-LN due to the
higher global tuning parameter (Cglobal) in Eqs (5) and
(6) (section 2.2). However, because the large particles fall
out quickly, the size distribution and total mass loading in
the atmosphere, remote from sources, are quite similar in
CAM-LN and CAM-H (Figure 13(b)). The large particles
also have very low optical efficiency. Together these two
reasons explain why AODs were similar from each model,
despite the factor-of-4 difference in total mass emissions
(sections 3 and 4).

5.2. Comparison of size distribution with observations

The modelled size distributions have been validated against
observations from the FAAM aircraft and retrievals from the
AERONET (Figure 14). The FAAM data give a campaign
mean averaged over all aircraft runs in dust layers which
covered a fairly representative range of altitudes, so the
campaign mean constitutes our best estimate of the typical
size distribution over the GERBILS region (Johnson and
Osborne, 2011). The AERONET retrievals are column
means at the Dakar and Banizoumbou sites, averaged over
all retrievals during the period 18–29 June 2007. The two
AERONET size distributions are very similar and agree fairly
well with the aircraft data with dV/d(log r) peaking at radii of
around 1.5–2.5 μm. To compare with the CAM we averaged
all model data between 0900 and 1500 UTC during 18–29
June for the grid boxes over Dakar and Banizoumbou to
reflect the typical temporal coverage of the AERONET and
flight data. All model and observed curves are normalized

to give a value of 1 when integrating over d(log r) to avoid
confusion due to differing total concentrations.

Comparing the CAM-H and CAM-LN size distributions
in Figure 14 shows that the CAM-LN appears to match
the observations more closely, having a peak centred on
bin 4 (radius of 1–3.16 μm) with roughly the correct
variance. CAM-H gives a broader peak with much higher
concentrations in bin 5 (3.16–10 μm). This leaning towards
larger particles leads to poorer agreement with the GERBILS
observations. However, given the uncertainty in the observed
size distribution (Johnson and Osborne, 2011) and the
natural variability of dust size distribution, the CAM-H size
distribution should still be considered a realistic result. The
bias towards the larger particles might also be a product of
errors in U∗, soil moisture and the tuning parameters, all of
which affect the emitted size distribution. Thus, the CAM-
H size distribution formulation (Eq. (5)), though more
physically justified, adds an additional level of sensitivity
to the dust model, adding to the need for careful tuning
and attendance to other model errors. CAM-H also leads
to greater variability in the size distributions as shown by
the greater proportion of bins 5 and 6 particles found at
Banizoumbou than at Dakar. This is partly because the
emitted size distributions vary with wind speed and soil
moisture, and partly because more of the dust mass is
associated with bins 5 and 6 that have fast deposition rates.
This greater degree of spatial and temporal variability may
be an advantage of CAM-H in applications where contrast
is a desirable feature in the forecasts.

6. Short-wave aerosol optical properties

The CAM aerosol optical properties were calculated for each
size bin from Mie theory using the refractive index data
from Balkanski et al. (2007). To calculate optical properties
corresponding to the whole size distribution we integrated
over all size bins, weighting by the column burden in
each size bin. FAAM aerosol optical properties were either
measured directly or calculated by Mie theory and T-Matrix
spheroids using the Balkanski et al. (2007) refractive index
and the campaign mean size distribution (Figure 14). The
AERONET optical properties of single-scattering albedo,
Ångström exponent and asymmetry parameter were taken
from the inversion retrievals (Dubovik et al., 2006, see
section 2.5). The AERONET specific extinction coefficient
was derived by dividing the retrieved AOD by the retrieved
aerosol column volume and then dividing by an assumed
aerosol density of 2.65 g cm−3. The averaging approach used
to calculate campaign means was the same as in section 5.2.
The CAM regional mean corresponds to the area (10–25◦N,
20◦W–5◦E). All values are given in Table II.

The model aerosol optical properties generally agree quite
well with the observations. For example, the single-scattering
albedo, asymmetry parameter and Ångström exponents are
all within the range and uncertainty of the observations.
This is a major improvement over previous versions of
CAM (Greed et al., 2008) that had very large errors in
optical properties (e.g. Ångström exponents of around
0.9) due to excessive proportions of fine particles. The
overall agreement in single-scattering albedos is good due
to good size distributions and a good refractive index source
(Balkanski et al., 2007). These new refractive index data
replace the values used in the original Woodward (2001)
scheme and are more consistent with AERONET and recent
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(a) (b)

Figure 13. Campaign mean domain mean size distributions of (a) dust emission and (b) atmospheric loading from the CAM-H and CAM-LN models.

Figure 14. Campaign mean aerosol size distributions from FAAM aircraft, CAM and AERONET at Banizoumbou and Dakar.

field measurements (e.g. Tanré et al., 2003; McConnell et al.,
2008; Osborne et al., 2008; Schladitz et al., 2009). There is
however a small disparity between the AERONET single-
scattering albedos at Banizoumbou and the models. The
Banizoumbou data give single-scattering albedos of only
0.91, 0.03 lower than those at Dakar, mainly due to a
higher imaginary component to the refractive index in the
Banizoumbou retrievals. This would imply either a different
mineral composition or mixing with carbonaceous aerosol,
neither of which would have been represented in the model.
Such variation is not represented in CAM, and the optical

properties varied little across the domain, hence we only
show the regional mean.

The CAM-LN model gives good agreement with the
observed specific extinction coefficients (kext) whereas the
CAM-H kext values are 30–50% lower than observed because
of the greater proportion of coarse particles (size bin 5, see
Figure 14). Values of kext in CAM-H also remained lower
than observed values in regions more remote from sources
(e.g. Cape Verde, results not shown) showing that this low
bias was not an artefact of the averaging region. Getting
the ratio between AOD and mass loading, as expressed via
kext, is important since the dust model is typically validated

Table II. Aerosol optical properties from CAM model, AERONET retrievals and FAAM aircraft measurements at 440, 550
and 675 nm

kext 550 (m2 g−1) ω440, 550, 675 Å440 – 675 g550

GERBILS region
CAM-H 0.28 0.92, 0.94, 0.95 0.0 0.75
CAM-LN 0.41 0.94, 0.95, 0.96 0.1 0.74
FAAM 0.48a, 0.44b 0.95a, 0.97, 0.98a −0.1 0.73a, 0.73b

AERONET-Dakar 0.56 0.91, 0.94, 0.97 0.1 0.76
AERONET-Baniz 0.49 0.88, 0.91, 0.95 0.1 0.75

aMie and
bT-Matrix calculations based on the FAAM campaign mean size distribution.
kext is specific extinction coefficient, ω single scattering albedo, Å Ångström exponent and g asymmetry parameter.
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and tuned with AOD observations, but users may also be
required to give information on the mass loading. Hence
we rely on the model having realistic kext values at 0.55 μm
to ensure that both AODs and mass concentrations are
realistic. In conclusion, these results show that specifying a
size distribution at source (as in CAM-LN) ensures good
aerosol optical properties and this seemed a more successful
strategy in these simulations. However, with further tuning
and improvements to surface characteristics and/or the
uplift formulation, the CAM-H approach may prove a more
realistic and skilful method.

7. Vertical distributions

The vertical distribution of dust is important as it governs the
interaction of dust with long-wave and short-wave radiation
and determines the impact on atmospheric visibility as
a function of altitude. The FAAM aircraft made a total
of 35 profiles during GERBILS, all of which have been
compared with co-located CAM data. In Figure 15 we show
a selection of three examples and the mean profile, averaged
over all 35 individual profiles. The aircraft profiles show
the nephelometer scattering at 0.55 μm as this provides the
most relevant measure of the dust in relation to visibility and
short-wave AOD. The model aerosol scattering coefficient
was calculated from the mass mixing ratio profiles for each
dust bin and the values of specific scattering coefficient
at 0.55 μm from CAM’s radiation scheme (Edwards and
Slingo, 1996).

The models reproduced the observed vertical distribution
of dust very well in many cases, as exemplified by Figure 15(a)
and (b), and characterize the depth of the Saharan air layer
very well (∼6 km). In some cases the models produced
too much dust at altitudes below 2 km, as shown in
Figure 15(b), and this bias is also reflected in the campaign
mean (Figure 15(d)). The model also missed dust events on
some occasions, as shown by Figure 15(c). This particular
profile corresponds to the dust event over southern Mali
examined in section 3.2. In this case the dust plumes in
the models were simply not far enough south at the time
of observation (see Figure 5). Both models tend to produce
similar results and on average they reproduce the campaign
mean vertical distribution of dust very well, except for the
overestimation near the surface. This discrepancy may be
influenced to a certain extent by losses in the Rosemount
inlet used to draw the aerosol sample into the nephelometer
(see Johnson and Osborne, 2011, for further details). Such
losses could be greater at lower altitudes if large particles were
preferentially concentrated in that height range. However,
the SID2 probe showed no consistent variation of the aerosol
size distribution between low (0–2 km) and medium altitude
(2–6 km) layers. Therefore we conclude that the discrepancy
is unlikely to be entirely an artefact of the observations and
could be due to insufficient vertical mixing in the CAM
between the local boundary layer and the residual layer
above.

8. Radiative effects of dust

The influence of dust on the radiation budget was
determined by comparing modelled radiation fields against
a dust-free, but otherwise identical, CAM simulation. The
model data were screened to avoid cloudy pixels and AOD

< 0.05. The effects of dust on short-wave and long-
wave radiation were then calculated at the top of the
atmosphere (TOA) and surface. Radiative efficiencies were
also calculated as the radiative effect of dust divided by
the 0.55 μm AOD. Figure 16 shows an example of TOA
radiative efficiencies and the corresponding AOD field for
1200 UTC on 18 June 2007. The short-wave TOA radiative
effect is strong and negative (∼ −100 W m−2 per AOD)
over the ocean but small and either positive or negative
over land (−40 to 60 W m−2 per AOD). This illustrates
the important influence of surface albedo on the sign and
magnitude of short-wave TOA radiative effects for partially
absorbing aerosol. The long-wave TOA radiative effect is
positive everywhere but also varies considerably between
ocean (10 to 20 W m−2 per AOD) and land (30 to 60 W m−2

per AOD). This land/sea contrast is due mainly to differences
between ocean and daytime land surface temperatures.

To evaluate these model results, we compare against flight
measurements made on 18 June 2007 off the west coast of
Africa (flight plans are detailed in Haywood et al. (2011)).
This flight included a long run at an altitude of 7.5 km
running southwards over the ocean about 100 km west of
the African coastline. Visual and radiometer observations
suggest virtually aerosol-free conditions to the north of
22.5◦N and an increase in dust to the south of that point.
These observations correspond well to the model AOD
field (Figure 16(a)) that shows dust AOD < 0.05 along
the west coast of Africa until 22◦N, south of which is a
large dust plume. Using broadband radiometers, Haywood
et al. inferred an increase of 33 ± 3 W m−2 in outgoing
short-wave radiation at 7.5 km between the dust-free area
and a region above the dust plume. A nephelometer profile
through the same section of the dust plume indicated an
AOD of 0.46 ± 0.1 at 0.55 μm. Hence the dust is estimated
to have a radiative efficiency of −71 ± 15 W m−2. Surface
radiative effects were determined by a run at 100 ft (30 m)
altitude beneath the same section of dust plume. All results
are listed in Table III. For comparison, model fields were
averaged over a 50 km by 100 km box centred over
the aircraft measurement pattern (20–21◦N, 17.5–18◦W)
between 1600 and 1700 UTC, corresponding to the time of
the measurements. The model AODs are both reasonably
close to the aircraft value (0.52, 0.34, and 0.46 for CAM-H,
CAM-LN and FAAM respectively).

The TOA short-wave effects differ between the models
but this is mainly due to differing AODs, therefore it is more
instructive to compare radiative efficiencies, and actually
these are very similar (−109, −113 W m−2). However,
these are about 50% higher than the forcing efficiency
inferred from the aircraft observations (71 W m−2). The
cause of this discrepancy is not clear. High-resolution (220
band) single-column radiative transfer calculations based on
the aircraft measurements suggested efficiencies of around
−100 W m−2 (Haywood et al., 2011). These lend support
to the CAM results but do not explain the discrepancy with
the observationally inferred radiative efficiency. The surface
short-wave efficiencies are of a slightly higher magnitude
(−146, −152 W m−2) due to the combined effects of
scattering and absorption within the atmosphere that both
attenuate downwelling short-wave radiation.

The long-wave effects are generally smaller than the short-
wave effects but always positive since the dust acts in a similar
manner to a greenhouse gas or tenuous cloud layer. This
means increases of 17 to 21 W m−2 per AOD at TOA and
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Figure 15. Aerosol extinction coefficient as a function of height above ground level from FAAM aircraft profiles and the CAM models. Profiles were
located at: 13.9◦N, 1.6◦W (B301 P1), 18.0◦N, 7.8◦W (B300 P2), 13.0◦N, 8.5◦W (B296 P2).

(a) (b) (c)

Figure 16. (a) AOD at 0.55 μm and the change in TOA (b) short-wave and (c) long-wave radiative efficiency due to dust from the CAM-LN model at
1200 UTC on 18 June 2007. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

27 to 31 W m−2 per AOD at the surface (see Table III). The
long-wave efficiency is slightly higher for CAM-LN than
CAM-H, not because of differences in size distribution but
because CAM-H had a higher aerosol amount and there
is some saturation in the long-wave response to increased
concentration of dust.

9. Conclusions

The Met Office CAM was used to produce dust forecasts
in support of the GERBILS campaign. The dust scheme
originating from the Hadley Centre climate model and has
been adapted for use in operational weather forecast models.
The GERBILS experiment offered an opportunity to evaluate
the performance of the dust scheme against intensive aircraft

observations and remote-sensing retrievals from satellite and
AERONET.

The CAM model was able to produce many of the
basic features of dust uplift and transport throughout the
observation period. The large-scale dust storm that occurred
on 21 June 2007 was captured in a fairly realistic manner
showing an appropriate response to synoptically driven
high-wind events. However, comparisons against aircraft
profiles, AERONET time series and MODIS AOD products
showed the dust plume to be too far north in the model,
both during this event and in the campaign mean field. This
reflects errors in the geographic distribution of dust sources
and the need for a better representation of mesoscale and
subgrid-scale dynamical processes. A comparison against
observed dust sources showed that dust emissions in the
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Table III. Radiative effects (W m−2) and AODs at 0.55 μm for a case-study over ocean

AOD �SW TOA �SWTOA �SWSFC �SWSFC �LWTOA �LWTOA �LWSFC �LWSFC

/AOD /AOD /AOD /AOD

FAAMa 0.46 −33 −72 −47 −102 8 18 16 35
CAM-H 0.52 −57 −109 −76 −146 9 17 15 27
CAM-LN 0.34 −38 −113 −51 −152 7 21 11 31

aTOA estimates from FAAM are approximated from measurements at 7.5 km. Surface (SFC) estimates from FAAM are approximated from 30 m
over ocean.

model did not extend far enough south into the Sahel.
Further analysis showed that the clay fraction term in the
dust uplift formulation did not adequately describe the
geographic distribution of dust sources over the Sahara.
Whether this is due to deficiencies in the input dataset
or limitations in the uplift formulation is an area for
future work. A comparison of the vegetation fraction in
the CAM-H with the annual mean dust source observations
also highlights the poor representation of the die-back of
seasonal vegetation in the dust uplift, which could be rectified
by including either seasonally varying vegetation fractions
or the use of information such as the seasonally varying
leaf-area index.

Individual dust sources are often small-scale features;
ephemeral lake and river beds (e.g. Gillette, 1999; Prospero
et al., 2002; Mahowald et al., 2003; Zender et al., 2003b;
Washington et al., 2006; Schepanski et al., 2009), and it may
be that a more complex approach is required which uses
both large-scale soil information, such as the clay fraction
and seasonally corrected vegetation fractions, in conjunction
with more detailed information about smaller-scale features
to produce a preferential source term representing the
availability of erodible soil/sediment at the surface (e.g.
Ginoux et al., 2001; Liu et al., 2003; Zender et al., 2003b;
Grini et al., 2005), as already tested by Ackerley et al. (2009)
in a lower-resolution version of the Met Office Unified
Model.

The aerosol size distributions and short-wave optical
properties compared well with aircraft and AERONET
data from the GERBILS experiment. This led to realistic
interactions with short-wave and long-wave radiation
that were generally consistent with aircraft radiometric
measurements and high-resolution off-line radiative transfer
calculations based on the GERBILS observations. Better
size distributions and extinction coefficients were achieved
when specifying the size distribution of dust entering the
atmosphere rather than predicting it from size-dependent
threshold friction velocities. This showed that the approach
of specifying the size distribution seemed the most practical
and reliable in this forecasting application. In other contexts,
such as climate change experiments, this fixed approach
may not be appropriate since the emitted size distribution
should vary with physical processes and changes in surface
characteristics. However, as shown in this analysis, adopting
the dynamic approach is more difficult as it increases the
sensitivity of the dust loading and optical properties to other
model errors, and uncertainties in tuneable parameters. In
most instances the model did a good job at vertical transport
and mixing of dust, as shown by comparisons with aircraft
profiles. However, there was a shortfall in the long-range
transport of dust across the Atlantic, indicating that dry
deposition may occur too quickly in the model.
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