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ABSTRACT

This work investigates the impacts of mineral dust aerosol on climate using the atmospheric component of the
U.K. High-Resolution Global Environmental Model (HIGEM) with an interactive embedded mineral dust
scheme. It extends earlier work by Woodage et al. in which direct radiative forcing due to dust was calculated
and in which it was reported that the global total dust burden was increased when this was included in the model.
Here this result is analyzed further and the regional and global impacts are investigated. It is found that particle
size distribution is critically important: In regions where large, more absorbent dust particles are present,
burdens are increased because of the enhanced heating aloft, which strengthens convection, whereas, in areas
where smaller, more scattering particles dominate, the surface layers are stabilized and dust emissions are
decreased. The consequent changes in dustload and particle size distribution when radiative effects are included
make the annual mean global forcing more positive at the top of the atmosphere (0.33 versus 0.05W #?).
Impacts on the West African monsoon are also considered, where Saharan dust brings about a northward shiftin
the summertime intertropical convergence zone with increased precipitation on its northern side. This contrasts
with results from some other studies, but the authorsO Pndings are supported by recent observational data. They
argue that the impacts depend crucially on the size distribution and radiative properties of the dust particles,
which are poorly known on a global scale and differ here from those used in other models.

1. Introduction a variety of chemical compositions, shapes, and spectral
properties (Pye 1987 Duce 1995 Sokolik et al. 1993
1998. Dust particles are mobilized by complex small-scale
processes when surface winds are sufbciently strong (see
Gillette 1979; Pye 1987, and they are transported hori-
zontally and vertically by turbulent, advective, and con-
vective processes acting on a wide range of scales. This
presents a difbcult challenge for modeling because, on one
hand, high spatial resolution is needed to simulate the
emission processes realistically (e.gTodd et al. 2008 but,
on the other hand, global coverage is necessary estimate
the full feedback effects because impacts can be seen far
from the aerosol source regions (e.g.Menon et al. 2002.
Few models are capable of fulblling both these require-
ments; however, the atmospheric component of the U.K.
. High-Resolution Global Environmental Model (HIGEM)
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Mineral dust aerosol is acknowledged as having a sig-
nibcant impact on the global climate system [Intergov-
ernmental Panel on Climate Change (IPCC) Fourth
Assessment Report;Forster et al. 2007. Dust aerosol both
absorbs and scatters incoming solar shortwave (SW) and
outgoing thermal longwave (LW) radiation, and the im-
portance of including these effects in both numerical
weather prediction (NWP) and general circulation models
(GCMs) has been recognized for many years Haywood
et al. 2005 Milton et al. 2008; Miller and Tegen 1998). The
world®s deserts are the main source of mineral dust aero-
sol; particles range in size from 0.01 to 100rm and have
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TABLE 1. Particle sizes and their extinction coefpbcients and single scattering albedos at 550 nm for dust in HIGAM.

Dust division Radius (nmm) Extinction coef (kg 2 %) Single scattering albedo
1 (smallest) 0.0316D0.1 702.9 0.93
2 0.1D0.316 3663.1 0.98
3 0.316D1.0 995.7 0.95
4 1.0D3.16 265.6 0.80
5 3.16D010.0 79.0 0.64
6 (largest) 10.0931.6 24.3 0.55

aerosol distribution and its associated radiative forcing
(Woodage et al. 2010.

The question of the sign and magnitude of radiative
forcing due to dust has been addressed by many authors. In
one of the earliest papers,Carlson and Benjamin (1980)
calculated the impact of dust in the Saharan air layer using
a radiative transfer model and estimated the heating in the
1000D500-hPa layer to be about 1 K day* for summertime
conditions over the East Atlantic: a signibPcant warming
that could exceed in magnitude the atmospheric diabatic
cooling rate. They found that, over the ocean, heating in
the atmosphere is almost exactly balanced by a decrease in
the net downward RRux at the surface, thus increasing at-
mospheric stability but maintaining a steady state within
the system: that is, not changing the values at the top of the
atmosphere (TOA). Miller and Tegen (1998) used pre-
scribed, seasonally varying concentrations of dust aerosol
in an atmospheric GCM to estimate the climate response.
They found a decrease in surface temperature of approx-
imately 1 K beneath the dust cloud but not uniformly: In
regions of deep convection ©oling was absent, despite
a large reduction in surface net radiation. It was suggested
that this may be due to the linking of surface temperatures
to the value at the emitting level above. Their estimate of
the global, annual mean forcing was2 2.1Wn7 2 at the
surface and2 0.1 W n? 2 at TOA [calculated from the re-
ported seasonal values irMiller and Tegen (1998)]. In later
work (Miller et al. 2004b), a fully interactive dust scheme
was used in which dust emission was generated within the
model rather than prescribed. Using a range of spectral
values for the dust, they estimated the surface forcing to be
between 2 2.47 and2 1.07 Wn¥ 2 and between 0.76 and
2 0.82W nt ?at TOA (for aerosol with more absorbent to
more scattering properties, respectively).

While the surface forcing was always negative, the
TOA value changed from negative to positive when
more absorbent properties were assigned to the dust. A
similar result was reported by Woodward (2001) using
the Met Ofpce Hadley Centre Atmosphere Model,
version 3 (HadAM3); instead of changing the spectral
properties of the dust, the contribution made to the total
forcing by the different particle sizes was calculated. In
that work, it was found that the surface global annual

mean forcing was always negative and dominated by
the medium-sized particles (0.3D3.6m). At TOA the
medium-sized particles again dominated the forcing
with a positive impact; however, the smaller and larger
particles had opposing impacts, with the smaller ones
imposing a negative forcing and the larger ones pro-
ducing a positive forcing. As particle size distribution
affects the sign and magnitude of the radiative impact of
the dust (Tegen and Lacis 1998, this demonstrates the
importance of including the full range of particle sizes in
the model in order to obtain a realistic estimate of the
forcing.

In our earlier paper (Woodage et al. 2010, a high-
resolution atmospheric climate model with an embed-
ded interactive mineral dust scheme similar to that of
Woodward (2001) was described, and the global annual
mean radiative forcing resulting from the dust was found
to be 2 1.14Wn7? at the surface and 0.01Wni? at
TOA. In that work, the atmospheric component of
HIGEM (HiGAM) was run in paired experiments: one
of which included dust radiative effects (active dust) and
one excluded those effects (passive dust). Two pairs of
experiments were run, forced by the Atmospheric
Model Intercomparison Project phase 2 (AMIP-11) sea
surface temperature dataset for the years 1983D2000.
Dust radiative forcing was calculated from the passive
dust runs, while comparison of the passive and active dust
experiments enabled the feedback effects on the model
climatology and the resulting dust emissions and burdens
to be investigated. These full feedback effects, which
occur when the dust is allowed to modify the climate,
have not been considered as much the radiative forcing
(dePned by the IPCC as excluding feedback effects).
Most studies of this kind have investigated the impacts on
precipitation, especially the West African monsoon (e.g.,
Pérez et al. 2006 Yoshioka et al. 2007 Konare et al. 2008
Miller et al. 2004a,b; Solmon et al. 2008.

However, when full feedback effects are included, the
dust itself may change signibcantly in terms of the load
and particle size distribution. This topic has not received
much attention in modeling studies but is important
because both the dust loading and particle size distri-
bution affect the sign and magnitude of the radiative
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FIG. 1. The 18-yr mean dust column loadings (mg M 2) for (left) JJA, (center) DJF, and (right) ANN for (top) ActD2 and (middle) PasD2
experiments. (bottom) ActD2 2 PasD?2 differences are shown. Global totals in captions are in terragrams.

impact of the dust, as noted above Miller et al. (2004b)  200Z Miller et al. 2004a; Pérez et al. 200§. Here we
used the National Aeronautics and Space Administra- examine the reasons for this and also analyze the impact
tion (NASA) Goddard Institute for Space Studies on other aspects of the climate, particularly that of
(GISS) atmospheric GCM to calculate the surface and northern West Africa, which is inBuenced by the Sahara,
TOA radiation Rux differences between active and the largest source of dust in the world. The climatology
passive dust experiments. They termed these differences of that region in boreal summer is dominated by the
the Bux anomalies and found that in their experiments movement and intensity of the intertropical conver-
the surface SW Bux anomaly wa® 1.84 W n? 2compared gence zone (ITCZ), which marks the region separating
with a surface forcing of 2 1.64Wn? 2, so the feedback the hot, dry air of the Sahara to the north from the
effect was to intensify the surface forcing. The authors cooler, moist, southwesterly airBow to the south. This
argued that this could be due to anincrease in cloud cover, surface convergence zone was classically thought to be
but there could also be a contribution because of a change directly associated with the intense precipitation of the
in the dust load itself, which was not investigated. West African monsoon (WAM), but Nicholson (2009)
Woodage et al. (2010)reported that the experiments  suggests that the rain belt is more closely associated with
with active dust had higher annual mean burdens than a large core of ascent between the African easterly
those with passive dust and noted that this bnding of jet (AEJ) and higher-level tropical easterly jet (TEJ).
a positive feedback was unusual (e.g.Perlwitz et al. Nicholson also proposed that the monsoon has
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TABLE 2. Annual and seasonal global mean dust loadings for the
ActD2 and PasD2 experiments with the relative proportions (by
mass) of small (divisions 1 and 2), medium (divisions 3 and 4), and
large (divisions 5 and 6) radius particles. Standard deviations of the
ANN total loadings are in parentheses.

Mean dust load (Tg) Dust mass fraction

Expt Season All Small Medium Large
ActD2 ANN 43.05 (13.7) 9% 59% 33%
DJF 14.06 14% 51% 35%
MAM 70.57 2% 66% 31%
JIA 63.35 8% 56% 36%
SON 23.73 28% 47% 25%
PasD2 ANN 36.63 (9.0) 11% 52% 37%
DJF 22.27 5% 70% 25%
MAM 42.12 2% 64% 34%
JJA 50.51 10% 39% 51%
SON 31.24 28% 45% 27%

a bimodal state, associated with either wet or dry con-
ditions in the Sahel, contributing to the interannual
variability of the rainfall. The AEJ (e.g., Cook 1999 is
an intense but relatively small-scale geostrophic wind
with core strength of 10020 m$?* at a height of 600D
700 hPa, located between 18and 208N, extending from
central Africa to the West African coast. It is highly
variable in space, time, and strength, andParker et al.
(2005) note that it is a serious challenge for climate and
weather prediction models to simulate this feature.
Mineral dust aerosol can inBuence the temperature
gradient driving this wind, thereby impacting on the
strength and position of the jet, as shown byTompkins
et al. (2005). In that work, a more accurate forecast of the
AEJ was achieved in the European Centre for Medium-
Range Weather Forecasts (ECMWF) model by using
more realistic representation of the aerosol direct radia-
tive forcing. In this work, we will investigate how these
features are affected by dust aerosol in HIGAM.

The rest of this paper is organized as follows: In the
next section we brieRy describe the model used and the
experiments run. In section 3 we report the results, in-
cluding (i) comparison of the dust burdens and emissions
in the active and passive dust experiments; (ii) analysis of
the dust radiative forcing and the radiative anomalies at
the surface and top of the atmosphere; and (iii) exami-
nation of the impact of the dust on regional climatologies
including the ITCZ, AEJ, atmospheric stability, and
precipitation in different areas. In section 4the results are
discussed, and insection 5 conclusions are drawn and
suggestions are made for future work.

2. Model and experiments

The atmospheric component of the U.K. HIGEM
(Shaffrey et al. 2009 was used in these experiments,
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forced by AMIP-II sea surface temperatures (SSTs) for
1983Db2000 (dataset online dtttp://www-pcmdi.linl.gov/
projects/amip/AMIP2EXPDSN/BCS/bcsintro.php ).
This model includes a fully interactive mineral dust aerosol
scheme based on that ofWoodward (2001), with six par-
ticle size bins in the range of 0.03B3Gam median radius,
covering clay (0BInm), silt (1B25mm), and sand ( 25mm).
A dust parent soil ancillary Ple (interpolated from Wilson
and Henderson-Sellers 198bdetermines the fractions and
relative masses of clay, silt, ad sand available at the sur-
face, and it is assumed that to a Prst approximation the size
distribution of the dust 3ux is similar to that of the parent
soil. Dust is mobilized when the friction velocity exceeds
a threshold value Uf, which is a function of the represen-
tative particle diameter D ¢, (in meters) and soil moisture
content W (in kilograms per square meter for top 10-cm
soil layer) given by

Uf5 Alogo(D ) 1 BW1 C, (1)
where A 52 0.2 andB and C are constants determined
empirically (by OOtrial and errorOO method). The magni-
tude of the dust RBux is a function of the cube of the
friction and threshold friction velocities, so the dust
burden in the model is very sensitive to the choice of the
values of B andCin Eq. (1). In sensitivity experiments to
tune these parameters it was found that settingB 5 0.15
and C 5 2 0.7 gave the most realistic dust loadings in
HIGAM when compared with observations and other
models (see Woodage et al. 2010for further details).
The expressionA 10g;0(Drep) 1 C may be considered as
the dry soil threshold friction velocity and is a straight-
line bt to the relevant part of the U} versus particle
diameter curve from Bagnold (1941) (see Woodward
200)).

HIGAM is a nonhydrostatic gridpoint model with
horizontal resolution of 1.258longitude 3 0.83latitude
and 38 levels in the vertical. It has a semi-Lagrangian
advection scheme, prognostic cloud physics, and shal-
low and deep convection parameterizations. There is
a land surface exchange scheme with boundary layer
mixing of surface Buxes, and the radiation scheme is the
two-stream EdwardsbSlingo code Edwards and Slingo
1996. The dust aerosol in the model is subject to ad-
vection, mixing by turbulence in the boundary layer
and by convection, dry and wet deposition, and gravi-
tational settling. Deposition processes are particle
sizebdependent; wet deposition due to precipitation
scavenging within and below cloud is represented by
a brst-order removal rate in which the scavenging co-
efbcient increases with particle size. Dry deposition
through gravitational settling takes place throughout
the atmosphere; in the boundary layer it is combined

























































