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Aeolian dust modelling has improved significantly over the last ten years and many institutions now consistently model dust uplift,
transport and deposition in general circulation models (GCMs). However, the representation of dust in GCMs is highly variable
between modelling communities due to differences in the uplift schemes employed and the representation of the global circulation
that subsequently leads to dust deflation. In this study two different uplift schemes are incorporated in the same GCM. This
approach enables a clearer comparison of the dust uplift schemes themselves, without the added complexity of several different
transport and deposition models. The global annual mean dust aerosol optical depths (at 550 nm) using two different dust uplift
schemes were found to be 0.014 and 0.023—both lying within the estimates from the AeroCom project. However, the models
also have appreciably different representations of the dust size distribution adjacent to the West African coast and very different
deposition at various sites throughout the globe. The different dust uplift schemes were also capable of influencing the modelled
circulation, surface air temperature, and precipitation despite the use of prescribed sea surface temperatures. This has important
implications for the use of dust models in AMIP-style (Atmospheric Modelling Intercomparison Project) simulations and Earth-

system modelling.

1. Introduction

Airborne mineral dust is important in all aspects of Earth-
system modelling as it impacts on the Earth’s radiation
budget [1]; weather [2], and climate [3, 4] while also
providing a source of nutrients to oceanic and land biota
(5, 6].

Despite advances in dust modelling and the represen-
tation of dust uplift on a case by case basis (e.g., [7—
9]), such studies have focussed on running a single dust
scheme in a given general circulation model (GCM), regional
climate model (RCM) or numerical weather prediction
(NWP) model. However, the representations of dust uplift,
transport and deposition in atmospheric models are still
highly uncertain. While some of the uncertainty arises from
the parameterization schemes used for representing the dust

cycle there are also influences from the driving model, which
may also add to the uncertainty.

Modelling intercomparison studies such as the Atmo-
spheric Model Intercomparison Project (AMIP [10]) are
important as they aid in understanding model uncertainty
and variability across a range of state-of-the art climate
models. Similar model intercomparison studies, with a
particular focus on mineral dust, can be found in [11]
(for the Bodélé Depression in Chad) and [12] (for Asia
under the framework of the Dust Model Intercomparison
Project, DMIP). The studies by [11, 12] identified that dust
simulations are particularly sensitive to:

(1) The dust-uplift parameterization scheme.

(2) The representation of surface soil characteristics,
which vary between models and will impact on uplift.



(3) Surface wind speeds: these are typically small-scale
processes that are not resolved explicitly given the
size of model grid-boxes and therefore need to be
parameterized.

Global model studies of aerosol processes [13] highlight
the diversity in model output when research groups run
their models in “standard” configurations. However, the
schemes used by [13] not only contain differences from
the parameterization of the dust cycle but also in the
capabilities of those overriding atmospheric models to
represent the processes that lead to dust uplift, transport
and deposition. If the numerous dust schemes employed
by the modelling community could be included in an
ensemble of simulations that are driven by one GCM, for
example, then differences in dust emission, transport, and
deposition across the parameterization schemes could be
understood better. Differences in modelled dust climatology
would in this case be almost entirely governed by the dust
cycle parameterization rather than the other parameterized
processes in the driving GCMs. Such studies have been
undertaken for either specific case studies [14, 15] or
seasonal dust properties [16]; however, none of these studies
[14-16] has looked at the effects of perturbing the uplift
parameterization characteristics in multiple-year AMIP-type
climatological simulations. Running a single driving GCM
for a time period that is long enough to acquire long-term
climatological averages is therefore key to this study as it
allows us to identify robust differences in the climatological
dust distribution that are not influenced by model-generated
variability. The work presented in this paper therefore,
attempts to make a first step towards understanding the
climatological impact of two different dust uplift schemes in
one GCM.

Descriptions of the models used are provided in Section 2
and an analysis of the modelled Aerosol Optical Depths
(AODs), dust size distributions, deposition, and the impacts
of the different dust schemes on the modelled climate are
discussed in Sections 3—6. The discussions and conclusions
are given in Section 7.

2. Model Setup and Experiments

2.1. GCM Description. The HadGEM2-A (Hadley Centre
Global Environmental Model version 2—Atmosphere-only)
model is a state-of-the-art global general circulation model
based on the HadGEM1 model [17, 18]. Some additional
physics changes have been made to the model: these are
described in [19, 20]. The model has 38 layers in the
vertical reaching a height of approximately 40km. The
horizontal resolution in the present work is 3.75° longitude
X 2.5° latitude (referred to as N48 as this is the maximum
number of waves that can be represented in the zonal
direction).

In addition to the above, a parameterization of land/sea
breezes has been implemented in this version of HadGEM2-
A in order to alleviate problems in the model associated
with underestimation of wind speeds at coastal points (those
points that are partially ocean and partially land). A scalar
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TaBLE 1: Particle size ranges for each size bin taken from
HadGEM2-A during this study. Further discussion and the deriva-
tion of these values are given in [20].

Dust size bin Particle radius range (um)

0.0316-0.1
0.1-0.316
0.316-1.0
1.0-3.16
3.16-10.0
10.0-31.6

31.6-100.0

100.0-316.0

316.0-1000.0

O 0 N N Ul o W N

term proportional to the cube root of the temperature differ-
ence between the land and the ocean fractions of the grid box
is added to the calculation of the heat and moisture fluxes.
Therefore, when the land-ocean temperature difference is
20K, the effective wind used to calculate the scalar fluxes is
doubled. The addition of the parameterisation results in a
significant decrease in the dry rainfall bias that HadGEM1
exhibited over the Maritime Continent region [18].

2.2. Dust Uplift Scheme 1: CLIM. The climatological dust
uplift scheme used ordinarily in HadGEM2-A (denoted
CLIM from now on) is based on the work by [21]. The
version used in this study uses a 9-bin scheme (see Table 1,
which contains the size ranges of each bin), where bins 7—
9 represent larger particles than the original 6-bin scheme.
Bins 7-9 are used in calculating the total horizontal flux
from which the vertical dust flux is calculated (in a similar
method to the original work by [21]). The version of CLIM
used in this study is similar to the version of the Met Office
dust scheme used by UK-HiGEM (22, 23] and the HadGEM2
model developers [20]. We have stated where the scheme in
this study differs from [20].

To initiate dust uplift, a threshold wind velocity must
be reached to overcome the cohesive forces between the
dust particles and is known as the threshold friction
velocity (Ugyins 1-9)» ms™"). The threshold friction velocity
is calculated for each size bin (see Table 1 for particle sizes)
and is very similar to the original setup in [21], given as:

Ubins 19) = AT ine19)) + BW + G, (1)

where A(7p(bins1-9)) is the dry threshold friction velocity
(ms™!) as a function of particle size (for each of the 9 size
bins given in Table 1) and is calculated from the derivation
given in [24], W is the soil moisture content of the top 10 cm
of the soil (kgm~2), and B and C are constants. B and C were
originally derived empirically by [21] in HadCM3, however
the values resulted in unrealistic dust uplift when applied to
HadGEM2-A. The values were set to 0.10 and —0.08 in this
study (following several iterative test experiments) to give the
best representation of the aerosol optical depths over Africa.

Once the values of Uy, ;o) have been calculated, the
horizontal flux of dust in each bin can be initiated once the
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FIGURE 1: A plot of the topographic “low” source term as given in
(3) (red line), (5) (blue line) and the version used in [27] (black
line).

friction velocity over bare soil at the surface (U*, ms™!)
exceeds U;*. The horizontal flux (H(bins 1-9), kg m=2s7!)
in each bin is calculated from the following:

U?Ebins 1-9)
U* ’
w1 Ut).((bins 1-9) ? MrelD TL
U* G ’

where Fqj is the fraction of bare soil within a grid box, C is
an empirically derived constant of proportionality (defined
in [25]), px is the surface air density over land (kg m~3).
M, is the mass of dust in each bin relative to the total mass
of dust at each grid point and is calculated from the silt,
sand and clay fraction values taken from the International
Geosphere-Biosphere Programme (IGBP) global soil data set
[26], D is a globally uniform tuning parameter (set to 18 in
these experiments following a series of test simulations) and
TL is the “topographic low” source term (based on the work
by [27]), which is calculated as:

Horo - 80
TL = 0.5(1 —tanh(iio)). (3)

H(bins 1-9) = Fy;iCps U*’ (1 + <
(2)

Where Horog is half of the peak-to-trough height of
the model surface elevation. The values in (3) (shown in
Figure 1) were chosen following test experiments and are
different to those used in [27] as a result of the lower
resolution orography used in this study and the different dust
uplift scheme (CLIM). The version of the horizontal flux
used by [20] does not use the TL function used in this study.

The vertical dust flux (G (bins 1 to 6), kg m~2 s7!) is then
calculated for bins 1 to 6 from:

G(bins 1 to 6) = H(bins 1 to 6) * (1 + M)

> H(bins 1 to 6)
% 10(134F—6.0)

(4)

As can be seen in (4), modelled dust particles in bins
7-9 are not subject to vertical transport as they are too
large; however, the dust in these bins contributes to the
saltation and sandblasting that occurs during horizontal dust
transport, which is also responsible for liberating smaller
particles. H (bins 1 to 6) is the horizontal dust mass flux for
bins 1 to 6, XH(bins 7 to 9) is the total horizontal dust mass
flux in bins 7 to 9, ZH (bins 1 to 6) is the total horizontal
dust mass flux in bins 1 to 6, and F. is the clay fraction
of the soil. The middle expression in the brackets increases
the horizontal dust flux in each bin to account for the extra
saltation and sand blasting from the large dust particles in
bins 7 to 9 and is an extension to the relationship derived in
[21]. The vertical flux term used is identical to that used in
[20].

For more recent developments of the Met Office Unified
Model’s (MetUM) dust scheme, see [19, 20, 25].

2.3. Dust Uplift Scheme 2: DEAD. The dust uplift scheme
from the freely available “mineral dust entrainment and
deposition model” (DEAD, [28]) was downloaded and
incorporated into the MetUM by [27]. Initial tests using
the DEAD scheme from [27] resulted in excessive global
emissions of dust in the N48 model (not shown). Therefore
several adaptations were made to reduce the dust uplift in the
model. The changes to the parameterizations given in [27]
are:

(1) The factors in the topographic “low” source term
(TL) were changed to the following:

Hus =)

TL = 0.5(1 —t h(
an 13

As a result of the lower resolution orography used
in this study. Equation (5) (shown in Figure 1) is
more stringent than the version in [27] (also shown
in Figure 1), which is associated with the greater
smoothing of surface orography at the N48 resolution
used in this study. Horog is half of the peak-to-trough
height of the model surface elevation (m).

(2) Following several iterative test simulations, the global
tuning parameter (GT) was increased to 0.016 from
0.014 used in [27].

(3) The gravimetric water content included an extra
factor of the surface clay fraction as derived by [29]
(see Equation (5) in [28]), which was not included
in the [27] version. [28] multiplied the function by
a model dependent “ad hoc” coefficient, which was
included and set to 0.1 in this study (similar to GT)
following the test runs.



Apart from the changes listed in this section, all other
aspects of the dust uplift scheme (such as the horizontal
and vertical flux calculations) are identical to those given
in [27]. This includes the use of the same globally fixed
size distribution for the emitted dust used by [27]. Also, the
DEAD uplift scheme only used bins 1-6 for both the vertical
and horizontal fluxes (see Table 1 for the size ranges) as in
[27].

2.4. Experiments. Two GCM simulations were undertaken
with one using the CLIM uplift scheme and the other
using DEAD (the transport and deposition schemes are
identical for CLIM and DEAD and are discussed in more
detail in [21]). Both experiments used AMIP sea-surface
temperatures (SSTs) as boundary conditions, and ran for
17 years from 1979-1995. The first year of both model
integrations were regarded as spin-up and not included in
this analysis.

3. Aerosol Optical Depth at 550 nm

The aerosol optical Depth (AOD) is a parameter that is
derived in many global and regional atmospheric models
including HadGEM2-A (see [23, 27]) and is also retrieved
from numerous ground-based and satellite based instru-
ments [30, 31]. The model derivation for calculating the
AODs can be found in [32]. The values have also been
derived in a selection of atmospheric models as part of the
AeroCom project (see [13, 33]). [34] found that the global
annual mean AOD values (all reference to AOD will be at 550
nm) ranged from 0.01-0.053 with a median value of 0.023
when simulating the year 2000. The simulated annual mean
AODs at 550 nm over the full 19801995 period were 0.014
(CLIM) and 0.023 (DEAD), which both lie within the range
given in [34] using AeroCom simulations. However, as the
AeroCom simulations were only representative of the year
2000, the range given in [34] may not be representative of
the long-term dust induced AOD unlike the 16-year averages
for the CLIM and DEAD simulations.

The time series of the annual mean AOD has been plotted
for both models in Figure 2 along with the full (dotted lines)
and “80% of models” (dashed lines) range estimated in [34].
Nine of the sixteen years simulated using the CLIM scheme
lie within the [34] range of which two lie within the “80%
of models” range. All of the modelled annual mean AODs
using the DEAD scheme lie within the [34] range and all
but three lie within the range of the middle 80% estimated
by the AeroCom models. While the description above is
not a comparison between identical simulations, the values
from the simulations using CLIM and DEAD lie within the
same order of magnitude as the [34] simulations. Also, the
majority of the simulated annual mean AOD estimates using
CLIM and DEAD lie within the total range of modelled
AODs in [34], which gives further confidence in each models’
dust simulation.

Reference [23] discussed the global distribution of dust
using maps of global AOD associated with dust and biomass
aerosol. Similar maps are given in Figure 3 (for dust only)
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F1GURE 2: Time series of global, annual mean AOD (550 nm) for the
simulations with the CLIM (solid) and DEAD (dashed) dust uplift
schemes. The full and “80% of models” ranges estimated by [34] are
given by the dotted and dashed lines, respectively.

and show the distribution of dust resulting from using the
CLIM and DEAD schemes. Both CLIM and DEAD have
peak dust AODs over West Africa in the annual mean (see
Figures 3(a) and 3(b)), which is similar to [23]. The values
of AOD over West Africa are higher with the CLIM scheme
than those of the DEAD scheme. The dust concentrations
in the Northern Hemisphere (NH) are also larger than in
the Southern Hemisphere (SH) (again similar to [23]) as
there is a larger proportion of land in the NH and therefore
more source regions (such as the Sahara Desert). The largest
contribution in the SH dust load using both uplift schemes
comes from Australia.

Despite the similarities between the two schemes there
are some differences (compare Figures 3(a) and 3(b)). The
AODs are much lower (less than 0.002) in CLIM north
of 60°N and south of 30°S than in the simulation with
DEAD, which may be associated with weaker transport to
areas remote from dust sources (for CLIM). Conversely,
the CLIM simulation has higher AODs closer to the dust
source areas (such as West Africa) and may be associated
with a higher vertical mass flux than for DEAD. Despite
these differences the main global dust sources (Sahara, Asia,
and Australia) that are apparent in both simulations and the
global distributions of dust given in Figure 3 are similar to
those of other studies [22, 23].

4. Dust Size Distributions

While there were many similarities between the global
dust distributions given in Figure 3, the AODs of the two
model simulations differed greatly in regions remote from
the main dust sources (e.g., in the polar regions). As the
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FIGURE 3: Annual mean AOD at 550 nm for (a) CLIM and (b) DEAD averaged over the last 16 years of each model simulation.
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FIGURE 4: Normalised mass size distributions as a function of particle radius taken at 330°E and 17.5°N in CLIM (dashed blue lines) and
DEAD (solid line) at each of the levels 1-16 (approximately from the surface to 5km) for (a) DJF and (b) JJA. Corresponding values of the
normalised mass size distribution from the DODO campaigns, between the surface and 5 km, (red triangles) are overlaid for (a) DJF and (b)

JJA.

simulation using CLIM has lower AODs in remote regions
than DEAD and as both schemes use identical dust transport
and deposition schemes, it is likely that the size distribution
of the dust transported throughout the model domain of
the simulation using CLIM is different to the one simulated
using DEAD.

To compare the size distributions in each model, we make
use of airborne size distribution measurements collected
during the Dust Outflow and Deposition to the Ocean
experiment (DODO, see [35] for more details on the flight
campaigns), which were subsequently used in the case study
analysis by [27]. The flight campaign observations were
taken during February and August 2006 in the vicinity of
the West African coast at various heights above the surface.
To compare with the DODO observations the December-
January-February (DJF) and June-July-August (JJA) seasonal
mean, mass weighted dust size distributions at 330°E and
17.5°N were taken from each model as being representative
of dust transported off the African coast. Mass weighting
the distributions allows a fairer comparison between the
DODO observations (individual specific events) and the
model-simulated output (climatological averages), as this
will reduce any bias in the dust size distributions caused
by individual dust events. The height of the observed data
varied between approximately 50 m and 5km and so the
model output at levels 1 to 16 (surface to approximately 5 km
above the surface) were taken to compare with the DODO
observations.

The DJF dust size distributions for the models and
observations are shown in Figure 4(a). The observed size
distributions were taken from various heights and positions
over West Africa. The observations were included this way

to give an idea of the range in possible size distributions
taken during the DODO flights. Firstly, the DEAD scheme
simulation contained more mass in bins 1, 2 and 3 (see
Table 1 for size ranges) than in the CLIM scheme simulation.
This indicates why the DEAD scheme has higher AODs in
regions remote from the major global dust sources than
CLIM. The smaller particles in the DEAD simulation can
be transported further before deposition occurs (relative to
CLIM) and therefore persist in the atmosphere longer to
influence the model’s radiation field northward (southward)
of 60°N (30°S).

In comparison to the DODO observations, the DEAD
scheme compares better with the DODO observations than
CLIM, which contains very little dust in bin 1. However, there
is no information from observations on the distribution
of larger particles, which CLIM may represent better than
DEAD. Although the size distribution measurements were
taken over only a few days in February 2006, they appear
to be representative of the seasonal average as several other
more recent aircraft campaigns have measured a similar
slope of the accumulation mode size distribution [36,
37].

The size distributions for JJA are given in Figure 4(b)
and highlight again the larger proportion of smaller particles
in DEAD compared to CLIM although DEAD has a better
overall representation of the size distribution than CLIM.
Again, the CLIM simulation contains almost no mass in bin
1, which does not agree well with the observations. Again, the
main caveat is that the observed size distributions were taken
in August and may not be representative of a seasonal mean;
however, the biases appear to be systematic for both schemes
over both seasons.
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5. Deposition

The global transport and deposition of dust is important not
just in terms of the local radiative forcing and the remote
circulation anomalies that the presence of atmospheric dust
generates, but also in terms of the whole Earth system
[38, 39]. In some regions of the ocean, primary production
by phytoplankton is limited by iron: dust that settles onto
the sea surface containing iron can therefore fertilise ocean
ecosystems and play an important role in regulating the
entire carbon cycle. For this reason one important metric
of the skill of a dust transport scheme in an Earth system
context is the amount of dust transported to the oceans,
and especially the southern oceans, where the effect on
atmospheric CO, may be highest [39]. Also, Saharan dust
transport and deposition to the Atlantic Ocean is particularly
important in providing iron, potassium and other nutrients
for ocean biological organisms.

To evaluate the model performance with respect to
deposition, this study made use of data from the Dust
Indicators and Records in Terrestrial and Marine Paleoen-
vironments (DIRTMAP) database [40-42]. Twelve stations
were used and are given in Table 2 and their locations have
also been plotted in Figure 5(a). Both marine sediment
trap (with more than one thousand consecutive recorded
days) and ice core data were used to provide the best
estimate of the climatological mean dust deposition from
the observations. The observed and modelled deposition
values are plotted for both CLIM and DEAD in Figures 5(b)
and 5(c). As the deposition schemes used in the CLIM and
DEAD simulations are identical any differences in deposition
between the two simulations can only be caused by the use of
different uplift schemes. For the CLIM scheme deposition,
eight of the twelve model points lie within a factor of ten of
the observed deposition and for the DEAD scheme all twelve
lie within a factor of ten of the observations. The range of
values given in Figures 5(b) and 5(c) lie within the spread of
model values given by [34].

The deposition in the DEAD and CLIM schemes are
similar at 4 points (4, 5, 7, and 9, see Figure 5 and
Table 2 for the locations), which are all in Greenland except
for the marine sediment trap in the Sargasso Sea (9 in
Table 2). This suggests that the westward and northward
transport of dust over the Atlantic Ocean is similar in the
two models. While the transport to the Sargasso Sea and
eastern Greenland compare very well with the observations
there is higher dust deposition than observed over central
Greenland.

Both dust schemes simulate the deposition to Antarctica
well (points 1, 3, and 8, see Table 2 and Figure 5 for the loca-
tions) with DEAD overestimating and CLIM only slightly
underestimating the amount of dust deposited in Antarctica.
The difference is likely to be due to CLIM having a smaller
proportion of fine particles than DEAD (as discussed in
Section 4), which implies that a higher percentage of the dust
is deposited before reaching Antarctica.

Both CLIM and DEAD simulate too little dust deposition
in north-western Greenland (2 in Table 2 and Figure 5),
which may be associated with too much deposition over

TABLE 2: Names, data types, and locations of the DIRTMAP
deposition data. The numbers on the left hand side of the first
column correspond with those in Figure 5.

Site ID (numbers
correspond with Figure 5).

Longitude Latitude

Data source (degrees) (degrees)

(1) Byrd Ice core -120 -80

(2) Camp century Ice core -61 77

(3) Dome C Ice core 124 -75

(4) Dye 3 Ice core —44 65

(5) GRIP summit Ice core —38 73

(6) Huascaran Ice core —78 -9

(7) Renland Ice core -27 71

(8) Vostok Ice core 107 -78

(9) Sargasso Marine sediment _64 3
trap

(10) East Marine sediment 69 15
trap

(11) Cast Marine sediment 65 14
trap

(12) Wast Marine sediment 60 16

trap

the ice sheet as deposition was overestimated in central
Greenland.

Finally, the CLIM scheme overestimates the deposition
over western South America and the northern Indian Ocean
(6,10, 11, and 12, see Table 2 and Figure 5 for the locations),
which is again likely to be due to the advection of the large
particles downwind from the African and Asian dust sources.
The deposition in the model using the DEAD scheme
compares well with the observations in the northern Indian
Ocean but slightly underestimates the deposition in western
South America. The modelled deposition into the Atlantic
and towards Antarctica compares well with the observations
and so both regions are considered in the next sections.

5.1. North Atlantic. The aim of DODO was to quantify the
seasonal dust footprint from the Sahara to the Atlantic Ocean
and subsequently estimate the iron deposition along with the
variability in that flux. The dust deposition into the Atlantic
needs to be compared to estimates in other work to identify
whether the models are representing the real world well.

For this study, a region of the North Atlantic has been
chosen in which to quantify the dust deposition to the
surface and is shown in Figures 5(a) and 6. The region
is similar in size to that used in the study by [31], which
derives North Atlantic dust deposition from satellite data.
The annual mean dust deposition and variability into the
North Atlantic region can be seen in Table 3. The deposition
from CLIM is much higher than for DEAD (almost a factor
of 12) and CLIM also displays a much higher variability
(more than 10 times) than DEAD. However, the coefficients
of variation (standard deviation divided by the mean) are
very similar for both simulations (Table 3), which imply
that the apparent larger variability in CLIM is likely to
be due to the larger mean deposition relative to DEAD.
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FIGURE 5: (a) The location of the DIRTMAP stations (1-9, see Table 2) used in this study and scatter plots of the DIRTMAP and nearest model
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FIGURE 6: Deposition into the North Atlantic (g m2yr~!) for (a) CLIM and (b) DEAD. The box and the “9” correspond to the box and

DIRTMAP observation location given in Figure 5(a).

[31] suggest that the annual deposition from Africa to the
Atlantic Ocean (in a similar region to Figure 6) is 140 =+ 40
Tg dust, which agrees reasonably well with the value given
in Table 3 for DEAD. The deposition into the region in
Figure 6 for CLIM lies outside the error bounds for the [31]
estimate and also lies outside the estimates for other studies
(see Table 3 in [31]). However, in both simulations, the
modelled deposition in the Sargasso Sea (point 9, Table 2 and
Figure 5) compares very well with the DIRTMAP deposition

and suggests that further downstream from the Sahara the
deposition is comparable between CLIM and DEAD, which
can also be seen in Figure 6.

The higher deposition in CLIM is due to the size
distribution of the transported dust (see Section 4) with
large deposition rates adjacent to the West African coast, near
the Saharan source (Figure 6(a)). By the time the prevailing
easterlies have transported the dust to the West Atlantic,
the majority of the large particles have been deposited and



Advances in Meteorology

TaBLE 3: Annual (ANN) mean dust deposition into the North
Atlantic for the region shown in Figures 5(a) and 6. Also included
are the standard deviation, the coefficient of variation and the
maximum and minimum deposition amounts of all modelled years.

ANN mean, Stapdfird Coefficient of M:%X{mum/
(Tg dust) deviation, variation o/p mnimum
“ o (Tg dust) (Tg dust)
CLIM 1356 398 0.29 1826/691
DEAD 116 35 0.30 164/56

the deposition rates become comparable with DIRTMAP.
Therefore, the high deposition amounts in CLIM cannot
be ruled out as erroneous as deposition in other regions of
the globe is comparable to DIRTMAP, although the high
deposition values in the Indian Ocean (points 10, 11, and 12,
Figures 5(b) and 5(c)) suggest there may be too much dust
transported in CLIM.

5.2. Southern Ocean and Antarctica. Figure 7 shows that
the simulation using the CLIM scheme results in more
deposition of dust north of 47°S compared to the DEAD
scheme. However, at all latitudes south of 47°S DEAD has
higher deposition relative to CLIM. It is no coincidence that
this latitude is the location of the Southern Ocean storm
track, and the results of Figure 7 are consistent with the more
numerous small particles in DEAD being advected into the
southern polar region. In addition, the higher dust AODs
exhibited by DEAD compared to CLIM south of 30°S in
Figure 3 are consistent with observations of dust density in
CLIM being too low in this region (see Figure 8 in [21] for
King George’s Island, Palmer Station, and Mawson station
data). This can also be seen in the Antarctic (points 1, 3,
and 8 in Figure 5) where CLIM underestimates and DEAD
overestimates the dust deposition.

Observations of dust deposition are extremely sparse
in the Southern Ocean region however. Although some
measurements suggest that the reduction in deposition with
latitude is perhaps more consistent with DEAD than CLIM
[40], many more observations of dust deposition are needed
before any conclusions can be drawn about the relative
performance of DEAD and CLIM in depositing dust in the
Southern Ocean.

6. Impacts on the Modelled Climate

We now discuss the effects of the differing spatial charac-
teristics of the dust on the modelled climate. We confine
ourselves to the JJA season, as this is the season with the
largest differences between the CLIM and DEAD cases.
Figure 8(a) shows the temperature difference at 1.5m for
DEAD relative to CLIM. Overall, the land surface is slightly
cooler (particularly in Northern Africa and the Middle
East), consistent with the higher dust AOD in DEAD, which
intercepts incoming solar radiation over a greater area than
CLIM. However, this signal is reversed in western Africa,
where DEAD is warmer than CLIM and has lower dust
AODs. The air temperatures at 200 hPa do not have the same
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FIGURE 7: Zonal annual mean dust deposition (gm~2yr~!) for
CLIM (solid line) and DEAD (dashed line) south of 45°S. Note: the
y-axis is logarithmic.

dipole structure over western Africa (not shown) as those
seen in the surface air temperatures, which indicates that the
pattern in Figure 8(a) is a low-level structure.

The pattern evident in Figure 8(a) does have an effect
on local circulation in western Africa. Figure 8(b) shows
that a high-pressure anomaly exists in JJA in DEAD relative
to CLIM; associated with this pressure anomaly is an
anticyclonic circulation anomaly, as shown in Figure 9 at
850 hPa. The circulation anomaly has an effect on the west
African monsoon circulation, as it transports dry air south-
westwards toward the monsoonal region, the result is a
small decrease in precipitation and relative humidity (RH)
at 850 hPa over west Africa, as shown in Figures 10(a) and
10(b).

While the local effects are considerable, which is unsur-
prising given the large differences in dust AOD over Africa,
some remote effects are evident from Figures 9 and 10. There
is some evidence for an effect on the South Asian monsoon,
with anomalous easterly winds off the coast of Somalia, and
anomalous westerlies over southeastern Asia. Figure 10 also
shows a reduction in precipitation over the equatorial Indian
Ocean.

7. Discussion and Conclusions

The work presented in this study has attempted to identify
the differences arising in the representation of dust in a
GCM by using two separate uplift schemes. By incorporating
two different schemes in one GCM, we have been able to
understand how each uplift model responds to the simulated
GCM climate and subsequently how the GCM responds to
the differences in dust uplift from the two schemes.

Both simulations (CLIM and DEAD) had global annual
mean AODs at 550 nm (averaged from 1980-1995) that lay
within the range simulated by the AeroCom project [33].
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However, the AeroCom simulations only represented the
year 2000, whereas the simulations undertaken in this study
(using CLIM and DEAD) were run over sixteen years and
may be more representative of the long-term climatological
mean. Despite this difference, the majority of the annual
mean AODs in both simulations, for any given individual
year, lay within the AeroCom estimated range of global mean

AODs, which suggests that neither model lies outside the
range of current dust modelling capabilities.

There were systematic differences between the two simu-
lations however. The global annual mean AODs simulated
using the CLIM scheme, were almost always consistently
lower (fourteen of the sixteen simulated years) than those
when using DEAD for any given year. Subsequently the
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climatological mean (1980-1995) dust AOD was lower in
CLIM than for DEAD. The cause of these differences was due
to the CLIM simulation containing a higher proportion of
large particles, which could be deposited more rapidly from
the atmosphere compared to those for DEAD, decreasing the
dust load. Additionally DEAD contained more submicron
particles than CLIM which enabled dust transport of par-
ticles with a high mass extinction efficiency [43] to greater
distances in DEAD. Therefore the dust uplifted in the CLIM
simulation had less time to interact effectively with radiation
than in the DEAD simulation, resulting in lower AODs.

The dust size distribution in the CLIM scheme was
also found to have too few small particles compared with
the observational data compiled during the DODO field
campaign. The size distribution of the dust uplifted using
DEAD however was more comparable with the DODO
observations, although there were still too few small particles.
The close agreement between DEAD and DODO indicates
that specifying the emitted dust size distribution based
upon depositional data (as described in [28] and applied
to the MetUM by [27]) may be more appropriate in GCM
simulations. However, the size distribution of aeolian dust
may vary regionally from the values calculated from the
DODO campaign therefore specifying the modelled size
distribution may not be appropriate for regional model
simulations. A combination of the techniques used by CLIM
and DEAD therefore may be appropriate for specifying the
size distribution of aeolian dust.

Despite the differences in the modelled size distributions,
the deposition rates in the CLIM and DEAD simulations
compared well with the DIRTMAP observations. The CLIM
scheme did less well than DEAD close to the major dust
sources (such as the Sahara and Asia), which was due
to the large proportion of coarse particles that could be
deposited faster. Both CLIM and DEAD compared well with
DIRTMAP in Antarctica except DEAD (CLIM) had slightly
higher (lower) deposition rates than DIRTMAP, which was
unsurprising given the higher proportion of fine (coarse)
particles in DEAD (CLIM). The modelled deposition over
eastern Greenland also compared well with DIRTMAP in
both simulations although CLIM and DEAD had too little
dust deposition in western Greenland.

While the differences in the simulated dust properties are
important for understanding the uncertainty associated with
specific uplift schemes, those differences also affected the
modelled climate in each simulation. The higher global mean
AODs with the DEAD scheme led to a large-scale cooling in
JJA, particularly in North Africa and the Middle East, relative
to CLIM (where the AODs reduced more rapidly away
from the source). Conversely, within the source regions, the
CLIM scheme had lower surface air temperatures, associated
with the high AODs close to the source, than DEAD. The
radiative impact of the dust also led to differences in the low-
level circulation and precipitation rates close-to and remote
from the Saharan dust source. These circulation changes
still occurred despite the prescribed sea surface temperatures
used in these simulations. This implies that the choice of
dust uplift scheme has the potential to affect the tropical
and subtropical circulation patterns even in AMIP-type
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simulations. Additionally, the differences in dust deposition
in the Atlantic and Southern Ocean have important impli-
cations for ocean biogeochemistry and the carbon cycle.
Therefore reducing the uncertainty associated with global
dust modelling is important for all Earth-system modelling
studies as it not only affects the global distribution of aeolian
dust but also impacts significantly on the modelled climate.
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