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Abstract

Dust from Africa strongly perturbs the radiative balance over the Atlantic, with emis-
sions that are highly variable from year to year. We show that the aerosol optical
depth (AOD) of dust over the mid-Atlantic observed by the AVHRR satellite has de-
creased by approximately 10 % per decade from 1982–2008. This downward trend5

persists through both winter and summer close to source and is also observed in
dust surface concentration measurements down-wind in Barbados during summer. The
GEOS-Chem model, driven with MERRA re-analysis meteorology and using a new
dust source activation scheme, reproduces the observed trend and is used to quantify
the factors contributing to this trend and the observed variability from 1982 to 2008.10

We find that changes in dustiness over the East mid-Atlantic are almost entirely me-
diated by a reduction in surface winds over dust source regions in Africa and are not
directly linked with changes in land-use or vegetation cover. The global mean all-sky
direct radiative effect (DRE) of African dust is −0.18 Wm−2 at top of atmosphere, ac-
counting for 46 % of the global dust total, with a regional DRE of −7.4±1.5 Wm−2 at the15

surface of the mid-Atlantic, varying by over 6.0 Wm−2 from year to year, with a trend
of +1.3 Wm−2 per decade. These large inter-annual changes and the downward trend
highlight the importance of climate feedbacks on natural aerosol abundance. Our anal-
ysis of the CMIP5 models suggests that the decreases in the indirect anthropogenic
aerosol forcing over the North Atlantic over past decades may be responsible for the20

observed climate-response in African dust, indicating a potential amplification of an-
thropogenic aerosol radiative impacts in the Atlantic via natural mineral dust aerosol.

1 Introduction

Mineral dust aerosol is ubiquitous in the atmosphere and arguably the greatest source
of particulate matter. Africa is responsible for approximately half of the global emis-25

sions (Huneeus et al., 2011) resulting in transport of several hundred teragrams (Tg)
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of dust across the Atlantic towards the Americas throughout the year (Ginoux et al.,
2004; Kaufman et al., 2005; Ridley et al., 2012). This has consequences for air qual-
ity downwind (Prospero, 1999; Viana et al., 2002; Kaufman et al., 2005b) and also
the radiative balance over the Atlantic, via scattering and absorption of solar radiation
(and to a lesser extent terrestrial radiation), affecting cloud formation (Kaufman et al.,5

2005; Koren et al., 2010; Twohy et al., 2009) and tropical cyclone formation (Dunion
and Velden, 2004; Evan et al., 2006; Kaufman et al., 2005a). African dust emissions
vary greatly from year to year (Ben-Ami et al., 2012; Chiapello, 2005; Ginoux et al.,
2004), implying considerable variation in the aforementioned impacts on climate and
air quality.10

Global dust emissions vary dramatically on millennial timescales. Sediment core
measurements show that dust deposition over the Atlantic is a factor of 5 higher in
the past 2000 yr than during the African Humid Period (11 700–5000 yr ago) and that
emissions during glacial periods are generally 2–4 times greater than interglacial peri-
ods, likely owing to stronger winds (McGee et al., 2013, 2010). More recently, Mulitza15

et al. (2010) determined that dust emissions from Africa were well correlated with trop-
ical West African precipitation from 1000 B.C. until the end of the 17th century but
a sharp increase in dust deposition is observed with the advent of commercial agricul-
ture in the 1800s, indicating the potential for anthropogenic changes to influence dust
emission. Population growth in Africa over recent decades, by a factor of 3 since 195020

(Prospero and Lamb, 2003), has led to an increase in agricultural activity and urbaniza-
tion, with speculation that human-induced land use and vegetation changes may also
contribute to recent trends in West African dust (Chiapello, 2005; Evan et al., 2011).
Since the 1950s, dust emissions from Africa have increased (Evan and Mukhopad-
hyay, 2010; Mbourou et al., 1997; Prospero et al., 2002), peaking in the 1980s at the25

same time as the extreme droughts experienced in the Sahel region. During this period
a robust correlation was observed between dust transported to Barbados in the sum-
mer and Soudano–Sahel Precipitation Index of the previous year (Prospero and Lamb,
2003). In the past three decades, observations from satellite and surface measure-
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ments indicate a decrease in dustiness (Chin et al., 2013; Evan and Mukhopadhyay,
2010; Hsu et al., 2012; Shao et al., 2013; Zhao et al., 2008) coinciding with a greening
of the Sahel region (e.g. Olsson et al., 2005). A vegetation-related increase in surface
roughness may also have contributed to the stilling of winds (and corresponding reduc-
tion in dust) over much of the Northern Hemisphere (Vautard et al., 2010; Bichet et al.,5

2012), including the Sahel region (Cowie et al., 2013).
Modeling studies generally agree that changes in precipitation over the Sahel, lead-

ing to the drought and subsequent greening, can be explained by changes in the inter-
hemispheric temperature gradient across the Atlantic (Chiang and Friedman, 2012;
Hwang et al., 2013; Rotstayn and Lohmann, 2002; Zhang and Delworth, 2006) which10

influences the location of the Inter-Tropical Convergence Zone (ITCZ). The location of
the ITCZ is associated with changes in dust emissions and transport over the Atlantic
(Doherty et al., 2012; Fontaine et al., 2011) which may provide a feedback by modu-
lating the radiative balance over the Atlantic (Evan et al., 2011). However, whether the
observed changes in dust are a direct consequence of the large-scale changes asso-15

ciated with the ITCZ location or a consequence of the greening of the Sahel, either via
a reduction in available dust sources or a stilling of the surface winds, is still unclear.

Dust outflow from Africa is somewhat correlated with the North Atlantic Oscillation
(NAO) based on comparison with observations (Moulin et al., 1997; Chiapello, 2005;
Nakamae and Shiotani, 2013) with the strongest relationship north of 15◦ N (Chiapello20

and Moulin, 2002). The NAO index, defined by the difference in normalized sea level
pressure between the Icelandic low and Azores high (Hurrell, 1995), is extremely noisy
and our understanding of what causes the fluctuations is limited (Stephenson et al.,
2000). While the NAO index represents changes in circulation that affect dust trans-
port, primarily via the Azores high rather than Icelandic low (Riemer et al., 2006), the25

correlation with observations of dust close to source regions is weak (Nakamae and
Shiotani, 2013). Therefore, we choose to focus primarily on the physical processes the
drive dust emission and export (e.g. wind strength and precipitation) rather than the
climate indices that may represent them.
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In this paper we use surface and satellite dust observations along with a 27 yr model
simulation to quantify the driving factors behind the variability and trends in dust loading
over the Atlantic, the importance of vegetation changes for dust emission, and whether
the underlying causes are natural or anthropogenic in origin. First, we evaluate an
updated dust scheme in the GEOS-Chem model using satellite (MODIS) and ground-5

based observations (AERONET and surface concentrations). Second, the magnitude
of modeled and observed variability and trends in Atlantic dust AOD are assessed and
the causes quantified using the model. Third, we use the RRTMG radiative transfer
model coupled with GEOS-Chem to quantify the variability and trends of the direct
radiative effect of African dust. Finally, we discuss a potential driver of changes in10

surface winds using three reanalysis datasets and fifteen CMIP5 model simulations.

2 Model description

The GEOS-Chem model (version v9-01-01; http://www.geos-chem.org/) incorporates
a global three-dimensional simulation of coupled oxidant-aerosol chemistry, run at
a resolution of 2◦ ×2.5◦ latitude and longitude, and 47 vertical levels in this study.15

The model is driven by assimilated MERRA meteorology for 1982–2008 from the
Goddard Earth Observing System of the NASA Global Modeling and Assimilation Of-
fice (GMAO), which includes assimilated meteorological fields at 1 hourly and 3 hourly
temporal resolution. The aerosol types simulated include mineral dust (Fairlie et al.,
2007; Zender et al., 2003), sea salt (Alexander et al., 2005), sulfate-nitrate-ammonium20

aerosols (Park et al., 2004), and carbonaceous aerosols (Henze et al., 2008; Liao
et al., 2007; Park et al., 2003). Aerosol optical depth (AOD) is calculated online assum-
ing lognormal size distributions of externally mixed aerosols and is a function of the
local relative humidity to account for hygroscopic growth (Martin et al., 2003). Aerosol
optical properties employed here are based on the Global Aerosol Data Set (GADS)25

(Kopke et al., 1997) with modifications to the size distribution based on field observa-
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tions (Drury et al., 2010; Jaegle et al., 2010; Ridley et al., 2012) and to the refractive
index of dust (Sinyuk et al., 2003).

For all long-term simulations in this study the standard model is modified to include
dust aerosol only. Emission, dry deposition and wet scavenging of dust are all simu-
lated as in the standard model (Fairlie et al., 2007). Dust emission in GEOS-Chem is5

based upon the DEAD dust scheme (Zender et al., 2003a), making use of the GO-
CART source function (Ginoux et al., 2001) as proposed by Fairlie et al. (2007), based
on evaluation of dust concentrations over the US. Mineral dust mass is transported
in four size bins (0.1–1.0, 1.0–1.8, 1.8–3.0 and 3.0–6.0 µm), the smallest of which is
partitioned into four bins (0.10–0.18, 0.18–0.30, 0.30–0.65 and 0.65–1.00 µm) when10

deriving optical properties, owing to the strong size-dependence of extinction for sub-
micron aerosol (Ridley et al., 2012).

The GEOS-Chem model has been coupled with RRTMG, a rapid radiative transfer
model (Mlawer et al., 1997), to calculate the direct radiative effect (DRE) of aerosol
species online (Heald et al., 2013). In this version of the model we calculate the short-15

wave (SW) and longwave (LW) radiative effects for dust based on fluxes at 30 wave-
lengths under both clear-sky and all-sky conditions.

Two significant changes have been made to the dust scheme relative to the standard
GEOS-Chem implementation described thus far. First, we account for sub-grid variabil-
ity in surface winds and, second, we alter the dust source function to depend on ge-20

omorphology and include dynamic vegetation cover. We represent the sub-grid winds
as a Weibull probability density function based on statistics derived from the native res-
olution of the assimilated meteorology wind fields (0.5◦ ×0.67◦). We previously showed
that accounting for the sub-grid wind distribution reduces the resolution-dependence
of dust emissions in the model by better representing situations when the mean wind25

speed is approaching the threshold for dust activation (Ridley et al., 2013).
To investigate the role of vegetation changes in modulating dust emissions we must

simulate dust emission from semi-arid regions. Compared to more recent dust source
region studies (Ginoux et al., 2012; Koven and Fung, 2008; Schepanski et al., 2007)

3588

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/3583/2014/acpd-14-3583-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/3583/2014/acpd-14-3583-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 3583–3627, 2014

Attribution of African
mineral dust trends

D. A. Ridley et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the original GOCART dust source derived from TOMS aerosol index is likely to under-
estimate emissions from regions that are not permanent deserts. Satellite-derived dust
source data sets often disagree as a result of cloud cover and temporal sampling, par-
ticularly in regions where emissions show distinct diurnal patterns, such as West Africa
(Schepanski et al., 2012). For this reason we implement the geomorphic dust source5

map of Koven et al. (2008), derived from surface roughness and levelness properties,
and let vegetation cover attenuate the source strength. We follow Kim et al. (2013) in
deriving the bareness fraction from AVHRR Normalized Difference Vegetation Index
(NDVI) for each year (values< 0.15 are considered bare and a potential dust source)
to modulate dust emissions from 1982–2008. Figure 1 compares the normalized dust10

emissions for both the GOCART and geomorphic source maps averaged over the pe-
riod 2004–2008, both scaled to give the same total emissions for the region. The key
source regions of the Bodélé Depression and in Central Sahara are well represented
in both, with more weighting given to the former when using the geomorphic source
map. Relative to the potential source regions outlined in Formenti et al. (2011), five of15

the six regions are represented in the current dust scheme; however, emissions from
the region at the Mali – Niger border (20◦ N, 5◦ E) appear weak in both dust schemes.
Another key difference is that the area from which emissions can occur is broader in the
geomorphic source map, with potential emissions extending further south if vegetation
cover permits. The dust emission frequency derived from SEVIRI satellite observa-20

tions by Schepanski et al. (2007) shows that emissions are possible from a broader
region, in agreement with the geomorphic source map. While it has been shown that
geomorphic source maps can lead to erroneous dust emissions in the US as a result
of the vegetation-dependence (Fairlie et al., 2007; Zender et al., 2003b), comparison
between the model and observations in Africa suggests that the new source function25

performs at least as well as the original GOCART source function in this region (see
Sect. 4.1).
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3 Observations

The primary long-term observations used in this study is a dust AOD (DAOD) dataset
over the mid-Atlantic for the period 1982–2008, derived from satellite observations by
Evan and Mukhopadhyay (2010). Satellite retrievals of AOD from the AVHRR PATMOS-
x dataset, an extended and recalibrated retrieval using the moderate resolution imaging5

spectro-radiometer (MODIS) observations (Zhao et al., 2008), are converted to DAOD
using MODIS AOD and fine mode fraction products and with NCEP-NCAR reanalysis
surface winds, following Kaufman et al. (2005b). The 1◦ ×1◦ DAOD product is only
available over the ocean, between 0–30◦ N and 65–10◦ W, therefore we select three
7.5◦ by 10◦ regions representing outflow towards North America, the Caribbean, and10

South America in which to compare model and observations (see Fig. 2). We also
consider a 10◦ by 17.5◦ region off the coast of Africa to assess outflow close to source;
initially this region was divided into two, north and south of Cape Verde, however the
results are largely the same when considering the region as a whole.

The MODIS instrument provides near daily coverage of the globe and AOD re-15

trievals at 550 nm that are well validated against AERONET observations (Levy et al.,
2010). The MODIS Deep Blue retrieval is used to estimate AOD over bright surfaces
(Hsu et al., 2004), providing complementary observations in regions not covered by
AERONET in the Sahara. In this study we use daily Level 3 MODIS observed AOD
from the Aqua satellite (13:30 LT equatorial overpass, Collection 5) with the Deep Blue20

retrieval where no standard retrieval is available.
The Aerosol Robotic Network (AERONET) is a well-established global network of

sun photometers used to derive aerosol optical depth (AOD) at a set of standard wave-
lengths (440, 675, 870 and 1020 nm) on a daily basis (Holben et al., 1998). Almucantar
measurements (a series of measurements taken for multiple azimuth angles at the25

elevation of the sun) allow size and scattering information to be estimated from the re-
trieved extinction, producing a measure of the contribution of fine (< 1 um) and coarse
aerosol to the AOD (Dubovik et al., 2002). In this study, we use daily AOD retrievals
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from eight AERONET sites across West Africa (locations shown on Fig. 2) between
2004 and 2008 to evaluate the model representation of AOD close to source.

Trade-wind aerosol has been measured almost continually at the Ragged Point site
on the east coast of Barbados since 1965 (Prospero and Lamb, 2003). During condi-
tions when the on shore wind exceeds 1 ms−1 (∼ 95 % of the time, Savoie et al., 1989)5

air is drawn through a filter upon a 20 m tower, the soluble material is removed and
the remaining mineral residue (representing the dust aerosol) weighed after ashing.
We use monthly average dust concentrations for the period 1982–2008 (J. Prospero,
personal communication, 2013) to evaluate long range dust transport from Africa.

Rather than the standard Boreal seasonal classification (DJF and JJA) we follow10

the work of Ben-Ami et al. (2012) who show that African dust seasonality can be bro-
ken down into three seasons: December to March, April to mid-October, and Octo-
ber through November. Throughout this study we compare the modeled and observed
DAOD and surface concentrations either annually or for two seasons, referred to as
winter (DJFM) and summer (AMJJAS). The October–November period is character-15

ized by low dust emission and is not shown separately, but included in the annual
averages.

4 Dust transport and trends

4.1 Climatological evaluation of GEOS-Chem

Several previous studies have assessed the skill of the DEAD dust scheme in the20

GEOS-Chem model and show reasonable agreement with satellite and surface obser-
vations both close to source and downwind (Fairlie et al., 2007; Generoso et al., 2008;
Johnson et al., 2010; Ridley et al., 2012). Given the model alterations described in
Sect. 2 (inclusion of a sub-grid wind parameterization, a new source map and dynamic
vegetation), we re-evaluate the model for North Africa using AERONET observations25

and MODIS retrievals close to source and surface concentrations downwind in Barba-
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dos. We use a five year simulation (2004–2008) with all aerosol components included
to allow for direct comparison with AOD observations from MODIS and AERONET.

Figure 3 compares the seasonal AOD (averaged over 2004–2008) observed by
MODIS to the GEOS-Chem simulation with the original and updated dust scheme.
The spatial correlation between model and MODIS coarse AOD over the dust source5

region in North Africa (10–36◦ N, 22.5◦ W–32.5◦ E) is slightly improved in all five years
when using the updated dust scheme, from 0.72 to 0.78 in winter and from 0.63 to 0.67
in summer. This improvement is largely the result of the reduction in emissions from
the West Coast relative to those from the Bodélé Depression produced by the new
source function and vegetation modulation. However, the fraction of modeled AOD at10

the Bodélé Depression is still low relative to the observations; this contributes to the
regional model AOD low biases of 21 % and 38 % in winter and summer, respectively.
We find that suppression of emissions by soil moisture and vegetation is limited in
the Bodélé region, suggesting that MERRA surface winds are too weak, particularly in
August and September, to generate the large flux of dust observed. Biomass burning15

aerosol below approximately 12◦ N during the winter and sea salt aerosol in coastal
regions may both influence the agreement with MODIS and AERONET, but we expect
these effects to be small relative to the dust aerosol that accounts for over 70 % of the
annual AOD between 10◦ N and 36◦ N in the model.

Figure 4 shows comparison of daily measurements at eight AERONET sites with the20

updated model AOD (including non-dust species) during the period 2004–2008. The
temporal correlation averaged across the sites (and weighted by the number of obser-
vations) increases from 0.75 to 0.78 during winter, and increases from 0.66 to 0.72 in
summer when using the updated dust scheme. The RMS error relative to AERONET
is reduced during the summer at all eight sites but worsened slightly at Sahelian sites25

during the winter using the updated dust scheme. We find that including the sub-grid
wind PDF reduces the RMS error across almost all sites and seasons but the inclusion
of the new source function and vegetation modulation masks this improvement in win-
ter, suggesting that wintertime source regions are now over-represented in the Sahel
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(excluding the Bodélé Depression). While the total improvement relative to the obser-
vations is small, the new dust emission scheme is considered to be more realistic as
it represents both sub-grid winds and the modulation of dust emissions from vegeta-
tion changes. General agreement with daily observations from the AERONET sites is
good, with the majority of days falling within a factor of 2 of the observations and sea-5

sonal correlation coefficients greater than r = 0.6 for all but one location. In the Sahel,
there is a tendency for the model to overestimate the AOD during high aerosol load-
ing (predominantly in winter) and underestimate the AOD in summer, potentially from
poor representation of dust emissions driven by local convective storm down drafts,
i.e. Haboobs (Marsham et al., 2011). Attribution of the wintertime overestimation is10

confounded by the presence of biomass burning aerosol. In addition, the AERONET
sites are clustered in the Sahel biasing the comparison to this particular region and
underrepresenting the Sahara. Tamanrasset, located in the Sahara but perhaps not
representing the area well (Cuesta et al., 2008), indicates a similar picture to the Sahel
with the model AOD biased high during winter and low during summer.15

Figure 5 shows the comparison of both the original and updated dust model with
a monthly climatology of surface dust concentrations at the Barbados site over the
period 1982–2008. The observed climatology shows a peak in the average concen-
tration in June (30 µgm−3) and a minimum in December (7.5 µgm−3), with greatest
inter-annual variability between March and June. The updated source map shifts the20

peak in modeled concentration from July to June, in better agreement with the observa-
tions, and also improves the seasonality by increasing the summertime peak average
concentration from 21.0 µgm−3 to 26.0 µgm−3 and decreasing the wintertime average
concentration slightly.

We also investigated the possibility of using the SEVIRI dust source activation fre-25

quency (DSAF) to constrain the emissions in the model. We scaled the wind threshold
for emission such that the model produced the best fit with the number of dust event
days per month, derived from four years of SEVIRI observations (Schepanski et al.,
2007). While the wind threshold scaling boosted emissions from the Bodélé Depres-
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sion during summer and reduced them in coastal regions, which would be expected
to improve the model based on Fig. 3, the improvement to the model dust AOD was
minimal when compared with both MODIS and AERONET. This suggests that the ef-
ficacy of DSAF for improving the simulation of dust may be limited by the inability to
consider the size of the dust event, in agreement with Tegen et al. (2013). Scaling the5

wind threshold for emission may be masking errors in MERRA surface winds rather
than providing useful information on surface susceptibility to emission; therefore, we
have chosen not to include the DSAF scaling in the simulations used in this study.

The model exhibits little change in skill considering that the source regions have
changed quite dramatically between the standard and updated dust schemes. This10

suggests that the wind fields dominate the agreement with observations, both in terms
of the surface wind strength leading to emissions and the large-scale transport across
the continent. Achieving a higher fidelity dust simulation therefore appears to rely on
an improvement of the wind fields, rather than the characterization of the surface prop-
erties.15

4.2 Trends and variability in dustiness

To assess how the dust loading over the mid-Atlantic has changed since the 1980s and
whether the model captures the observed variability we consider the DAOD derived
from satellite data in regions close to source and further downwind. Figure 6 shows
the seasonally-averaged DAOD for the model and derived from satellite observations20

in each of the outflow regions indicated in Fig. 2 from 1982 to 2008. The DAOD is
displayed as an anomaly from the climatological average for the winter and summer
seasons.

Close to source, the model captures 50–80 % of the variance in the observations in
the winter months (monthly correlations between 0.69 and 0.90). The seasonal correla-25

tion with the observations is fair during summer (r = 0.64) with the model struggling to
represent the variability and magnitude of emissions between June and August; likely
a consequence of underestimated AOD at the Bodélé Depression and across the Sahel

3594

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/3583/2014/acpd-14-3583-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/3583/2014/acpd-14-3583-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 3583–3627, 2014

Attribution of African
mineral dust trends

D. A. Ridley et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

during summer (see Fig. 3). Downwind, correlations between model and observations
range between 0.46 and 0.65 (excluding the North America region during winter when
very little dust is present). The poorer agreement downwind indicates that model trans-
port and removal contribute to the discrepancy with observations. The variability in the
model DAOD is generally less than observed, owing to lower model DAOD; however,5

the normalized variability (normalizing using the climatological mean DAOD) is compa-
rable between model and observations. Previous studies have shown that the model
removes dust aerosol too rapidly relative to the observations via both wet and dry de-
position (Generoso et al., 2008; Ridley et al., 2012) and this is likely to be contributing
to the reduced variability in DAOD at these downwind regions. Overall we see best10

agreement for seasons with the highest dust loading, i.e. winter at the South America
region and summer in the Caribbean and North Atlantic regions.

Significant decreasing trends in observed DAOD (> 95 % confidence) are appar-
ent for all seasons and locations, except winter in the North America and Caribbean
regions when northerly transport of dust is limited and highly variable, respectively.15

There are striking similarities between the trends in observed and modeled DAOD,
with the model showing significant trends at the same locations and during the same
seasons. Annually, observed and modeled DAOD decreases between −0.035 (12 %)
and −0.032 (17 %) per decade close to source and −0.021 (12 %) to −0.016 (28 %)
per decade downwind, respectively. Previous studies show similar decreases of total20

AOD per decade in the mid-Atlantic based on the AVHRR PATMOS-x dataset (Zhao
et al., 2008) and SeaWIFs observations from 1997–2010 (Hsu et al., 2012). This sug-
gests that the trends in total AOD over the mid-Atlantic are driven almost entirely by
the changes in dust aerosol.

There is significant interannual variability in dust concentration during the months25

March–May, a period responsible for significant transport of dust to South America
(Prospero et al., 1981). We find that the downward trends in DAOD are present in both
the traditional summer season (June–August) as well as spring (March–May), a period
responsible for significant transport of dust to South America based on both satellite
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and in-situ measurements (Kaufman et al., 2005b; Prospero et al., 2014). Isolating the
spring season we find significant trends in DAOD of −0.02 per decade for both obser-
vations and model in the South America region (r = 0.70) indicating that the decreasing
dust trends are present and captured by the model in this season as well as the other
seasons.5

Figure 7 shows the anomaly in monthly dust concentration measured at Barbados
alongside the modeled surface concentration anomaly. We find that seasonal corre-
lation between the dust surface concentration measured at Barbados and simulated
concentrations show similar agreement as the DAOD comparisons, with r = 0.69 and
r = 0.44 during winter and summer, respectively. A decreasing trend in surface con-10

centration measured at Barbados is found during the summer (−3.5±1.3 µgm−3 per
decade) and is also present in the model surface concentration (−5.2±1.1 µgm−3 per
decade). No trend is present in either observations or model during the winter, consis-
tent with the Caribbean regional DAOD (Fig. 6).

The consistency and geographical extent of the downward trends in both the mod-15

eled and observed dust suggest that the model simulates the process driving these
trends in dust throughout this multi-decadal period.

4.3 Attribution of variability and trends in dustiness

To attribute the driving forces behind the inter-annual variability in African dust near
source and downwind, four 27 yr simulations are performed with inter-annual variability20

removed from surface winds, transport, precipitation, or vegetation. The inter-annual
variability of 10 m surface winds are removed by using the 1988 10 m winds for every
year (1988 being an “average” year in terms of dust emissions). This process is re-
peated by holding vegetation constant at 1988 values or by fixing precipitation and 3-D
winds (other than 10 m surface winds) to 1988 values for the 27 yr period. Here we are25

investigating only the direct impact of vegetation cover reducing available surface for
dust emission and do not take into account secondary effects such as stilling of winds
from surface roughness changes, discussed further below.
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The variability caused by each of the three factors is inferred by assessing the re-
duction in the variance of the DAOD in each region relative to the original model. This
method does not account for confounding factors resulting from the variables being de-
pendent (i.e. the large scale winds and 10 m wind strength will be well correlated) but
results are found to be robust (within ±5 %) when removing the interannual variability5

using data from 2004 instead of 1988. Figure 8 shows the apportionment of variability in
DAOD to the three factors tested for summer and winter. In the coastal Africa and South
America regions the 10 m surface wind accounts for at least two thirds of the variability
in both seasons. In North America and the Caribbean surface winds account for one
third to half of the variability in the DAOD, interannual variability in large-scale transport10

being more important during the winter. Precipitation accounts for only a small fraction
of the variability in DAOD in all regions during the winter, but becomes more important
downwind during the summer. We find that precipitation primarily affects the variabil-
ity in dust loading over the Atlantic via wet scavenging rather than by increasing soil
wetness and suppressing emission. Removing the interannual variability of vegetation15

has a negligible impact on the variability in DAOD suggesting that the changes in dust
source region resulting from vegetation cover changes are unimportant. The seasonal
NAO index correlates with the modeled and observed DAOD in winter (r = 0.72 and
r = 0.56, respectively) but only weakly in the model in summer (r = 0.17 and r = 0.26).
This indicates that some of the interannual variability in processes affecting the dust20

export during winter, but not summer, are captured by the NAO climate index.
The same four simulations described above are used to assess the cause of trends

in DAOD. Figure 9 shows the resulting annual DAOD anomaly in each region for each
simulation. In the Coastal Africa region it is clear that removing inter-annual variabil-
ity in 10 m winds almost entirely removes the trend in DAOD. Further downwind the25

inter-annual variability in other meteorology contributes between 30–50 % of the trend;
however, the surface wind at source remains the dominant driver. This indicates that,
in the model, the trend in dustiness results from a stilling of surface winds over source
regions and combines with changes in transport and/or an increase in removal down-
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wind, more so in the more northerly outflow regions. We find that the direct effect of
vegetation changes on dust emission in the model has a negligible impact on the trend
in dustiness over the Atlantic. Although surface winds have been inferred as the likely
cause of the observed reduction in Atlantic dust loading (Chin et al., 2013) this is the
first time that the link has been quantified.5

While we do find a positive correlation between the NAO index and the DAOD in the
outflow regions during winter, we find no significant trend in the NAO index between
1982 and 2008, therefore the question remains as to what is driving the stilling of
winds over Africa. We have shown that changes in vegetation are unlikely to directly
influence dust emission via changes in source regions but they may still indirectly affect10

the emissions via stilling of the winds. If vegetation changes are driving the decrease
in winds responsible for the change in dustiness over the Atlantic then any increase in
vegetation cover is expected to be coincident with the decrease in winds (Bichet et al.,
2012).

Figure 10a shows the change in the bareness fraction (a reduction in bareness frac-15

tion indicating a “greening”) derived from AVHRR between 1982–1986 and 2002–2006
for summer and winter. Figure 10b shows the change in surface winds apparent in
the MERRA reanalysis (blue-red shading) with black contours overlaid, indicating the
regions in which dust emissions decrease by more than 0.5 Tg per grid box. For both
seasons we see that there is a limited amount of overlap between the location in which20

vegetation increases and the surface winds (and therefore emissions) decrease. This
is not necessarily in disagreement with the conclusions of Cowie et al. (2013); there
the focus is on local Sahelian emissions only. Events when dust is transported from
elsewhere are excluded and account for between 50 % and 90 % of all dust events at
the Sahel weather stations (S. Cowie, personal communication, 2013). The reanaly-25

sis winds are unlikely to capture the full extent of wind stilling from surface roughness
changes and therefore may be missing trends in winds and dust emission in the Sahel.
However, the model still captures the decreasing trends in dust over the Atlantic, sug-
gesting that emissions from regions other than the Sahel are controlling the trends in
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Atlantic DAOD. The lack of spatial correspondence between the greening and the wind
stilling suggest that vegetation is not driving the change in model surface winds and
perhaps both are the result of a larger-scale climatic change. Indeed, shifts in dusti-
ness over the past 20 000 yr also suggest that large changes in dust emission in the
past are primarily driven by changes in large-scale winds, rather than vegetation and5

precipitation changes (McGee et al., 2010).

4.4 Reliability of surface wind trends in reanalyses

To assess the reliability of the MERRA surface winds in this relatively observation-poor
region we compare annual MERRA reanalysis wind trends between 1982 and 2008
with those from the NCEP and ERA-Interim reanalysis products. Figure 11 shows the10

annual trend in winds for the three reanalyses over the region of interest with trends
that are significant at the 95 % confidence level indicated. The broad trends across
the Atlantic are consistent between the reanalyses, primarily a significant stilling be-
tween 10–20◦ N and a strengthening of the wind in the Gulf of Guinea and south of the
equator. Across North Africa, all three reanalyses show significant stilling in regions15

associated with dust production. The trends in MERRA are generally stronger than
observed in the two other reanalysis products; however, it has been shown that NCEP
and ERA-Interim reanalysis wind trends are weaker than trends in surface observations
(Cowie et al., 2013; Vautard et al., 2010) and therefore the stronger trend in MERRA is
expected to agree better with the surface observations. There is some disagreement in20

the latitude and strength of the stilling over the dust source regions but the consistency
in the significant stilling trends between reanalysis products bolsters confidence in the
MERRA surface wind trends.

4.5 Radiative effects of dust variability and trends

The considerable interannual changes in the Atlantic dustiness seen in Fig. 6 are likely25

to have a significant impact on the radiative balance over this region. We use the
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GEOS-Chem model coupled with RRTMG (Heald et al., 2013) to quantify the change
in radiative flux at the surface resulting from the dust aerosol over the 27 yr period (for
all-sky conditions).

Figure 12 shows the average seasonal direct radiative effect (DRE) of dust over
Africa and the Atlantic for the whole 27 yr period, both at surface and TOA. We define5

the radiative effect as an increase in down-welling flux and therefore a negative value
constitutes a cooling of the Earth. Globally, the all-sky radiative effect from African dust
is −0.18 Wm−2 at TOA, accounting for 46 % of the total global dust DRE. Across the
mid-Atlantic (5–20◦ N, 10–50◦ W) the mean annual radiative effect of dust is −3.2±
0.7 Wm−2 at TOA and −7.4±1.5 Wm−2 at the surface, including LW contributions of10

+0.4±0.1 Wm−2 and +3.1±0.7 Wm−2, respectively. This region covers less that 5 %
of the Earth’s surface but accounts for almost 20 % of the global dust radiative effect at
TOA and at the surface. The difference between the TOA and surface radiative effects
indicates the heating of the atmosphere owing to dust. When the dust outflow is over
the Sahara (primarily during summer) the airborne dust can be darker than the surface15

beneath, decreasing the amount of outgoing radiation and producing a warming effect
at TOA (Fig. 12).

While direct comparison with previous estimates is difficult due to different time peri-
ods, conditions and model assumptions, we find the spatial distribution and magnitude
of the DRE is broadly consistent with previous modeling studies (Evan and Mukhopad-20

hyay, 2010; Miller et al., 2004; Yoshioka et al., 2007) and observations (Haywood et al.,
2003; Highwood, 2003; Hsu et al., 2000). Evan and Mukhopadhyay (2010) estimate the
radiative effect of dust over the same region based on the same satellite DAOD used in
this study, but extended back to 1955. We find that our estimate of annual mean DRE is
slightly larger than that derived from the satellite observations (−1.7±0.7 Wm−2 at TOA25

and −5.4±2.5 Wm−2 at the surface for the 53 yr climatological average). The seasonal
cycle in modelled DRE is weaker than in Evan and Mukhopadhyay (2010) owing to
a stronger DRE in winter in the model. Comparison with AERONET and MODIS AOD
does suggest that wintertime emissions may be biased high in the model, especially
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towards the west coast; however, overestimating the biomass burning aerosol contribu-
tion when deriving DAOD from the satellite retrievals would cause an underestimation
of dust DRE in the winter months when biomass burning peaks in West Africa.

Balkanski et al. (2007) show that significant uncertainty arises from the choice of
refractive index and that, based on AERONET observations, dust is typically less ab-5

sorbing than previously assumed. The refractive indices used in this model have been
updated to reflect this (e.g. 1.56–0.0014i at 550 nm) and are within the range of uncer-
tainty of the AERONET observations. We simulate atmospheric heating greater than
the best fit scenario of Balkanski et al. (2007) but less than the typical over-prediction
when using values from (Patterson et al., 1977), indicating that the refractive index of10

dust at longer wavelengths may still be overestimated. Aerosol size, absorption, alti-
tude, and surface albedo all contribute to the uncertainty in the radiative effect and
lead to considerable diversity between models and observations. Several studies have
attempted to quantify the key factors leading to uncertainty in radiative effect and ra-
diative forcing (e.g. Balkanski et al., 2007; Evan et al., 2009; Miller et al., 2004; Myhre15

et al., 2013; Stier et al., 2013) but this is certainly an area requiring further research to
better constrain model estimates.

The inset charts within Fig. 12 show the modeled time series of seasonal DRE for the
region 0–30◦ N, 50◦ W–15◦ E, encompassing the mid-Atlantic and West Africa. We note
considerable variability in the radiative effect from year to year, primarily in winter when20

emissions are more sporadic in the model, confirmed by observations (Ben-Ami et al.,
2012). The regional surface cooling varies by up to 8 Wm−2 in winter and 6 Wm−2 in
summer, and a more modest 4 Wm−2 and 1.5 Wm−2 at TOA in winter and summer,
respectively.

Annually, warming trends of +1.27 Wm−2 and +0.37 Wm−2 per decade are observed25

at the surface and TOA, respectively, over the region including both the ocean and land
from 1982 to 2008. The seasonal trends are similar in magnitude with both winter and
summer trends significant (95 % confidence). Similar trends in DRE exist over both
ocean and land at the surface (+1.23 Wm−2 and +1.32 Wm−2 per decade, respec-
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tively) but at TOA there are marked differences between the trends over ocean and
land (+0.60 Wm−2 and +0.00 Wm−2 per decade) as a result of surface albedo and
the high concentration of large dust particles (increasing the LW warming effect). The
regional trend constitutes an increase in DRE over the past three decades that is com-
parable in magnitude to the regional increase in CO2 forcing since 1750 (IPCC, 2013).5

This illustrates the strong radiative perturbation potential of dust: climatic changes that
are affecting the emission of African dust are likely to have significant impacts upon the
radiative balance over the Atlantic that are not accounted for in the traditional radiative
forcing metric.

5 Potential mechanism to explain the trends in African dust10

Thus far, we have shown that the trends are driven by stilling of the surface wind, more
likely from large-scale changes in circulation than the result of land-use and vegetation
changes. Here we consider a potential mechanism that may explain the recent trend.

Booth et al. (2012) have shown that changes in aerosol indirect effects over the North
Atlantic, primarily driven by anthropogenic aerosol, may play a key role in modulating15

the North Atlantic sea surface temperature (SST) and that aerosol changes may be
the source of the Atlantic Multidecadal Oscillation (AMO) that is often shown to corre-
late with African dust concentrations (Chin et al., 2013; Shao et al., 2013; Wang et al.,
2012). Several studies have shown a southward displacement of the inter-tropical con-
vergence zone (ITCZ) in response to a decrease in the North Atlantic SST (Broccoli20

et al., 2006; Rotstayn and Lohmann, 2002; Williams et al., 2001). While these studies
generally consider the implications in terms of the change in precipitation and drought
in the Sahel, the location of the ITCZ is associated with changes in the wind strength
and direction over North Africa as well (Doherty et al., 2012; Fontaine et al., 2011).
A warming of the North Atlantic is expected to produce a northward shift (or broad-25

ening) in the ITCZ, bringing more precipitation to the Sahel and also associated with
decreasing wind strength, and therefore both a vegetative greening and a reduction in
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dust emissions, as observed. This presents a potentially important connection between
anthropogenic aerosol loading in the Northern mid-latitudes and changes in African
dust emissions.

While it is beyond the scope of this paper to investigate the cause of large-scale
wind changes (GEOS-Chem is not a coupled chemistry-climate model), we present5

a brief analysis of surface winds from the CMIP5 models and reanalysis products. Us-
ing monthly mean surface wind output from fifteen CMIP5 “historical” simulations we
derive surface wind trends for 1982–2008 over Africa and the Mid-Atlantic and compare
these with the average trend from the three meteorological reanalysis. The surface
wind trends in the CMIP5 models over Africa and the Atlantic do not match the reanal-10

ysis products, with spatial correlations varying between −0.3 and 0.3. However, each
of the models considered contain atmospheric modules of differing complexity and may
capture different processes. To investigate the potential link between the aerosol indi-
rect effect (AIE) and surface wind trends we group the models based upon whether or
not they include aerosol feedback upon cloud properties, i.e. the aerosol indirect effect,15

required to model observed SST changes in Booth et al. (2012). Eight are found to
include a parameterization for the feedback and seven do not. Using bootstrapping, we
randomly sample three models 500 times, obtain the trend in surface winds from the
ensemble, and calculate the spatial correlation with the reanalysis products over the
North Africa/Atlantic region. Figure 13 shows the distribution of correlation coefficients20

for all samples and for subsets with only those models containing the AIE and those
without AIE. We find that when the sample contains only those models known to rep-
resent the aerosol indirect effect the correlation with reanalysis surface wind trends is
better than 91 % of the other random samples, with a mean correlation of 0.16 (−0.05 to
0.29). Furthermore, when the sample contains only those models known to not contain25

the aerosol indirect effect the correlation is worse than 90 % of the random samples,
correlation of −0.08 (−0.22 to 0.13). While these correlations are extremely weak, the
results with and without aerosol indirect effect are significantly different to one another
(greater than 99 % confidence) and to the mean of all the randomized samples (0.05),
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indicating there may be a link between simulating the indirect effect of aerosols and
better representation of trends in surface winds, as represented in assimilated meteo-
rology.

6 Summary and conclusions

Using a host of observations and the GEOS-Chem model, including an improved rep-5

resentation of sub-grid surface wind and dust source regions, we have assessed the
variability and trends in Atlantic dust loading, the resulting direct radiative effect and
quantified the drivers. Substantial interannual changes in surface insolation of over
6.0 Wm−2, averaged over the mid-Atlantic, are modeled. These are likely to have a sig-
nificant impact on heating of the ocean mixed layer therefore and tropical storm genesis10

(Evan et al., 2009), highlighting the importance of well-characterized variability in dust
emissions in climate models. We find that the interannual variability in dust is primar-
ily controlled by changes in surface winds over Africa, accounting for 60–80 % of the
interannual variability in dust AOD off the coast of Africa. Further downwind transport
and, to a lesser extent precipitation, contribute to the variability in dust AOD (30–60 %15

and 0–15 %, respectively, depending upon season).
Satellite observations across the Atlantic show a significant downward trend in DAOD

since the 1980s, persisting through both summer and winter seasons. Decreasing
trends are also observed in surface dust concentrations at Barbados during summer.
The GEOS-Chem model captures these broad trends in dustiness over the Atlantic20

and using this model we estimate that these lead to an annually averaged increase of
+1.23 Wm−2 per decade over the surface of the mid-Atlantic since 1982. The model
indicates these trends are driven primarily by a reduction in surface winds in regions
that are unlikely to be associated with vegetation cover changes. This suggests that
the change in African dust emissions since the 1980s cannot be directly attributed to25

vegetation changes (or anthropogenic land use changes); a vegetation feedback on
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dust emission via surface roughness may be valid on a local scale but less important
for large dust sources responsible for the trends in dustiness over the Atlantic.

The link between the aerosol direct and indirect effects over the North Atlantic and
changes in the SST and ITCZ are well established. We take this one step further and
suggest that the wind stilling over Africa reducing dustiness over the Atlantic in recent5

decades may be a further consequence of these interactions. The CMIP5 models do
not capture the wind trend over Africa, preventing conclusive evidence of this mech-
anism. However, the CMIP5 models that include aerosol indirect effects show signifi-
cantly better agreement with surface wind trends in reanalysis meteorology than those
without indirect aerosol effects, offering evidence that the aerosol indirect effect may10

be critical to the prediction of surface winds trends over Africa. This is a potentially im-
portant anthropogenic aerosol driver upon “natural” dust aerosol via climate, capable
of amplifying the climate sensitivity to anthropogenic aerosol in the Atlantic, which is
not captured by the aerosol radiative forcing metric.
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 839 

Figure 1 – Dust emissions averaged over the period 1982 – 2008 are shown for the region of 840 

interest based on (a) the GOCART dust source map, the default in GEOS-Chem, and (b) the newly 841 

implemented source map, derived from levelness and roughness surface properties (Koven et al., 842 

2008) and responding to dynamic vegetation cover derived from the NDVI product from AVHRR. 843 

Fig. 1. Dust emissions averaged over the period 1982–2008 are shown for the region of interest
based on (a) the GOCART dust source map, the default in GEOS-Chem, and (b) the newly
implemented source map, derived from levelness and roughness surface properties (Koven
et al., 2008) and responding to dynamic vegetation cover derived from the NDVI product from
AVHRR.
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 844 

Figure 2 – The areas of interest for this study. The large black rectangle encloses the region 845 

covered by the satellite-derived monthly dust AOD dataset and the blue rectangles (labelled with 846 

roman numerals) are the regions within which model and satellite DAOD are compared. These 847 

are referred to as (I) Coastal Africa, (II) Caribbean, (III) South America and (IV) North Atlantic. 848 

Numbered circles indicate the location of AERONET sites used and the star shows the location of 849 

the surface concentration measurements in Barbados.    850 

Fig. 2. The areas of interest for this study. The large black rectangle encloses the region cov-
ered by the satellite-derived monthly dust AOD dataset and the blue rectangles (labelled with
roman numerals) are the regions within which model and satellite DAOD are compared. These
are referred to as (I) Coastal Africa, (II) Caribbean, (III) South America and (IV) North Atlantic.
Numbered circles indicate the location of AERONET sites used and the star shows the location
of the surface concentration measurements in Barbados.
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 851 

Figure 3 – AOD averaged over 2004 to 2008 for winter (DJFM) and summer (AMJJAS) is shown 852 

for MODIS, the original model and the model with updated dust scheme. Average AERONET AOD 853 

for all available data is displayed in the circles. Both versions of the model have the same total 854 

dust emissions and identical emissions for all other aerosol. Regression coefficient (R), slope (M) 855 

and bias (B) with MODIS are indicated for both models. 856 

Fig. 3. AOD averaged over 2004 to 2008 for winter (DJFM) and summer (AMJJAS) is shown
for MODIS, the original model and the model with updated dust scheme. Average AERONET
AOD for all available data is displayed in the circles. Both versions of the model have the same
total dust emissions and identical emissions for all other aerosol. Regression coefficient (R),
slope (M) and bias (B) with MODIS are indicated for both models.
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 857 

Figure 4 – Daily AOD between 2004 and 2008 from AERONET and the model (all aerosol) with 858 

updated dust scheme are displayed for 8 AERONET sites in Africa. Days during the winter and 859 

summer seasons are shown as crosses and diamonds, respectively, and grey shading indicates 860 

the 2:1 boundaries. Regression coefficient (R), slope (M), RMS error (E) and number of data points 861 

(N) are displayed for winter (blue) and summer (red). 862 

 863 

Figure 5 – Climatological (1982 – 2008) monthly surface dust concentrations are displayed for (a) 864 

observations made at Ragged Point in Barbados, (b) the baseline GEOS-Chem model, and (c) the 865 

Fig. 4. Daily AOD between 2004 and 2008 from AERONET and the model (all aerosol) with
updated dust scheme are displayed for 8 AERONET sites in Africa. Days during the winter and
summer seasons are shown as crosses and diamonds, respectively, and grey shading indicates
the 2 : 1 boundaries. Regression coefficient (R), slope (M), RMS error (E ) and number of data
points (N) are displayed for winter (blue) and summer (red).
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 857 

Figure 4 – Daily AOD between 2004 and 2008 from AERONET and the model (all aerosol) with 858 

updated dust scheme are displayed for 8 AERONET sites in Africa. Days during the winter and 859 

summer seasons are shown as crosses and diamonds, respectively, and grey shading indicates 860 

the 2:1 boundaries. Regression coefficient (R), slope (M), RMS error (E) and number of data points 861 

(N) are displayed for winter (blue) and summer (red). 862 

 863 

Figure 5 – Climatological (1982 – 2008) monthly surface dust concentrations are displayed for (a) 864 

observations made at Ragged Point in Barbados, (b) the baseline GEOS-Chem model, and (c) the 865 

Fig. 5. Climatological (1982–2008) monthly surface dust concentrations are displayed for (a)
observations made at Ragged Point in Barbados, (b) the baseline GEOS-Chem model, and (c)
the GEOS-Chem model with sub-grid wind parameterization and Koven dust source map. The
black line indicates the monthly mean and the red and orange shading corresponds to the 25th
to 75th and 5th to 95th quantile ranges, respectively.
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GEOS-Chem model with sub-grid wind parameterization and Koven dust source map. The black 866 

line indicates the monthly mean and the red and orange shading corresponds to the 25th to 75th 867 

and 5th to 95th quantile ranges, respectively. 868 

 869 

Fig. 6. Seasonal dust AOD anomalies derived from AVHRR PATMOS-x (black) and modeled
(grey) are displayed for four regions (roman numerals relate to the locations shown in Fig. 2).
Trend lines are plotted as solid lines and the trend and one standard deviation uncertainty
shown in each panel for the observations (OBS) and the model (MOD). The correlation (R)
between model and observations is shown in brackets.
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Figure 6 – Seasonal dust AOD anomalies derived from AVHRR PATMOS-x (black) and modeled 870 

(grey) are displayed for four regions (roman numerals relate to the locations shown in Fig. 2). 871 

Trend lines are plotted as solid lines and the trend and one standard deviation uncertainty shown 872 

in each panel for the observations (OBS) and the model (MOD). The correlation (R) between 873 

model and observations is shown in brackets.  874 

 875 

Figure 7 – Seasonally-averaged surface concentrations from Barbados (black) and modeled (grey) 876 

are shown for winter and summer. Trend lines are plotted as solid lines and the slope with one 877 

standard deviation indicated for each season. The correlation (R) between the observations and 878 

model data is shown on each panel. 879 

Fig. 7. Seasonally-averaged surface concentrations from Barbados (black) and modeled (grey)
are shown for winter and summer. Trend lines are plotted as solid lines and the slope with one
standard deviation indicated for each season. The correlation (R) between the observations
and model data is shown on each panel.
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 880 

Figure 8 – Attribution of the inter-annual variability in dust is shown for the four regions in Fig. 2. 881 

The approximate fraction of the variability owing to 10-m surface winds (blue), transport (orange) 882 

and precipitation (grey) is displayed for winter (left) and summer (right). 883 

Fig. 8. Attribution of the inter-annual variability in dust is shown for the four regions in Fig. 2.
The approximate fraction of the variability owing to 10 m surface winds (blue), transport (orange)
and precipitation (grey) is displayed for winter (left) and summer (right).
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884 

Figure 9 - Annual dust AOD (DAOD) anomalies are shown for the updated model (grey, same as 885 

the model in Fig. 6), with interannual variability in 10-m winds removed (blue), with interannual 886 

variability in all meteorology, except surface winds, removed (red), and with interannual 887 

variability in vegetation cover removed (green). Thin solid lines show the trends, and the trend 888 

and one standard deviation uncertainty shown in each panel for the observations and the model. 889 

The correlation between observed dust AOD and each version of the model is shown in brackets. 890 

N.B. the grey line is almost always obscured by the green line. 891 

Fig. 9. Annual dust AOD (DAOD) anomalies are shown for the updated model (grey, same as
the model in Fig. 6), with interannual variability in 10 m winds removed (blue), with interannual
variability in all meteorology, except surface winds, removed (red), and with interannual variabil-
ity in vegetation cover removed (green). Thin solid lines show the trends, and the trend and one
standard deviation uncertainty shown in each panel for the observations and the model. The
correlation between observed dust AOD and each version of the model is shown in brackets.
N.B. the grey line is almost always obscured by the green line.
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 892 

Figure 10 – The difference between 2002-2006 and 1982-1986 over North Africa is shown for (a) 893 

fractional vegetation cover, represented by the decrease in bareness fraction, and (b) MERRA 10-894 

m wind speed. Black contours outline regions where emissions decrease by more than 0.5 Tg per 895 

grid box.  896 

Fig. 10. The difference between 2002–2006 and 1982–1986 over North Africa is shown for (a)
fractional vegetation cover, represented by the decrease in bareness fraction, and (b) MERRA
10 m wind speed. Black contours outline regions where emissions decrease by more than
0.5 Tg per grid box.
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 897 

Figure 11 – Spatial maps of the annual trend in surface winds between 1982 and 2008 based 898 

upon the averaged winds from MERRA, ERA-Interim and NCEP/NCAR reanalysis. Regions with 899 

trends that are significant at the 95% level are indicated with hashing. 900 

Fig. 11. Spatial maps of the annual trend in surface winds between 1982 and 2008 based
upon the averaged winds from MERRA, ERA-Interim and NCEP/NCAR reanalysis. Regions
with trends that are significant at the 95 % level are indicated with hashing.
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 901 

Figure 12 – Spatial maps of the average direct radiative effect of dust (DRE) at the surface and 902 

TOA are shown for both winter (left) and summer (right) seasons. The average is based on model 903 

output over the period 1982 – 2008. The inset shows the seasonal average DRE over the region 904 

0°N - 30°N, 50°W - 15°E. The thin black line indicates the trend over the simulation period. 905 

Fig. 12. Spatial maps of the average direct radiative effect of dust (DRE) at the surface and
TOA are shown for both winter (left) and summer (right) seasons. The average is based on
model output over the period 1982–2008. The inset shows the seasonal average DRE over the
region 0–30◦ N, 50◦ W–15◦ E. The thin black line indicates the trend over the simulation period.
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 906 

Figure 13 – Histogram of the correlation between the spatial distribution of CMIP5 ensemble 907 

surface wind trend and the reanalysis surface wind trend over 1982-2008. The histogram 908 

represents 500 correlations, each based on the average surface winds of 3 randomly sampled 909 

CMIP5 models (black). The blue histogram shows ensembles that only contain models with no 910 

aerosol indirect effect (AIE) representation and the magenta distribution only those that do 911 

contain a parameterization for the aerosol indirect effect.  912 

Fig. 13. Histogram of the correlation between the spatial distribution of CMIP5 ensemble sur-
face wind trend and the reanalysis surface wind trend over 1982–2008. The histogram rep-
resents 500 correlations, each based on the average surface winds of 3 randomly sampled
CMIP5 models (black). The blue histogram shows ensembles that only contain models with
no aerosol indirect effect (AIE) representation and the magenta distribution only those that do
contain a parameterization for the aerosol indirect effect.
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