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North African Dust Export and Impacts: An Integrated Satellite and Model Perspective
D. A. Ridley!, C. L. Heald, B. Ford"

! Department of Atmospheric Science, Colorado State UsityeFort Collins, CO, USA

Abstract
We use a suite of satellite observations (MODIS, MISR, [OR) to investigate the

processes of long range transport of dust represented in thé GBERS-Chem model in
2006-2008. A climatology of African dust transport is developed and wuseedst the
representation of the variability in the model. We find th@th MODIS and MISR correlate
well with the majority of AERONET observations in the regior0(B). However, MODIS
AOD appears to be biased low (>0.05) relative to MISR in Sahaons during summer.
We find that GEOS-Chem captures much of the variability @DAwhen compared with
MISR and MODIS (r>0.6) and represents the vertical strudturgerosol extinction over
outflow regions well when compared to CALIOP. Including a stialirepresentation of the
sub-micron size distribution of dust reduces simulated AOD by ~25%¥Naerth Africa and
improves agreement with observations. The lifetime of tmeilsited dust is typically a few
days (25-50%) shorter than inferred from MODIS observations suigg@ster-vigorous wet
removal, especially in the spring season, confirmed by cosgpewith rain rate observations
from the TRMM satellite. We estimate that 211+32Tg of dsistninually deposited into the
Atlantic. We calculate a lower estimate for the dust diggbso the Caribbean and Amazon
to be 24+4Tg yt and 17+5Tg yt, respectively. The simulation captures the observed
magnitude and variability (r=0.74) of dust observed at Barbados fro6+ZWIB, indicating

a good simulation of the impacts of North African dust on @ity in North America.

1 Introduction
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Mineral dust is arguably the most important aerosol in terniseoimpact upon the radiation
budget in equatorial regions, with Africa contributing approximatedyf of the world’s
mineral dust aerosodinoux et al. 2004]. These aerosols have important effects not only on

local air quality, visibility, and the radiative budgét gt al, 2004;Sokolik and Toon1996;

Tegen and Lacjs1996], but also on the atmosphere and ecosystems around the world.

Significant quantities of dust are deposited into the Atlantiea@dcwhere they act as a
nutrient source for phytoplanktodig¢kells et al. 2005;Mahowald et al. 2005b]; however,
dust often reaches as far as South America, the Caribbean,ocatitei® US where it
degrades air qualitydyan et al. 2005;Prosperqg 1999;Prospero et al.2001] and, in the
case of the Amazon, provides a much needed nutrient source erfatifor the rain forest
[Swap et a].1992]. In the Amazon the thick vegetation, frequent flooding, arkdofrecent
volcanic activity result in nutrient deficient soils. lashbeen suggested that important
nutrients present in mineral dust, such as phosphorus, potassiuimprarare delivered to
the Amazon from dust storms in the Sahara and Sahel regjistojv et al, 2010;Koren et
al., 2006).

Dust emission from these regions varies on daily to annual daless being influenced
primarily by the changing surface vegetation cover, the wpeked and the soil moisture.
Dust particles are lofted when wind exceeds a criticastiulel, causing the smallest particles
to be suspended in the air and larger particles to creep (nall)saltate (bounce) which
further frees more small particleRdvi et al, 2011]. Conditions leading to dust uplift
include synoptic-scale systems, downward mixing from nocturnalldgel jets, boundary
layer convection, ‘haboobs’ (cold pools formed from evaporation duringectime storms)
and dust devilsnippertz 2008;Marsham et aJ.2008;Marsham et aJ.2011]. There have
been several schemes developed to parameterize the pratetesesning dust availability,

and convert surface mass to vertical mass flux for global md@houx et al. 2001,
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Nickovic et al. 2000; Zender et al. 2003a;Zender et al. 2003b]. Once dust aerosol is
formed the long-range transport from Africa is dictated by thection of the trade winds
across the Atlantic, with African dust reaching North Amenicaummer and South America
in winter/spring as the Intertropical Convergence Zone (ITCZjtssimorthwards. The
deposition of African dust far from source has been monitoreiiest @across the Americas
revealing that African dust can contribute significantly to cpiality degradation far from
source Prosperq 1999; Prospero et al. 1981; Prospero et al. 2005; Reid et al. 2003].
Individual dust plumes have previously been tracked and studied in seaemphigns over
Africa, such as DABEX Hlaywood et al.2008], SAFARI J M Haywood et a).2003], and
SHADE [Tanre et al. 2003] using aircraft and ground station measurements, such as the
Aerosol Robotic Network (AERONET) sun photometers. Several Ingdstudies have
taken a case-by-case approach, simulating long-range transpdustoplumes across the
Atlantic and using satellite observations to test aerosol miodbikty to capture these
features Generoso et al. 2008; Kalashnikova and Kahn2008; Martet et al, 2009].
However, a limited number of studies have investigated ¢baracy of model simulations
over seasonal timescales or longgmoux et al. 2004;Yu et al, 2010].

Although the quantity of dust reaching the Amazon has previously bedunatd from
aircraft and satellite observationkgufman et al. 2005; Koren et al, 2006; Swap et al.
1992] there has not previously been an assessment from a modeling Istudis study we
bring together a suite of observations to characterize therldedind behaviour of African
dust from 2006 — 2008 on daily to annual timescales. These datarares#uketo test a new
representation of the sub-micron dust aerosol in the GEOS-Chem, tiedaiodel’s ability
to simulate the long-range transport of aerosol to the Ameriaad, aid a better

understanding of the important underlying processes.
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2 Observational Dust Climatology

2.1 Description of Observations

To build a picture of how African dust export varies over differimescales we have
employed several different observational platforms. We usgs@leoptical depth (AOD)
derived from sun photometers in Africa that form part of the ARNED global aerosol
monitoring network Holben et al. 1998]. AERONET reports daytime AOD and related
aerosol properties (size distribution, single scattering albedo,) at four or more
wavelengths in the visible and near IR. These directsutements have been used as the
primary validation tool for satellite AOD and modeBhu et al, 2002;Kahn et al, 2005;
Kinne et al, 2003;Remer et a).2002]. The hourly Level 2 data are used to derive daily AOD
for 2006-2008 and also 2-hour averages at the time of satellite sgerphe AOD retrievals
at 440 nm and 670 nm are linearly interpolated to 550 nm for compasigonMISR,
MODIS and GEOS-Chem. Locations of the eight sites exanfieeglare shown in Figure 1.
Moderate-resolution Imaging Spectroradiometer (MODIS) instrusneate launched aboard
both the Terra and Aqua NASA satellites and provide continuous measusefrom 2000
and 2002, respectively. The device provides multiband measureowentscean and land
surface allowing retrieval of aerosol optical propertRsrher et a).2005b]. The wide swath
(2330 km) and sun-synchronous orbit allows for complete coverage of timeelzary one to
two days, with daytime equator crossings at 1030 and 1330 for MOBYi& and Aqua,
respectively. The retrieved AOD)(is estimated to be accurate to 0.03 + 0.8%r ocean
and 0.05 £ 0.15over dark land surfaceRémer et a).2005a]. Over bright surfaces, such as
desert, where the standard retrieval is ineffective,use the Collection 5.1 Deep Blue
retrieval (using multiple radiances including the 412 nm chanpidsu et al, 2006].
Throughout this study we use Level 3 data (daily gridded 1° x 1° ppodudie data is

screened using quality flags to remove data points with more80% cloud cover and a



106 standard deviation in AOD greater than 2.5 for the Level 2 daiénva 1° x 1° region. The
107 number of Level 2 granules within each Level 3 data point iswded to weight the data
108 when aggregating into monthly averages.

109 The Multi-angle Imaging Spectroradiometer (MISR) also faésard the Terra satellite but
110 employs a different viewing geometry to the MODIS instrumesing a narrower swath
111 (400 km) and nine camera angles. This reduces global coverageet days but allows
112 retrieval of AOD over bright surfaces, with an accuracy @P%+0.20 over land and better
113 than £0.04+0.10over oceanNlartonchik et al. 2004;Martonchik et al. 1998]. The Level 3
114 data product provides daily averaged AOD at 0.5° x 0.5° resolufitimoughout this study
115 we use the 558 nm (green) channel interpolated to 550 nm for consiatigmdyODIS and
116 AERONET. The data is filtered to remove Level 3 pixadataining Level 2 data that has a
117 standard deviation in AOD greater than 2.5.

118 The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) waasched aboard the
119 CALIPSO satellite in 2006 as part of the A-Train consteltaflocal cross-over at 0130 and
120 1330 local time). CALIOP measures vertical profiles of adrbackscatter and extinction at
121 532 nm and 1064 nm in addition to total column AOD during both the night and day
122 [Vaughan 2004;Young and Vaughar2009]. CALIOP level 2, v3.01 5 km aerosol extinction
123 retrievals are examined here for 2007. CALIOP level 2, v3.01 5akmosol extinction
124 retrievals are examined here for 2007. We follow the methdebaf and Healdin prep] to
125 filter the raw CALIOP data, based on extinction uncertaamtgl quality control flags. The
126  cloud-aerosol-distinction (CAD) score is used to remove cas#és lew confidence in
127 aerosol-cloud identification (absolute values CAD < 20), and we aensinly clear-sky
128  extinction retrievals.

129

130 2.2 Spatial Distribution of African Dust
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We characterize dust loading over Northern Africa and export s¢hes Atlantic using
several different observational platforms. We build upon prewoss climatology studies
by examining AOD observations from both MISR and the latest M@2&p Blue retrievals
over bright surfaces, along with AERONET ground station measmtsmé&he seasonal and
regional loading of dust over Africa is investigated, develogngobservational baseline
against which model simulations of export of dust from Africalmaevaluated.
Figure 1 shows the seasonal aerosol optical depth over Afiatés outflow region retrieved
by MISR and MODIS (sampled coincidentally at 1°x1° resolution2007. The seasonally
averaged AOD retrieved from AERONET stations are also ajspl as circles. The
variation in dust source with season over North Africa is dledoth sets of observations.
These can be characterized as follows:

1. A constant emission source from the Bodélé region peaking dtergpting season

2. A maximum in west coast Sahara emissions during the suneasors

3. Emissions from the Sahel region dominating the winter season

4. Relatively low emissions during the fall season

The Bodélé region (centered in Chad at 17°N, 18°E, highlighted witlhck rectangle in
Figure 1) is a constant source of dust throughout the year and afipedhsence the AOD
over much of West Africa. Recent studies have investigatedriportance of this region as
a source of mineral dust aerosol involved in long range transpdm thrhazon Ben-Ami et
al., 2010;Bristow et al, 2010;Tegen et al.2006] with estimates of up to 50% of all dust
arriving in the Amazon coming from this regidfdren et al, 2006].

During the summer months the majority of long range dust transpaxwiards the
Caribbean, while in winter and spring seasons, the southwatdstlile ITCZ directs more
dust towards South America. This transport can be seen in thenged@©D shown in

Figure 1 and is indicated with arrows.
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Aerosol is prominent over the Western Sahara in both the MISRM&T1IS observations
during summer months, with the seasonal average AOD generghgrhior MISR than
MODIS (between 0.6 and 0.9 for MISR and between 0.5 and 0.8 for IB)OD
Unfortunately, there are very few surface observations irrelgisn to verify the intensity of
the AOD observed by these two platforms.

The majority of AERONET sites are situated at the northerddsmf the Sahel region where
the seasonally-averaged ground station measurements of AO® vagilewith both MISR
and MODIS (see Figure 3). Further north, the limited AERONTa available from the
Tamanrasset station indicates that the satellite observatiagsslightly overestimate the
AOD in the Sahara. Comparisons W¥alashnikova et al.2011 (submitted)] over bright-
surfaced regions of China suggest that MISR agrees betterswidice observations than
MODIS, however that does not seem to be the case over Afidazating that differences

may be region specific based on the limited observationsahieil

2.2 Seasonal Variability in African Dust

Figure 2 shows the monthly mean AOD from MISR and MODIS aesfaiyer different

regions influenced by African dust for each of three years featlin white on the MISR
DJF panel in Figure 1). In both sets of observations the sedganaiOD can be seen to
follow a distinctly different pattern above and below 15°Nthie Sahel region (below 15°N)
biomass burning occurs during boreal winter (December to FebruaFR), illlereas the
burning takes place further south during boreal summer (June to Adgast In the winter
dust is carried across the Sahel region towards the equatoesadtaf the southerly position
of the ITCZ. The high AOD observed during boreal winter in the ISalgen is therefore a
combination of both dust and biomass aerosol. Later in the yeaQBeis primarily a

result of dust as biomass burning moves southwards. The minimumg&@&ally occurs
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during September to November (SON) when biomass burning is absent dnexplot
occurs further north. At latitudes higher than approximately 168NAOD has a clear peak
during summer as a result of Saharan dust emissions. The MRdeaal winter is relatively
low in this region resulting from the combination of dust transpadvwer latitudes, weaker
dust emissions from North-West African regions, and verg lttntribution from biomass
aerosols.

MODIS and MISR retrievals in the Sahel and Sahara agresnstof the correlation (r) of
seasonality within each region (r>0.7 for all regions). Theeesignificant bias (b) towards
higher AOD in the MISR observations relative to MODIS durihg 8JA period (b>0.05)
primarily in the Saharan region and the related outflow. MOBIBiased high during the
DJF season in the Sahel region (b>0.05) however the bias ippateat in the outflow
region.

Figure 3 shows the time series of AOD observations at thtesefsr AERONET, MODIS
and MISR (sites used are shown in Figure 1). AERONET observdieingen 0930-1130
Local Time are used to produce the monthly average AOD eairticide with the MISR and
MODIS Terra overpass. We are interested in the climatotigthe dust, therefore all
available data for each instrument is displayed in Figusa@ling to days when all data is
available reduces the dataset to 13% of the total data semddufes not represent the monthly
average well). However, the mean (m), RMS errordeirelation (r) and bias (b) statistics
shown are calculated using days when data is available fromstaliment compared. The
bars on the AERONET observations (circles) indicate the strdiariation of the daily
AOD within the monthly average. The majority of the AERONS&fes lie just south of
15°N, and there is a clear seasonal cycle at many of giese(Banizoumbou, Cinzana,
Maine-Soroa) with peak in AOD in spring and a minima in Rallagreement with the

broader results displayed in Figure 2. The most northern(S#é@sanrasset, Dakar and Cape
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Verde) show a peak in AOD during the summer rather than spring, iairdann the winter.
The observations indicate that the monthly average AOD es di¢tween 0.5 and 1.0 during
dusty periods, and the AOD rarely dropping below 0.2, except invihier months at the
northernmost Tamanrasset and Santa Cruz sites.

Both MISR and MODIS AOD show good agreement with AERONET for rttzgority of
sites (r>0.8 at six and five stations, respectively) anboatth there are considerable
differences in AOD between observations for individual months (&gkar and
Ouagadougou) there is no consistent bias across the stations or @émérur@onsidering the
winter and spring seasons (when biomass burning occurs) separatsuimomer and fall
does not significantly alter the agreement between AEROINBT the MISR at these
locations. However, agreement between MODIS and AERONETstmes a weak seasonal
dependence at the Cape Verde, Maine-Soroa and Dakar sites.may suggest that the
differences in seasonality between MISR and MODIS in the Saugbn (displayed in
Figure 2) are more likely to be a result of the MODI8iegal, however more extensive
surface observations over the region would be needed to conisrm th

In Figures 1 — 3 there are differences between MODIS and Mé8Rved optical depths.
The MODIS Deep Blue retrieval generally shows lower AOies than the MISR retrieval,
especially over the Saharan dust source regions. There appéara iseasonal bias in this,
with poorest agreement during summer and fall months (Figure 2) theeMODIS AOD
can be up to 30% lower than MISR AOD. These biases are braaiistent for the three
year period of this study (2006-2008). Previous studies have shown geedhagt between
MISR and MODIS, using Level 2 data for co-located retriewasdsr ocean Kahn et al,
2007;Kahn et al, 2010]. However, we find that the AOD estimates from thesguments
diverge when based on co-sampled global gridded Level 3 data andrayr surfaces,

requiring the Deep Blue retrieval method. In this study the Md@dta has been weighted
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so that days with more Level 2 data in the Level 3 grid boxagesrare more significant.
When this weighting is removed the results are similar, indigahat weighting is not a
source of the bias. The MODIS and MISR AOD retrievais independent and based on
different radiance measurements (wavelengths and/or viewing egigQnwith retrievals
incorporating atmospheric and surface characteristics asagelssumptions about particle
type and optical properties. A possible explanation for the diffeseincthe AOD retrieval is
that the surface reflectance assumptions may differ signifiy between the two retrievals
over the bright Saharan desert where the reflectance B&®rayer impact on the AOD
retrieval. However, the bias is not limited to land obs@ma with MISR showing higher
AOD in the Saharan outflow region also (top left panel of EigRl, suggesting that land
surface reflectance assumptions made by the retrievals caigoexplain the difference.
These differences in AOD present a challenge for model ewatuatiWe will use
observations to evaluate a dust simulation in this study, thereferecompare with
AERONET, our “ground truth”, where available and also take attwount the range of the

satellite-retrieved observations of AOD.

2.3 Interannual Variability of African Dust

Although there is considerable seasonal variability in the AODindgethat the seasonality is
largely consistent from year to year over the period 2006-2008. B&CQighly spatially
correlated (r> 0.8) from year to year for all seasons dweerdggion shown in Figure 1. The
interannual variation in AOD for the same region is genelaltg than 30% seasonally.
From Figure 2, most interannual variability occurs during the wegason which is likely to
be a consequence of the occurrence of both dust and biomass burningcepisods.

Where possible we use all three years of data in analysis,veowas the interannual
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255 variability is relatively small we assume it is reasoaabldraw conclusions from single year
256 comparisons throughout this study.

257

258 2.4 Diurnal Variability in African Dust

259 To investigate the diurnal variability in the observationshage used hourly AERONET
260 data alongside the two MODIS instruments. While diurnal vditiain dust close to sources
261 in North Africa is well documented in several studigsi et al, 2003;Mbourou et al. 1997]
262 we use the observations to investigate whether this diurnabiéyi impacts the column
263 AOD over the region. The Deep Blue retrieval is avail&nehe MODIS instrument aboard
264 both the Terra and Aqua satellites that make an equatorial oseapa®30 and 1330 local
265 time, respectively. Hourly measurements from AERONEIi@tis have been used to create
266 an average AOD for morning (0930-1130) and afternoon (1330-1530) periods. &igure
267 shows the difference between MODIS observations from Terra and Awpiaifference
268 between AERONET morning and afternoon AOD measurements, andfdrertie between
269 MISR and MODIS Aqua AOD at eight AERONET stations in Afrid&/e find that very few
270 individual months show significant differences between the mormdgafternoon AOD in
271 either the AERONET or MODIS observations. A small biasden in the MISR (am) -
272 MODIS (pm) difference but for the months when the difference kmtwaorning and
273 afternoon AOD is significant (at the 95% confidence level) #mesresult is not seen in both
274 the AERONET and MODIS data. Analysing summer and winteggaddently (to account
275 for biomass burning influence during the first half of the year) shoovdifference over the
276 three year period. The only site that shows a possible corisgitenal cycle is the
277 Tamanrasset site located furthest north, with a tendencydswagher AOD in the afternoon
278 (mean differences of -0.03, -0.04, and -0.04 for AERONET, M&Rhd MISR respectively,

279 and r=0.8 between MISR and AERONET). This occurs April to hdyever there is not
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enough data to show this to be significant. This suggests thaiuglt day-to-day diurnal
variability in dust emissions has been observed, on average ther® iconsistent

morning/afternoon difference in AOD at these AERONET sites.

2.5 Vertical Distribution of Dust Aerosol

Figure 5 shows curtain plots of aerosol extinction along a longitudiaalsect from
CALIOP. The data is averaged over regions of 2.5° longitudeeeet 80°W and 40°E, and
over latitudes of 10°N-25°N degrees for four seasons. Thé& bdagon indicates the land
relief of the African continent.

There appear to be two regions of enhanced aerosol in the olm®svatone close to the
surface over the Atlantic, and one that begins high over theaificontinent and descends as
it moves west. The low altitude feature exhibits relagivhigh extinctions that are
determined to be a mixture of marine aerosol and dust in the@®Aketrieval. The second
feature aloft shows strong seasonality with dust ascending to 4dbkimg spring and
summer, and generally staying below 2km in the fall and winter moriththe outflow, the
dust can be seen to descend more rapidly in the spring thsummimer as it crosses the

Atlantic.

3 Simulating Dust in the GEOS-Chem Model

3.1 Model Description

The GEOS-Chem model (version v8-03-01, www.geos-chem.org) hasibed to conduct a
global three-dimensional simulation of coupled oxidant-aerosol chgnuser the period

2006 to 2008 at a resolution of 2° x 2.5° latitude and longitude, and 4@aVégiels. The

model is driven by assimilated meteorology from the Goddard Eabsgerving System

(GEOS-5) of the NASA Global Modeling and Assimilation Off{€&WVAO), which includes
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305 assimilated meteorological fields at 3-hourly and 6-hourly tempesallution. The aerosol
306 types simulated include mineral dusgtajrlie et al, 2007;Zender et al. 2003a], sea salt
307 [Alexander et al. 2005], sulfate-nitrate-ammonium aerosoRaik et al, 2004], and
308 carbonaceous aerosoldgnze et a).2008;Liao et al, 2007;Park et al, 2003].

309 Aerosol optical thickness (AOT) at 550nm is calculated ondéissuming lognormal size
310 distributions of externally mixed aerosols and are a functioneofatal relative humidity to
311 account for hygroscopic growth (Martin et al., 2003). Aerosol dpticgperties employed
312 here are based on the Global Aerosol Data Set (GABSpKe et al. 1997] with
313 modifications to the size distribution based on field observatibnsy et al, 2010;Jaegle
314 etal, 2010].

315 The DEAD dust scheme is used in the model for calculation otes@md emission of dust
316 aerosol Zender et al.2003a]. We note th&airlie et al. [2007] found better agreement with
317 observations in the US when combining the GOCART scheme dust seuticeee DEAD
318 emission scheme in GEOS-Chem. However, the issuesdréig Fairlie et al. [2007]
319 regarding the leaf area index (LAI) used in the DEAD source fomdiivhich caused too
320 high dust emission over the US plains) are less applicable to pmdo€tdust from desert
321 regions. In the DEAD dust scheme the kinematic and thermodgnaroperties of the
322 boundary layer are determined by assuming that the surface and atraoephain thermal
323 equilibrium with the radiation field by constantly adjusting sufaeeat, vapor, and
324 momentum exchangeB¢nan 1996]. This allows for the surface wind friction speed to be
325 modelled which leads to saltation (horizontal dust flux). Thetsaft process is dependent
326 upon the wind exceeding a critical threshold that is determined by gej moisture content,
327 and surface roughness. Dust particles are emitted in fourasiges (0.1-1.0, 1.0-1.8, 1.8—
328 3.0, and 3.0-6.0 pum radius) based on observatibagreida 1986; Schulz et al. 1998].

329 The total amount of dust emitted is tuned in GEOS-Chem to givebalgdust emission
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around 1500Tg y*. The sub-micron dust is carried as a single tracer resitiimited size
distribution information for the fine dust aerosol. While diffexes in sedimentation may be
small for sub-micron aerosol, differences in light scattesdffgiency in the visible (400-
700nm) are not. Therefore the smallest size bin is convertedfantosize bins when
assessing the light scattering properties.

Within the model aerosol is removed by both wet and dry deposiboy.deposition occurs
primarily though gravitational settling and is inefficient fara@sol smaller than 2 pm in
diameter. Therefore dry deposition is most important close toesaspecially for dust, and
removal downwind is dominated by wet processes. These processsgeirainout
(nucleation scavenging when water condenses onto the aerosol), washpattifin
scavenging by raindrops) and convective remolal et al, 2001]. In the GEOS-Chem
model, convective removal accounts for sub-grid scale precguitavents by removing a
fraction of the aerosol in convective updrafts. If this sub-gcale process is not accounted
for then the aerosol is lofted into the upper troposphere and advetiigh altitude Jacoh

2000].

3.2 The Impact of Dust Mass Partitioning upon the AOD

In the standard GEOS-Chem model, the dust mass in the sno@lliestfour dust tracers in is
partitioned equally into four sub-micron size bins (with radii aeateat 0.15, 0.25, 0.4 and
0.8um) used for the optical calculation. However, this is ptotsically realistic when
compared to in-situ measurements of African dust during theABAFand DABEX
campaigns [Highwood et al., 2003; Haywood et al., 2003; Osborne, &08B]. These
observations show that the mass is concentrated at larges, saber than equally
distributed. Table 1 shows the partitioning of sub-micron dust atadiferent sizes based

on three different observational campaigns. The results kEtvedy consistent between
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measurements, showing that mass is concentrated at thedargsol sizes, with only 5-10%
in the smallest size range — considerably less than the 25%ysigvassumed in the model.
We modify the dust mass partitioning in GEOS-Chem to match élesidns documented in
Highwood et al.[2003] Figure 4b. These data are used as they are selectadefdny
Highwood et al.[2003] and also lie within the range of the other observations fdr ea
aerosol size in Table 1. It should be noted that the changeeidistribution only applies to
the calculation of dust optical properties, hence there is no cliarnhe dust aerosol mass
within the simulation.

Figure 6 displays the annually-averaged difference in AOD fthen change in mass
partitioning over the African dust source and export region. Towe mealistic partitioning
results in a lower AOD in all locations, especially near s®where the dust AOD is highest.
Near source the AOD is reduced by up to 0.3 resulting in a 25%adecr As the model has
previously been shown to overestimate dust AOD close to sdberefoso et al.2008] this
improves agreement with observations (see discussion in secByn The reduction
downwind can be as high as 40% - a result of a larger fractittre &AOD being due to sub-
micron aerosol as the larger dust sediments out. The boxes aptharel of Figure 6 show
the AOD contribution (at 550 nm) from each of the seven dust aesptiohl size bins at
locations along the common transport pathway from North Africa for ethand original
versions of dust partitioning (red and blue bars, respectivéltyb50 nm the light scattering
efficiency per unit mass is greatest for the smallestnsigbon dust aerosol considered in the
model. With the new partitioning, mass at these sizes éas shifted to larger sizes and

therefore results in a reduction of the total AOD.

3.3 Comparison of GEOS-Chem AOD with MODIS, MISR and AERONET
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Figure 7 compares the AOD for MISR, MODIS, with both the nswb-micron dust
partitioning and baseline versions of the model over Africathedutflow to the Americas.
The model has been sampled to only use days and locations when both MQDMISR
are available. Comparison with MODIS and MISR observation&QiD show that better
agreement is achieved over the majority of North Africaerms of the gradient with the new
sub-micron partitioning (based on the data within the entire boxed regieigune 1). There
is no significant change in the spatial correlation betweemtigel and observations as the
impact of changing the dust size partitioning is a generakdserin AOD. The AOD far
from source was previously underestimated with respect to MQibkervations. The
reduction in AOD due to the improved dust mass partitioning now mhiseesore apparent.
As the magnitude of the GEOS-Chem AOD generally agreesrlweth the observations at
source this would suggest that transport or removal processeespensible for this
discrepancy. These processes are investigated in Sdction

Figure 8 compares time series of AOD from both GEOS-Chempdustioning settings with
monthly AOD from AERONET, MODIS and MISR. Using the new piaring reduces the
RMS error between modelled and observed AOD at all the eiBRONET sites affected
strongly by African dust, and the gradient is also closer to ahiyl but the Cape Verde site.
With the new sub-micron dust partitioning the AOD is generbifsed slightly lower in
GEOS-Chem relative to AERONET in contrast to previous w@assiof the model
overestimating AOD over North AfricaGeneroso et al.2008]. Both the spatial and
seasonal variability of AOD are generally well captured ®@mth Africa and in the Atlantic
outflow and the regions with high seasonal AOD are broadly consistééneen model and
observations. Emissions from the Bodélé depression are eviltbatjghh somewhat lower
than observations suggest. Considerable differences are appeteeen simulated and

observed AOD in central Africa but these are due to diffe®itbiomass burning, not dust.
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This biomass burning discrepancy is not model specific and has bagneatded by Giglio

et al, 2003].

There appears to be a consistent missing source of dust betwgemdubeptember when
the model underestimates the AOD each year at severa(Bigese 8). This is at a time
when biomass burning moves further south towards Central Afrieegftine it is unlikely
that biomass emissions can explain the higher AOD seen iheabbliservational datasets.
Figure 7 shows that the model substantially underpredicts thesiens from the Bodélé
region at this time, therefore this may contribute to the pomeagent at measurement sites
downwind. Increasing the emissions from the Bodélé region by er fattwo improves
agreement with MISR and MODIS over the North African regidime spatial correlation is
improved by 5-10% and the RMS error reduced by 30% for all seagmrysfurther increase
in emissions degrades the agreement with satellite obsewats a result of excessive AOD
downwind of the Bodélé region. This indicates that the meteoralofidds may not be
sufficiently high resolution to represent the high wind speeds encednteetween the
mountain ranges in this relatively small regidgshington and Tod@005].

The AOD resulting from the dust plume travelling westwardsgithe Atlantic appears to
decrease more rapidly in the model than in the observations (Figuréhr3 is partly the
result of the background AOD being lower in the model. The AO& ampolluted regions
of the ocean is approximately 0.05 lower than MODIS and MISR. Althalaud screening
and other averaging techniques can impact this, there mansbing sources of fine marine
aerosols in the model4gegle et a].2010;Lapina et al, 2011]. Taking the background AOD
bias into account it appears the decrease in AOD westwtlldsccurs more rapidly in the
model than observations, suggesting that removal may be tab rapi

The model consistently shows lower AOD than observed off the ob#dtica below 5°N

throughout all seasons. There is often a sharp latitudinalegitaoii the AOD (e.g. DJF
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season in Figure 7) that is not apparent in the observationsIntEngopical Convergence
Zone (ITCZ) is relatively stationary over West Africa asc region associated with strong
convection and high precipitation. This region shows cloud cover >75&4 lwan the ISCCP

cloud cover data hftp://isccp.qgiss.nasa.gpvand at this location the dominant removal

mechanism in the model is found to be through convective updrdfte. removal of aerosol
via wet processes is known to entail considerable uncertdiliigif et al, 1990;Croft et al,
2010;Flossmann and Pruppachet989;Zhao and Zhendg2006].

To assess removal processes previous studies have compared mesded with
measurements of metal deposition, and inorganic aerosol wet depdsitin sites around
the globe and found reasonable agreemieishgr et al, 2011;Liu et al, 2001]. However,
these are primarily based over continental regions. Weusa@MODIS AOD observations
to indicate whether the model is capturing the removal of aerasdlsey are carried across
the Atlantic. The reduction in optical depth has been calculdtety transects from the
coast of Africa out towards America (approximately 20°W to 6pfaw both MODIS and for
the model. An approximate lifetime for the dust is calculégdemoving the background
AOD (by taking the minimum AOD over the mid-Atlantic) so tlely the dust plume is
considered. Wind fields indicate easterly wind speeds ofoajspately 10 mg for the
location and altitude of the dust plumes (taking the seasonal ear@tiplume height into
account), and from this we derive the lifetime of the dust aemsdhe gradient of the
logarithm of the AOD against time (Table 2). We assumetti@taerosol removal is first-
order and therefore consider the logarithm of the optical depth vamepacing the change in
AOD along transects. This assumption holds true for all times dthe the JJA season
(when the source AOD is highest) in both the model and the obs&izatiVe note that this

assumes no significant change in aerosol size distribution slaape thus scattering
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efficiency, across the Atlantic (this assumption is supportetidgirze distributions shown in
Figure 6).

In most seasons the dust lifetime is underestimated by 25% - S0%ewpect to the lifetime
calculated from the observations (e.g. 3.0 vs 6.3 days in M#M,2.0 vs 2.7 days in SON,
averaged over all years). The dust lifetimes for eackoseare relatively consistent from
year to year, both in the model and the observations, suggdsinthere is a bias towards
too much removal in the model, rather than a lack of modél ski

The seasonally averaged transects are shown in Figure 9 (fot®2@068 combined). The
modelled AOD along the transect correlates well with MORQIS4Ell seasons, however the
model shows AOD up to 50% higher at source and subsequently a steapdirte in the
modelled AOD. For all but the summer season the AOD is bathehithan MODIS at
source and lower than MODIS downwind, suggesting that the renuwivalerosol is
consistently greater along the transects in the model @&®$ 4.2 for a discussion of the
removal processes). In spring, the poorest agreement betweeteoh@ahel observed dust
lifetimes is seen which will have implications for simulatofgposition to the Amazon as the
majority of dust from Africa arrives during this seaskoren et al, 2006]. This is discussed

in Section 5.

3.4 Vertical Structure of Dust Aerosol

African dust emissions are often lofted high into the atmosphe@nwvective updrafts. This
can affect the long range transport as dust plumes at diffelttndes will be subject to
different dry and wet removal. To determine how well theicar distribution of dust is
captured in the model we compare with extinction profiles derit®m CALIOP

measurements.
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Previous studies have used CALIOP to evaluate the verti¢debditon of modelled aerosol
on a case by case bad Pierro et al, 2011;Eguchi et al. 2009;Generoso et al.2008].
Generoso et al[2008] show that in GEOS-Chem, for the two episodes they consiaer
trans-Atlantic dust plume descends slightly more rapidly in timenger than observed, and
slightly slower in the winter.

In this study we compare extinction profiles and outflow plume heightsaged over
seasonal timescales determined from CALIOP and GEOS-ChemtleveéAtlantic Ocean.
The purpose is to see if discrepancies in AOD between the randebbservations can be
attributed to the simulated plume height.

The CALIOP profiles are aggregated for five 10°x15° regiomssacthe Atlantic (between
10°W and 60°W) for all available CALIOP data. A threshold AGID0.05 is set to only
consider cases with significant aerosol loading and to approxitmatgetection limit of the
CALIOP instrument. The data is averaged to produce seaseaal pnofiles.

Figure 10 shows the CALIOP and simulated extinction profilesaaeer over the same
regions for all seasons. In winter, the observed and modelledtex profiles closest to
source (red) agree well, with strong extinction at the surfadeeatending up to 3-4 km
altitude. In the downwind region the model extinction seemegdtoedse slightly slower than
the observations above 2 km. Below 2 km the observations showkadmacrease in the
extinction, and while this is captured in the model the magnitideich reduced. Far from
source (black) CALIOP shows most of the aerosol confined below llareas in the model
it extends slightly higher, up to 1.5km. In all seasons, espediating winter and spring,
the extinction below 1km over the Atlantic is considerably lowerthe model than in
CALIOP (identified as a mixture of marine and dust aerosdlhis may be a result of
excessive removal of dust at low levels in the model, dlsaseghe missing marine aerosol

source previously discussddapina et al, 2011].
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During summer, CALIOP shows elevated extinction close to sowiths peak at 3km but
extending up to 6km. In the model the plume is not quite as pronouncea \wehk at
2.5km but still extending up to close to 6km. The extinction remam&ated in both the
model and the observations as it crosses the Atlantic, howewextinction at the surface
decreases more rapidly in the model.

Figure 11 shows curtain plots for MAM and JJA seasons along audigil transect for
both CALIOP and GEOS-Chem. The data is averaged over regidh$°ofongitude and
between latitudes 10-25°N for June through August (JJA) and averagezkhdatitudes 10-
25°N at 40°E descending to latitudes 5-15°N at 80°W to account fewrifing wind
direction for March through May (MAM). The model extinction is sholath when
sampled to CALIOP observations and also for all availabla taillustrate the departure
from the seasonal mean when sampling.

As described in section 2.5, there appear to be two transpbvweapet in the observations —
one close to the surface that stays below 1km as it moveshweéktlantic, and one that
begins high over the African continent and descends as it masts Whe model is able to
reproduce the vertical extent of the dust aerosol for both springsamener, and also
captures the faster descent of the dust in spring relatisarhmer. The low altitude feature
is less well represented, especially in summer. Asgar€é 10, the observations show high
extinction across much of the Atlantic where very lisigresent in the model.

The extinction in source regions is generally higher in the mbdelthe observations for all
seasons, however the extinctions in outflow regions are comparahis.may indicate that
the model produces too much aerosol at source but that it is remoe&ty.quihe location
of source regions agree reasonably well except for the susgason when they appear to be
displaced east in the model relative to the observations. Cmpavith MODIS and MISR

showed that the model AOD was higher over West Africa duringuh@mer than observed,
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which is also seen in the CALIOP comparison. However, ther atifferences over source
indicated by CALIOP are not apparent in the comparison with MO&& MISR. The
spatial and temporal coverage of data used to generate tbeaemaserages is limited due to
the narrow swath of CALIOP (as can be seen by the considerdtdeenice between the
sampled and unsampled model) so the comparison between CALIOP amaolble although
collocated, may not represent the full season. Becausigispfand also the uncertainties
inherent in retrieving extinction, we rely on MODIS and MISRetmluate dust source
regions in the model, with the additional information on outflow aadsgort supplied by
CALIOP.

Based on this analysis we can conclude that the model is cafpabf@oducing much of the
aerosol vertical structure and the transport across trentht] the key differences being
higher extinction at dust sources and missing aerosol over the detas &t least partially

related to dust.

4 Uncertainties in Simulating Dust Aerosol

This section describes the uncertainties involved in differeatgsses that affect dust
transport in the model. This includes uncertainties arisimm missions parameterization,
the vertical distribution of dust compared to observations, and amdt dry removal

processes. The overall uncertainty from these aspectstasmilged in the context of

intercontinental transport of Saharan dust.

4.1 Emission of Dust
The conversion of horizontal saltating dust flux to a vertical dusti§ strongly dependent
upon the clay content of the soil. The vertical flux increases exyiatly with increasing

clay fraction up to 20% clay content. This relationship is noerel¢d at greater clay
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fractions and is believed to decrease, although little deteagable Zender et al.2003a].
Larger soil clay fractions also raise the threshold abokiehwsoil moisture can inhibit
saltation Marticorena et al. 1997]. This effect is relatively small compared to thlathe
conversion to vertical flux which varies over two orders of magei between clay fractions
of 5% and 20%.

The DEAD dust scheme is sensitive to soil clay fraction, dwaw the clay fraction has
historically been kept constant globally at a value of 0.2re#tity the clay fraction varies
between close to zero and 60% globally based on the IGBP soil tdataset Tempel et a.
1996]. The lowest values occur primarily in the Sahara anMitthdie East with mean clay
fractions over North Africa in this dataset being 12% + 5%.

Figure 12 shows the difference in AOD resulting from usingl®®P soil clay fractions in
the GEOS-Chem dust simulation. Using the clay fraction redpces the annual AOD by
up to 0.5 close to source in Africa, with the impact visible irt dusflow across the Atlantic
and Indian Ocean. As the GEOS-Chem model tends to underestimafOD from dust
away from source (see Section 3.4) this further reduction in drest goor agreement with
observations. However, global scaling of dust emissions in GE@® could be re-
adjusted to compensate for this decrease. Comparison with $1@DBua AOD over the
Sahara, the entire of North Africa, and outflow over the Atlaaitishow that the correlation
with monthly AOD observations is unchanged (within +/-5%) when usinglthefraction
map rather than the fixed clay fraction. The only excepticliigig the month of May when
the correlation improves by 30% when comparing with both MODIS and MiS#hsidering
that the spatial correlation with observations is not sigmflgaimproved over Northern
Africa, there is little basis for altering the sensiyivof the model to clay fraction. However
we note that the spatial variability in clay fraction is Bnoaer Northern Africa and it

remains to be evaluated whether a more accurate estohatay fraction improves the
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spatial simulation of dust emissions in other regions of the watid. use of fixed clay

fraction remains a source of considerable uncertainty for dussmsn.

4.2 Removal Processes

Figure 13 shows the relative importance of the different ramprocesses for dust export
from Africa averaged over the entire of 2006. Removal via diposition is seen to
dominate close to source and is still significant in the outfiegion up to 30°W. Over the
Sahel convective removal dominates while both rain out and ciwveveemoval are
important far downwind (wash out accounts for less than 10% of the admoZomparison
between model and MODIS transects (Figure 9) indicated thahdlkel was removing too
much aerosol across the whole transect. Dry deposition may bégbtng to this close to
source but differences downwind can most likely be attributed topnetesses. The
convective removal parameterization is dependent upon the rat@rgofwst conversion of
cloud condensate and the updraft velocitygcoh 2000]. In the GEOS-Chem model the
conversion rate, k, is fixed at 5.0x16%, andLiu et al.[2001] have shown that the removal
fraction is relatively insensitive to changes in updrafoeity (fixed at 5 ms over ocean and
10 ms* over land. The model convective removal parameterizatiorerig efficient at
scavenging aerosol, with 40% and 63% of aerosol removed during 1kemtichl/transport
over land and ocean, respectively. We also find that thelated AOD is relatively
insensitive to the fraction of aerosol removed each time sReducing the scavenging
efficiency by 50% has almost no impact upon the daily AOD. iBhigely to be a result of
convective removal occurring over several model time stepseftire the removal process is
often saturated, resulting in close to 100% of the aerosol miagenged during the

convection event.
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601 Figure 14 compares the GEOS-5 model rainfall with observatioade by the TRMM
602 Microwave Imager (TMI). TMI products include precipitation eraand precipitation
603 frequency on a 5° by 5° grid between 30°N and 30°S. The pre@pitbe&quency is
604 calculated by using a log-normal fit and delta function (to adctmmretrievals free of
605 precipitation) to each 5° by 5° region. These are a compokié® x 43 km resolution
606 observations made during morning and afternoon overpassieeit et al, 1991]. Figure 14
607 shows the annual precipitation rate and precipitation probability fér thet model and the
608 observations averaged over 5° by 5° regions between 50W-0°E a2@*RSer 2006. We
609 have used a threshold of 1 mm dand consider all cases in the model below that as non-
610 precipitating to account for the sensitivity of the observatioN§e find that the total
611 precipitation compares reasonably well for precipitation rateser 40 mm month (Figure
612 14a). However, the model consistently underestimates therence of near-zero rain rates
613 and overestimates the occurrence of rates between 10-30 amifi'm This is further
614 reinforced by the rain frequency data (Figure 14b) that show coaBldaifferences in the
615 probability distribution of rain between the model and the TMI oladEms. The
616 observations indicate that the probability of it raining is laas 20% for the majority of the
617 outflow region. In contrast, the model shows a relatively evestrildition of rain
618 probabilities with almost half of locations having rain on a dha#gis. Although there is
619 considerable uncertainty in the rainfall probability retrievlis may indicate that while the
620 total rainfall in the model is reasonable, light rain occursenfi@quently in the model than
621 TMI observations suggest. In the model convective removablespendent of the rain rate,
622 hence the frequency of rain is more important than the inteoisitye rain for this process.
623 For large-scale rain events both the frequency and the rgbeecipitation is important.
624 However, we find that even during the lightest rain events appataiyn10% - 40% of

625 aerosol is removed per 15 minute time step. Diagnosing thdgerdim events correctly
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626 poses a problem to global models and is a key uncertainty when mothaingng-range
627 transport of aerosol.

628
629 5 Dust Transport: Deposition to the Amazon, and Air Quality Impacts in North

630 America

631 African dust concentrations have been sampled at Barbados (13°W) 59nte the 1960s
632 [Prospero and Need986] now using a standard Atmosphere/Ocean Chemistry Experiment
633 (AEROCE) 20m tower. We have used daily dust measurements tocpragonthly mean
634 dust concentrations to compare with the model over the 2006-2008.p&igure 15 shows
635 the time series for both model and in-situ measurements. ufhmertime peak is captured
636 in the model, especially in 2007 and 2008, but the model does somewhat wtidethee
637 dust concentration during the fall season (but differences @inenwthe observed standard
638 deviations) and also in summer during 2006. However, the ovecalld at Barbados is well
639 reproduced by the model, with a correlation of 0.74 for the entireceriTrhe observed
640 standard deviations are large for many of the months owing t@tnadic nature of the dust
641 arrival from across the Atlantic. However, the modgitaees this variability well with
642 monthly standard deviations in dust concentration comparable te thserved. Although
643 this is only one site it indicates the model is able to repteke seasonality of dust transport
644 to the Caribbean.

645 Several studies have shown that a significant amount of Afiiltest is transported to the
646 Amazon, primarily between March and May. It has been estihtagt 50Tg of mineral dust
647 would be required, annually, to maintain the nutrient levels wmmedsin the Amazon
648 rainforests $wap et al. 1992]. Figure 16 shows the annual deposition of dust to the
649 Americas. To estimate the nutrients deposited we assumeetthbe 700 pg of phosphorus
650 per gram of dust as iMahowald et al[2005a] and irChadwick et al[1999] and similar to

651 the 780 pg of phosphorus per gram of dust measureBristdw et al, 2010] for dust from
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the Bodélé region. We find very similar results for the phosphdemosited to the
northernmost parts of the Amazon Mahowald et al.[2005a] with their MATCH model,
although we see a sharper latitudinal gradient as the amount @hpines decreases to near
zero below 10°S. The sharp latitudinal gradient impacts theaotount of dust deposited to
the Amazon considerably. The sub-micron proportion of the dust mass ddpasd the
dust AOD are also shown (Figure 16b and 16c, respectively). @l@sairce the sub-micron
dust contributes little to the total dust mass (<20%) whiléllicsntributes at least half of the
AOD from dust. Further downwind we see that 70-80% of dust arrimitize Americas still
comprises of dust greater than 2um in diameter, and up to 5% miagweis from dust greater
than 6um. Dust between 2um and 10um in diameter has been dbseme Amazon
[Formenti et al. 2001; Martin et al, 2010], confirming this long range transport of super-
micron dust aerosol.

In Figure 16 the annual dust deposition is shown for three regioesagad over the three
years of the simulation. The total westward export is appraglyna50 + 50Tg yf based
on 2006-2008 emissions. This agrees well with estimates based onSvDi 2001 (240

+ 80Tg yi* from [Kaufman et al. 2005]). Our uncertainty is based on the interannual
variability in the model. The uncertainty in the MODIS totahiresult of the methodology
used to derive deposition from AOD - they found that variabilityeposition between years
was 12%, similar to the interannual variability in the mod#%). The amount of dust
deposited to the oceans in GEOS-Chem is 211 + 32Tgsjightly higher than the range
140-205 Tg y'l1 from previous studied~pn et al, 2004;Ginoux et al. 2004;Prospero et al.
1996]. We estimate that 17Tg + 5Tg of dust is annually deposited t@Artieezon,
considerably less than the satellite-based estimate of #0TgEvidence from comparison
with TRMM, MODIS and CALIOP suggest that wet removal ie tmodel is too strong,

especially in the spring, therefore the modelled deposition tArttezon can be considered a
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lower limit. However, switching off convective removal egly for 2006 only increases the
deposition to the Amazon by 54% (for 2006Joren et al.[2006] estimate that 50% of the
dust arriving in the Amazon is from the Bodélé region. We flmat the Bodélé region
contributes about 10% based on our model and this is relatively ithge=ms doubling the

emissions from the Bodélé depression. Thus, while our estohdeposition to the Amazon
remains a lower limit, given uncertainties in the model,tthal is not likely to exceed our
estimate by more than 50%. Table 3 summarizes the seapuaition of dust from North

Africa to the Amazon, Caribbean, and Atlantic over the tiieze period of this study.

6 Conclusions

In this paper we have used satellite and ground-based observatioilast@te the
characteristics of African dust export on daily to multi-annina¢scales. This has been used
to investigate how the GEOS-Chem global model captures thegsex required to simulate
long range transport of dust.

Introducing a realistic sub-micron dust aerosol size distribugdnaes the AOD due to dust
aerosol by up to 25% (whilst conserving total mass) decreasin@Mt error between
model and observations at all AERONET sites. We have showGE#@S-Chem captures
the seasonality of African dust emission but appears to owveatstthe AOD during summer
near the West African coast and underestimate the emissamstlie Bodélé Depression.
Increasing the emissions in the Bodélé Depression by a facteo @ignificantly reduces the
RMS error with MODIS and MISR AOD and increases the cdicgla suggesting that
source function or the model winds may not be strong enough in thistamprggion.
Comparisons with CALIOP observations indicate that the modabls to represent the

seasonality of the aerosol vertical structure and also éiseedding of the summer dust
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701 plumes as they cross the Atlantic. However, differencespparent over the surface of the
702 ocean, where CALIOP observes high extinction that the model isapturing.

703 We calculate the total amount of dust to be exported westwanisAfrica to be 250+50Tg
704 yr' which is comparable to values derived from satellite datdowever, the amount
705 deposited into the Atlantic is 211+32Tg"yis towards the high end of previous studies. We
706 find that only 17+5Tg yt reach the Amazon which is considerably less than the 50%g yr
707 estimated from MODIS. Dust concentrations reaching thébBzan agree well with the
708 limited observations, suggesting that the lack of dust deposititretdmazon may be the
709 result of a seasonal bias in the model or more intense remokial the southward export
710 pathway in spring. Switching off convective removal entiralyhie model still results in less
711 than half the MODIS-derived dust reaching the Amazon, indicaiagthe estimate of 50Tg
712 yrtis likely too high. Comparison with MODIS optical depth acrdss dutflow region
713 indicates that the model dust lifetime is 25 — 50% less thamvasas it is transported
714  across the Atlantic, especially in the spring months whamsport to the Amazon occurs.
715 Wet removal via nucleation scavenging and convective updrafésgeng is the likely cause
716 of the excess removal. However, reducing the scavendiiegerty has little impact on the
717 removal unless reduced unrealistically by more than 50%. Compasisrainfall in the
718 model with observations from the TRMM satellite indicateatt although the total
719 precipitation and strong rain events are well represented rlighbccurs more frequently in
720 the model than the observations suggest. This may explain the mmde&lng more aerosol
721 than expected and demonstrates the challenges of developingcreaiival mechanisms
722 in global models. Progress has been made in representing thendssions correctly and
723 also highlighting issues that affect long-range transport of dugtobal models. Further

724 work is required to better understand the impact of excessimeved on dust radiative
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effects in clean remote regions, and also the impact of fuhaages in dust loading on

ecosystems and air quality downwind.
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Tables
Haywood e Highwood et Highwood et Osborne e
al., 2003 al., 2003 al., 2003 al., 2008
(Fig. 6) (Fig. 4a) (Fig. 4b) (Fig. 10)
Mean % % % %
radius
0.15un 2 12 6 1C
0.25un 13 8 12 13
0.40un 20 24 24 27
0.80un 65 56 58 SC

Table 1 — The proportion of dust mass observed during different @ampa shown at the
radii of the four GEOS-Chem dust mass sizes. The normdfaetibn of dV/dInR as shown
in the original figures are displayed along with the correspondingeptrge. The values
shown in bold are those used in the updated GEOS-Chem modelirstieeltimn values are
from a log-normal fit to PCASP data during the SHADE camp@igHaywood et a).2003].
The second and third column values are from differing sun photoméieraés, the latter
being used throughouH[ghwood et al. 2003], and the final column values are from BAe-

146 measurements during the DABEX campaif@stjorne et a).2008].

Dust Lifetime (days)
Season GEOS MODIS Ratio
DJF | 2006 4.4 4.3 1.0
2007 1.8 3.3 0.5
2008 1.8 3.4 0.5
MAM | 2006 2.9 7.4 0.4
2007 3.4 6.6 0.5
2008 2.8 6.5 0.4
JJA | 2006 3.8 5.2 0.7
2007 51 7.5 0.7
2008 4.1 14.0 0.3
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SON | 2006 2.1 2.7 0.8
2007 2.2 3.4 0.6
2008 2.2 2.0 11

1014 Table 2 - The lifetime of dust in GEOS-Chem and MODIS farheseason in 2006-2008
1015 (based on the reduction in AOD across the Atlantic) is shown.rakieeof the two lifetimes

1016 is shown on the right.

1017

1018
2006-2008 Amazon Caribbean  Atlantic
DJF 3.6£2.5 0.4+0.1 56.3+24.2
MAM 7.5t£14 3.1+1.8 51.2+7.2
JJA 5.1+0.¢ 19.5+2.. 67.0+3.(
SON 0.4+0.4 1.3+0.9 36.0+0.8
Total (Tg yr | 16.6+4.8 24.3+4.3 210.5+£31.9
)

1019 Table 3— Seasonal dust deposition totals (Tg galculated from GEOS-Chem are shown for
1020 the Amazon, Caribbean and Atlantic regions as defined in Figure T6& results are three

1021 year average (2006-2008) with the standard deviation betwees ye
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1022 Figures

MISR AOD (550nm)
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1023

1024 Figure 1 — Seasonal maps of AOD for MODIS (left column) an8RA(right column) are shown
1025 for 2007 in their respective resolutions of 1° by 1° and 0.5° by Ul%.columns correspond to
1026 winter, spring, summer, and fall seasons (top to bottom). AOBredd at African AERONET
1027 stations used in this study are plotted as filled circles.avdilable AERONET data is used for
1028 each season, and only stations with over ten days of availahléndne season are displayed.
1029 The white boxes in the MISR DJF panel show the regions used in Eigthre black box in the
1030 MAM season highlights the Bodélé dust source region, and arroweaiaedhe direction of dust

1031  outflow.
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Figure 2 — AOD retrieved by MODIS (blue) and MISR (red) for piegiod 2006-2008. Each
year is displayed with different line style (2006 — solid, 2007 het4s2008 — dot-dash). Each of
the regions corresponds to a 20°x15° region between 0 — 30°N and 30°W (sBORE in white

in Figure 1), and are arranged in geographical order.
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1039 Figure 3 - Time series of AOD observations from AERONE&ckIcircles, AER), MODIS (red
1040 crosses, MOD), and MISR (blue diamonds, MSR) for 2006-2008 are showime atight
1041 AERONET sites. Grey regions indicate the summer perMdnthly averages calculated from
1042 daily data are shown with error bars indicating the standard meviaftdata within each month.
1043 All available data for each platform is shown to maximise dathillustrate climatology (rather
1044 than a cross-comparison of observations). The gradient (m), BM® (e), correlation
1045 coefficient (r), bias (b), and number of months used (c) are shovaofgparisons between each
1046 of the observation platforms. Matched daily data is useth&se statistics.

1047
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Figure 4 — Time series of the difference between AOD aoreasents from MODIS Terra and
MODIS Aqua (blue), MISR and MODIS Aqua (red line) and AERONBW &nd AM AOD

observations (black line) are shown for the eight AERONETosist The difference represents
the diurnal variation in AOD and the error bars indicate the aralatd deviation in the daily

AOD differences used to calculate the monthly mean. Thenrddference (md) averaged over

each timeseries is included in each panel. Grey regiditate the summer period.
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Figure 5 — CALIOP retrievals of aerosol extinction are showrwatain plots from 80°W to
40°E for each season of 2007. Data is averaged in 5° longitidinds between 10-25°N for all
seasons except MAM, when the transect is skewed from 10-250N-ib°N from east to west

to account for the prevailing wind direction. The black regioncatdiland mass.
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1062

1063 Figure 6 — The difference in annual mean AOD (at 550 nm) resulioig altering the
1064 partitioning of dust mass in the sub-micron sizes when calculatingpties is shown between
1065 30N and 20S (bottom panel). The AOD contribution from each of the sigesbshown for both
1066 new (red) and original (blue) dust partitioning for four locationssgthe African dust outflow
1067 (top panel). The locations of the size distributions are nredben the map of AOD difference.

1068
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Figure 7 - Seasonal AOD for original GEOS-Chem, GEOS-Chdim mew dust partitioning,
MODIS, and MISR are shown (left to right) over the African lowtfregion. All data is gridded
on the model 2° by 2.5° resolution. The gradient (m) and coomrletiefficient (r) are shown for

comparison between the GEOS-Chem and MODIS.
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Figure 8 — Monthly AOD (at 550nm) at the eight AERONET ssteshhiown for the 2006-2008
period. Versions of GEOS-Chem with new sub-micron partitionirtgd& solid red line) and
original partitioning (GEO1, dotted red line) are shown along witlR@EET (circles) and the
range of AOD from the observations including AERONET, MODISrdeand MISR (grey
envelope). GEOS-Chem is sampled to only use days when AEROMNEM@DIS data are
available (if no observations are available for the month #iledays are used in the GEOS-
Chem average). The gradient (m) and RMS error (e) betw&&S&Chem with new and old
partitioning (GEO2 and GEOL1, respectively) and the AERONET (ABR) MODIS Terra

(MOD) observations is shown in the inset. Grey regions ireleatnmer season.
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Figure 9 - The seasonally averaged AOD along transects 2@M to 60W are shown for
MODIS (black) and GEOS-Chem (red) averaged over the 2006-2008 pefioel.thin lines

show the average AOD along the transects and the thicksloes the logarithmic trend line.
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1092 Figure 10 — Extinction profiles are shown for CALIOP and GEOS-Cloereach season (top).
1093 The profiles are averaged over 5° by 15° regions from 0 to &M red through to purple)
1094 and between ON to 25N depending on the season, as illustrated {bottom

1095

1096

1097 Figure 11 — Seasonal extinction curtain plots for CALIOP (l€BEOS-Chem sampled to
1098 CALIOP (center), and unsampled GEOS-Chem (right) are shawmn 8°W to 40°E. March-
1099 May (MAM) and June-August (JJA) are shown on the top and bottom peesectively. Data
1100 is averaged in 5° longitudinal bands between 10-25N for JJA seasbtheatransect is skewed
1101 from 10-25N to ON-15N from east to west for MAM, to account for phmevailing wind

1102 direction. The black region indicates land mass.

1103

1104 Figure 12 — The impact of using the IGBP clay map (ratten & fixed fraction of 0.2) on the

1105 AOD averaged over 2006 is shown. Negative indicates a la®&r when the clay map is used.
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Figure 13 — Annual average removal for the four different depogitiechanisms over Africa
and in the outflow region. Deposition via each process is showrfrastian of the dust mass

removed and is scaled by total dust mass to highlight the regitmaost dust loading.
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Figure 14 — The frequency of different intensity rainfallréseaveraged over the year for 5°x5°
regions across the dust outflow region is shown (top) for TMI obsemga(blue) and the model
(red). The percentage of days with rainfall for each grid ibothe outflow region is shown

(bottom).

Figure 15 — Time series of monthly dust concentration measuremtettie aurface site in
Barbados (13°N, 60°W) for both GEOS-Chem (red) and in-situ meaeuts (blue). Error bars
indicate standard deviation of daily dust concentration used to creatthly average for both

model and observations.
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Figure 16 - The average annual amount of phosphorus (P) deposited is slased on the
GEOS-Chem simulation from 2006 to 2008 (top). The boxes show the regiordecedsvhen
calculating the deposition to the Caribbean and Amazon. Totale ittedooxes are Tg of dust
deposited over the year (proportional to the P deposited) with the mpoesenting the
interannual variability. The fraction of the mass depositetiensub-micron size range is shown
(middle) and the fraction of the AOD from sub-micron dust is alsmwvn (bottom). Note the

lower two plots share the same colour bar.



