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Abstract. A global compilation of nearly sixty measure-

ment studies is used to evaluate two methods of simulating

the mineral composition of dust aerosols in an Earth system

model. Both methods are based upon a Mean Mineralogi-

cal Table (MMT) that relates the soil mineral fractions to

a global atlas of arid soil type. The Soil Mineral Fraction

(SMF) method assumes that the aerosol mineral fractions

match the fractions of the soil. The MMT is based upon soil

measurements after wet sieving, a process that destroys ag-

gregates of soil particles that would have been emitted from

the original, undisturbed soil. The second method approxi-

mately reconstructs the emitted aggregates. This model is re-

ferred to as the Aerosol Mineral Fraction (AMF) method be-

cause the mineral fractions of the aerosols differ from those

of the wet-sieved parent soil, partly due to reaggregation.

The AMF method remedies some of the deficiencies of the

SMF method in comparison to observations. Only the AMF

method exhibits phyllosilicate mass at silt sizes, where they

are abundant according to observations. In addition, the AMF

quartz fraction of silt particles is in better agreement with

measured values, in contrast to the overestimated SMF frac-

tion. Measurements at distinct clay and silt particle sizes are

shown to be more useful for evaluation of the models, in

contrast to the sum over all particles sizes that is suscepti-

ble to compensating errors, as illustrated by the SMF experi-

ment. Model errors suggest that allocation of the emitted silt

fraction of each mineral into the corresponding transported

size categories is an important remaining source of uncer-

tainty. Evaluation of both models and the MMT is hindered

by the limited number of size-resolved measurements of min-

eral content that sparsely sample aerosols from the major

dust sources. The importance of climate processes dependent

upon aerosol mineral composition shows the need for global

and routine mineral measurements.

1 Introduction

The effect of soil dust aerosols upon climate is dependent

upon the particle mineral composition (see Perlwitz et al.,

2015, and references therein). Despite regional variations in

soil mineral content, the radiative and chemical properties

of dust aerosols are nearly always assumed by Earth system

models to be globally uniform.

Claquin et al. (1999) provided the first global estimate of

soil mineral content by relating it to soil type, whose regional

distribution is given by the Digital Soil Map of the World

(DSMW; FAO, 2007; FAO/IIASA/ISRIC/ISSCAS/JRC,

2012). Nickovic et al. (2012) and Journet et al. (2014) ex-

tended this approach by including additional measurements,

soil types and minerals. Deriving the mineral composition

of emitted aerosols from the soil composition presents ad-

ditional challenges. Soil measurements that are the basis of

global data sets are based on fully dispersive techniques like

wet sieving that disturb the soil samples, breaking the aggre-

gates found in the original soil that is subject to wind erosion

(Claquin et al., 1999). Wet sieving alters the soil size distri-

bution, replacing aggregates with a collection of smaller par-

ticles (Shao, 2001; Choate et al., 2006; Laurent et al., 2008).

In the absence of measurements of the undisturbed or mini-

mally disturbed soil, studies have assumed that the size dis-

tribution of the emitted minerals resembles that of the wet-

sieved parent soil (Hoose et al., 2008; Atkinson et al., 2013;

Journet et al., 2014). In fact, measurements show that emit-

ted aerosols contain aggregates of soil particles, and that the

emitted size distribution is shifted toward larger diameters

compared to the wet-sieved soil (e.g., Kok, 2011). This con-

trast between the size distribution of the fully dispersed soil

and the emitted aerosol is important for the aerosol mineral

content and lifetime.
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A second challenge is how to treat particles that are com-

binations of different minerals. For example, iron oxides are

often observed as small impurities attached to particles com-

prised predominantly of other minerals (Scheuvens and Kan-

dler, 2014). These mixed particles have roughly half the den-

sity of pure iron oxides, and thus carry iron farther downwind

of its source.

Finally, refinement of models is challenged by limited

global measurements of size-resolved aerosol composition.

Many of the available measurements are from field cam-

paigns or ship cruises of limited duration, while changes in

the sampling and analysis methods through time have con-

tributed additional uncertainty.

We address the first two challenges in a companion paper

(Perlwitz et al., 2015), where we describe a new approach to

estimating aerosol mineral content. We use brittle fragmenta-

tion theory (Kok, 2011) and aerosol measurements (Kandler

et al., 2009) to calculate the aerosol mineral composition and

its size distribution in terms of the mineral fractions of the

wet-sieved soil provided by Claquin et al. (1999).

We also propose a method for mixing minerals with small

impurities of iron oxides, which we call “accretions”. In our

model, iron oxides can travel either in pure crystalline form

or as accretions internally mixed with other minerals. The

distribution of the two forms of iron oxide is based on the

degree of weathering that creates iron oxides in the soil (Mc-

Fadden and Hendricks, 1985; Shi et al., 2011).

In this article, we compare our calculation of aerosol min-

eral content to a new global compilation of observations

from almost sixty citations. In Sect. 2, we summarize our

new modeling approach and the simulations performed with

the NASA Goddard Institute for Space Studies (GISS) Earth

System ModelE2, whose details can be found in the com-

panion article (Perlwitz et al., 2015). Section 3 presents our

global compilation of aerosol measurements for model eval-

uation (that is available in Table S1 of the Supplement), while

Sect. 4 describes the evaluation approach. In Sect. 5, we show

that agreement with the global compilation of aerosol mea-

surements is improved by accounting for the modification of

the mineral fractions of the parent soil during emission. Our

conclusions are presented in Sect. 6.

2 Description of model and experiments

Simulations are performed with the CMIP5 version of the

NASA GISS Earth System ModelE2 (Schmidt et al., 2014),

whose dust aerosol module is modified to incorporate indi-

vidual minerals. In this section, we summarize the calcula-

tion of the size-resolved mineral fractions at emission, while

describing the dust aerosol module and the configuration of

the simulations. For a full description, the reader is referred

to the companion paper (Perlwitz et al., 2015).

2.1 Emitted mineral fractions: baseline and new

approaches

Two simulations are compared to our compilation of ob-

servations. The control or “baseline” simulation assumes

that the emitted mineral fractions are identical to those

of the wet-sieved parent soil; this calculation is referred

to as the Soil Mineral Fraction (SMF) method. The soil

(and thus the emitted) mineral fractions are calculated by

combining the Mean Mineralogical Table (MMT; Claquin

et al., 1999; Nickovic et al., 2012) with global atlases of

arid soil type (Digital Soil Map of the World – DSMW;

FAO, 1995, 2007) and soil texture (Hybrid STATSGO/FAO;

FAO/IIASA/ISRIC/ISSCAS/JRC, 2012; NRCS Soil Survey

Staff, 2012).

The MMT provides the fractional abundance for eight

minerals within the clay and silt-size ranges of the soil as

a function of arid soil type. For the clay-size range (whose

diameters are less than 2µm), the MMT gives the fraction

of phyllosilicates (illite, kaolinite, and smectite) along with

quartz and calcite. Similarly, at silt sizes (with diameters be-

tween 2 and 50µm), the MMT gives the fraction of quartz

and calcite along with feldspar, gypsum and hematite. Ac-

cording to the MMT, hematite is present in the soil only at silt

sizes. Aerosol measurements show this mineral to be present

at both clay and silt sizes (Lafon et al., 2006; Kandler et al.,

2007; Engelbrecht et al., 2009; Jeong et al., 2014), so we ex-

tend the size range of emitted hematite to include clay sizes.

Given the limited measurements of this mineral in soil sam-

ples, we follow Nickovic et al. (2012), and assume for sim-

plicity that the hematite fraction at clay sizes in identical to

the silt fraction provided by the MMT. In the remainder of

this study, we refer to hematite more generally as “iron ox-

ide”. This is because our treatment of hematite could apply

to other iron minerals like goethite that are included in more

recent and refined versions of the MMT (e.g., Journet et al.,

2014). Similarly, we refer to calcite more generally as “car-

bonate”.

The mineral fractions provided by the MMT for each size

category are combined with the mass fraction of each size

category provided by the soil texture atlas. This gives the

size-resolved mineral fractions of the wet-sieved soil at each

location.

After emission, the minerals are transported within five

size classes with diameters extending between 0.1 and 32µm.

Clay-sized particles are transported in a single bin by Mod-

elE2. For silt particles, the MMT gives the emitted fraction of

each mineral summed between 2 and 50µm. It remains to dis-

tribute this fraction over the four silt categories transported

by the model. For each mineral, we allocate the emitted silt

fraction to the model size categories using a normalized dis-

tribution derived from measurements of dust concentration at

Tinfou, Morocco (Kandler et al., 2009). In the SMF method,

this allocation uses a distribution that is identical for all min-

erals.
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Dust at Tinfou is measured after transport from the source,

when the largest particles are removed preferentially by grav-

itational settling. Perlwitz et al. (2015) show that our model

underestimates the aerosol fraction within the largest silt-size

category for all minerals at Tinfou (their Fig. 17), suggesting

that emission at this size is underestimated. Because the rel-

ative size dependence of emission is normalized, underesti-

mated emission of the largest silt particles corresponds to an

overestimate of the emitted fraction of the smaller silt parti-

cles. We will return to this potential bias when we evaluate

the model with observations.

The allocation of silt-sized emission within the individ-

ual size categories transported by ModelE2 is empirical and

based upon measurements at only a single location. It is dif-

ficult to test the validity of this allocation at other locations,

given the paucity of size-resolved measurements of mineral

fractions. At diameters above roughly 20 µm (below which

brittle fragmentation theory provides a good fit to available

measurements), the emitted size distribution is a complicated

function of wind speed and soil characteristics (Alfaro and

Gomes, 2001; Grini et al., 2002). However, the increase in

emitted mass with increasing particle size that is exhibited

at Tinfou (cf. Fig. 3 of the companion article, second panel

from left) is probably a robust result of the decreasing wind

speed threshold for emission as a function of diameter within

this size range (Iversen and White, 1982).

Our second simulation is motivated by measurements

showing significant differences between the size-resolved

mineral fractions of wet-sieved soils and aerosol concentra-

tion. This simulation is referred to as the Aerosol Mineral

Fraction (AMF) method to emphasize the difference between

the aerosol and soil mineral fractions (in contrast to the SMF

where these fractions are assumed to be identical). This dif-

ference results because wet sieving is more destructive of

aggregates of soil particles than mobilization of the origi-

nal, undispersed soil, where many of the aerosols are com-

prised of aggregates that resist complete disintegration dur-

ing emission. Brittle fragmentation theory provides a physi-

cally based method for reconstructing the emitted size distri-

bution from the distribution measured after wet sieving (Kok,

2011). The emitted silt fraction consists not only of silt par-

ticles present in the wet-sieved soil, but also aggregates that

were broken during wet sieving into clay-sized fragments. In

the AMF simulation, we reaggregate these fragments heuris-

tically. For each mineral, the emitted silt fraction is com-

prised of silt particles in the wet-sieved soil augmented in

proportion to the mineral’s wet-sieved clay fraction. The de-

gree of augmentation is prescribed through a proportionality

constant γ . We set γ = 2 for our reference AMF simulation,

although we have not made much effort to find an optimal

value of this parameter. Results with γ = 0 are also shown to

illustrate the physical origin of the size and regional distribu-

tions of minerals within the AMF experiment, and their con-

trast with respect to those of the SMF method. The only min-

eral that is not reaggregated in the AMF simulation is quartz,

whose physical integrity is assumed to be large enough to

prevent disintegration during wet sieving. One effect of reag-

gregation is to introduce clay minerals (illite, kaolinite and

smectite) as aerosols at silt sizes. This introduction is con-

sistent with observations (e.g., Kandler et al., 2009), and in

contrast to the SMF simulation, where aerosols comprised

of clay minerals are absent at silt sizes, as prescribed by the

MMT (Claquin et al., 1999).

Conversely, the MMT provides the fraction of feldspar and

gypsum only at silt sizes, even though aerosol measurements

show that these minerals are present at both clay and silt

sizes (Leinen et al., 1994; Arnold et al., 1998; Kandler et al.,

2007, 2009). We combine the silt fraction of feldspar and

gypsum provided by the MMT along with the emitted ratio

of clay and silt-sized particles provided by brittle fragmen-

tation theory and the normalized volume distribution derived

from Kandler et al. (2009) to extend the emission of these

minerals to clay sizes. Details are provided in the companion

article (Perlwitz et al., 2015).

To apportion the emitted silt fraction of the AMF simu-

lation into the ModelE2 transport categories, we combine

the size distribution derived from brittle fragmentation the-

ory (that is valid for diameters below roughly 20 µm) with

the empirical volume fraction derived for each mineral. We

calculate this fraction for each mineral separately (cf. Fig. 4

of the companion article), in contrast to the SMF simulation,

where we use a single distribution averaged over all minerals.

One consequence is that quartz emission in the AMF simula-

tion is shifted toward larger diameters, compared to the SMF

simulation. This has the effect of reducing the quartz frac-

tion in the AMF experiment, due to the higher gravitational

settling speed of larger particles.

Finally, for the AMF experiment, we allow iron oxides to

be emitted not only in their pure, crystalline form, but addi-

tionally as impurities mixed with other minerals. These mix-

tures are important for transporting iron far from its source,

because pure iron oxides are more dense and vulnerable to

gravitational removal than most other minerals that contain

small inclusions or accretions of iron oxides. We assume that

the partitioning of iron oxides into mixtures and pure crys-

talline forms depends upon the soil fraction of iron oxides

compared to the other minerals (as given by the MMT, in-

cluding our extension to clay sizes). Soils enriched in iron

oxides are assumed to be highly weathered, with a greater

abundance of the pure, crystalline form (McFadden and Hen-

dricks, 1985; Shi et al., 2011). As noted in the companion

article, this is a heuristic representation of the effects of soil

weathering that is more speculative than the remainder of the

AMF method, and subject to future revision.

2.2 The dust aerosol module with mineral tracers

The dust aerosol module described by Miller et al. (2006)

is modified here to represent each mineral (and its combi-

nation with iron oxides) as a separate prognostic variable
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within each of five size bins whose diameters range from 0.1

to 32µm. The emitted mass of each mineral is the product

of its emitted fraction, whose calculation is described above,

and the total emission.

Dust sources are prescribed within topographic depres-

sions (Ginoux et al., 2001), where vegetation is sparse and

the soil particles that accumulate from erosion of the sur-

rounding highlands are exposed to the force of the wind. Veg-

etation is prescribed using surface roughness (Prigent et al.,

2005). Emission occurs when the surface wind speed exceeds

a threshold that increases with soil moisture, following Shao

et al. (1996). The surface wind includes contributions from

wind gusts that are parameterized as described in Cakmur

et al. (2004). In this article, we evaluate only the relative pro-

portions of the simulated minerals; these are independent of

the global magnitude of emission.

Dust removal results from wet and dry deposition. The

latter includes gravitational settling and turbulent deposition

in the surface layer (Wesely and Hicks, 1977; Koch et al.,

1999), with settling speeds that are proportional to mineral

density (Tegen and Fung, 1994). All minerals have simi-

lar densities, except for iron oxides whose density is nearly

twice the value of the other minerals (Table 8; Perlwitz et al.,

2015).

Wet deposition has been updated since its description in

Miller et al. (2006), and is now calculated consistently with

other aerosol species (Bauer and Koch, 2005; Schmidt et al.,

2006). Aerosol scavenging is proportional to dust solubil-

ity and now occurs both within and below clouds where

there is precipitating condensate. Scavenging is offset by re-

evaporation of cloud droplets and precipitation.

Measurements show that physical and chemical properties

of aerosols evolve along their trajectory (cf. Baker et al.,

2014). For example, phyllosilicates adsorb water (Navea

et al., 2010), while heterogeneous uptake of precursor gases

leads to sulfate and nitrate coatings on the particle surface.

These modifications, which depend upon the mineral com-

position, alter the solubility and vulnerability of the dust par-

ticle to wet scavenging. We defer representation of this de-

pendence to a future study and assume the solubility of each

dust particle to be constant (50 %) and identical for each min-

eral (Koch et al., 1999).

We also defer calculation of radiative forcing as a func-

tion of the aerosol mineral composition. As a result, radia-

tive feedbacks between the mineral fractions and climate are

disabled.

2.3 Simulations

Both the SMF and AMF simulations are performed with

ModelE2 at a resolution of 2◦ latitude by 2.5◦ longitude and

40 vertical levels. The period of 2002 through 2010 is sim-

ulated to coincide with detailed measurements at Izaña that

are analyzed separately (Pérez García-Pando et al., 2015), but

overlap with many of the measurements used for evaluation

in the present study. The horizontal winds at each level of

the model are relaxed every 6 h toward the NCEP reanalyzed

values (Kalnay et al., 1996). Relaxation occurs at all model

levels (up to 10 hPa) with the globally uniform timescale of

100 s. Relaxation increases the resemblance of model trans-

port to that observed so that the mineral fractions simulated

at the observing sites are more strongly dependent upon our

treatment of aerosol emission and removal than the calcu-

lated transport. Similarly, we prescribe sea surface temper-

ature and sea ice based upon observed values (e.g., Rayner

et al., 2003).

3 Observations for model evaluation

We compiled measurements of mineral fractions of dust

aerosols from almost sixty studies published between the

1960s and the present day that are described in Table 1 and

available in Table S1 of the Supplement. Roughly one-third

of the studies are in common with a recent compilation fo-

cusing on North African sources by Scheuvens et al. (2013).

Our compilation includes measurements of dust concentra-

tion and deposition, both from land stations and ship cruises.

A few studies provide measurements of dust deposited in per-

manent snow fields (Windom, 1969; Gaudichet et al., 1992;

Zdanowicz et al., 2006). Measurements are not equally dis-

tributed over all dust source regions, and mostly sample dust

transported from North Africa, the Middle East and Asia

(Fig. 1). Only two studies provide measurements downwind

of southern African sources (Aston et al., 1973; Chester et al.,

1971). No studies were found for dust from North America,

while only one site is affected by the Australian dust plume

(Windom, 1969). Generally, most of the measurements for

aerosol mineral composition are in the Northern Hemisphere

and there is underrepresentation of the Southern Hemisphere.

Also, many of the measurements in earlier decades were con-

fined to the relative proportions of phyllosilicates.

Methods to determine the mineral composition of dust

aerosols have varied over time, and the measurements in

our compilation that are based on various instruments and

analytical methods contain different biases and uncertain-

ties. Systematic studies of the mineral composition of at-

mospheric soil dust started in the 1960s, beginning with De-

lany et al. (1967), who intended to investigate cosmic dust.

The mineral composition of airborne dust was usually de-

termined from samples collected on suspended nylon mesh

over land or ships (e.g., Prospero and Bonatti, 1969; Gold-

berg and Griffin, 1970; Parkin et al., 1970; Chester and John-

son, 1971b; Tomadin et al., 1984). Typically, the collection

efficiency of the mesh was assumed to be 50% (Prospero

and Bonatti, 1969), but the true value depends upon particle

size and wind velocity (Chester and Johnson, 1971a). Parkin

et al. (1970) determined a collection efficiency of 100% for

spherical particles with densities of 3g cm−3 and particle di-

ameters greater than 7µm, with the efficiency decreasing to
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Table 1. List of literature references for mineral fraction measurements (predicted with ModelE2: M – mica/illite/muscovite, K – kaolinite, S

– smectite, C – carbonates, Q – quartz, F – feldspar, I – iron oxides, G – gypsum; other minerals not predicted: O) with specific information

about months of measurements with size range, geographical coordinates, and time range of measurements.

Reference Minerals Size range Location Time range

Adedokum et al. (1989) M K Q F O Total Ile-Ife, Nigeria Jan–Feb 1984,

Jan–Feb 1985

Alastuey et al. (2005) M K C Q F G O Total Izaña and Sta. Cruz de Tenerife,

Canary Islands, Spain

29 Jul 2002

Al-Awadhi and AlShuaibi (2013) M C Q F O Total 10 sites in Kuwait

City, Kuwait

Mar 2011–Feb 2012

(monthly)

Al-Dousari and Al-Awadhi

(2012)

M+K+S C Q F O Total 10 locations in the Arabian Penin-

sula

Nov 2006–Dec 2007

(monthly)

Al-Dousari et al. (2013) M+K+S C Q F O Total 11 global locations Jan 2007–Dec 2007

(monthly)

Arnold et al. (1998) M K S Q F O < 2µm;

2–20 µm

1: north of Hawaii

2: northeastern

Pacific

1: May 1986

2: Mar–Apr 1987

Aston et al. (1973) 1: M K S O;

2: C Q O

1:< 2µm;

2: Total

Eastern North and South Atlantic,

Indian Ocean,

Sea of China

Jul 1971–Nov 1971

Avila et al. (1997) a M K S C Q F O Total Montseny Mountains,

Spain

Nov 1984–Mar 1992

Awadh (2012) C Q F G O Total Baghdad, Iraq Mar–Jun 2008

Chester and Johnson (1971a) M K S O < 2µm Eastern Atlantic 6–13 Nov 1970

Chester and Johnson (1971b) M K S O < 2µm Eastern Atlantic 22 Apr–5 May 1969

Chester et al. (1971) M K S O < 2µm Eastern Atlantic Jul–Aug 1970

Chester et al. (1972) M K S O < 2µm Eastern Atlantic 17–28 Mar 1971

Chester et al. (1977) 1: M K S O

2: Q C

1:< 2µm

2: total

Eastern Mediterranean Summer 1972,

Spring 1975

Chester et al. (1984) M K S O < 2µm Tyrrhenian Sea 8–25 Oct 1979

Delany et al. (1967) M K S Q

O

< 2µm Barbados Oct 1965–Jan 1966

Díaz-Hernández et al. (2011) M K S C Q F G O Total Granada Depression, Spain 1992

Enete et al. (2012) 1: M K Q F 2: M K Q F

I O

1:< 2µm

2: 2–50 µm

Two sites in Enugu, Nigeria Oct 2009–Apr 2010,

Oct 2010–Apr 2011

(weekly)

Engelbrecht et al. (2009) M+K+Sb C Q F I O < 10µm 14 sites in Central and West Asia

and 1 site in Djibouti

2005–2007

Engelbrecht et al. (2014) M+K+Sb C Q Ic G

O

< 2.5µm Las Palmas de Gran Canaria,

Spain

12 Jan–27 Nov 2010

(2 to 13 days)

Falkovich et al. (2001) C Q F G Total Tel Aviv, Israel 16 Mar 1998

Ferguson et al. (1970) M K S O < 2µm Northeastern Pacific Apr 1969

Fiol et al. (2005) d M K C Q F O Total Palma de Mallorca, Spain 6 May 1988–27 Apr

1999

Formenti et al. (2008) M K C Q Fe < 40µm Banizoumbou, Niger 13 Jan–13 Feb 2006

Game (1964) C Q F I O Total Eastern Atlantic 6 Feb 1962

Ganor (1991) M K O < 10µm Tel Aviv and

Jerusalem, Israel

1968–1987

Ganor et al. (2000) 1: M K S O

2: C Q F

1: < 2µm

2: >= 2µm

16 locations around Lake Kin-

neret, Israel

Jan 1993–May 1997
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11634 J. P. Perlwitz et al.: Predicting the mineral composition of dust aerosols – Part 2

Table 1. Continued.

Reference Minerals Size range Location Time range

Gaudichet et al. (1989) M K S C Q F O Total Amsterdam Island, TAAF 15–26 May 1984, 7–

30 Jul 1984, 5–29 Sep

1984

Gaudichet et al. (1992) M K S O < 2µm 1: Vostok,

2: South Pole

1: 1927

2: 1955

Glaccum and Prospero (1980) M K C Q F O Total Sal Island, Cape

Verde; Barbados;

Miami, Florida

Jul–Aug 1974

Goldberg and Griffin (1970) M K S O < 2µm 1: Bay of Bengal

2: Waltair, India

1: May 1968

2: Jan 1969

Jeong (2008) M K S C Q F O < 10µm Seoul, Korea Spring 2003,

2004, 2005

Jeong and Achterberg (2014) M+S K C Q F G O < 60µm 1: Deokjeok Island,

Korea

2: Andong, Korea

3: São Vicente, Cape Verde

1: 31 Mar 2012f

2: 16–17 Mar 2009f,

20 Mar 2010f, 18 Mar

2014f

3: 28–31 Dec 2007, 18–

23 Jan 2008

Jeong et al. (2014) M+S K C Q F I G O 1: five size bins

up to 60µm

2: < 60µm

1: Deokjeok Island,

Korea

2: Andong, Korea

1: 31 Mar 2012–

1 Apr 2012f

2: 20 Mar 2010f,

1 May 2011f

Johnson (1976) 1: M S O

2: M+K+Sg

Q F

1: < 2µm

2: total

Three in the Atlantic; Barbados Dec 1898; Oct 1965;

Mar 1971

Kandler et al. (2007) M C Q F I G O Eight size bins

0.05 to 20µmh
Izaña, Tenerife, Canary Islands,

Spain

13–23 Jul 2005, 6–8

Aug 2005

Kandler et al. (2009) M K C Q F I G O 10 size bins

0.1 to 250µmi
Tinfou, Morocco 13 May–7 Jun 2006

Kandler et al. (2011) Mj K S C Q F G O Total Praia, Cap Verde 14 Jan–9 Feb 2008

(daily)

Khalaf et al. (1985) M+S K C Q F G O < 4µm Eight locations in Kuwait Apr 1979–Mar 1980

Leinen et al. (1994) M K S Q F O 1: < 2µm;

2: 2–20 µm

Northwestern and eastern Pacific Sep 1977–Oct 1979

Lu et al. (2006) M K S Q F O < 10µm Beijing, China Apr 2002–Mar 2003

Menéndez et al. (2007) M Kk C Q F O Total Gran Canaria, Canary Islands,

Spain

31 Oct 2002–23 Oct

2003

Møberg et al. (1991) M K S Q F I Ol < 2µm Zaria, Nigeria Nov 1984–Mar 1985

O’Hara et al. (2006) M K C Q F G O Total 1: northern Libya

2: southern Libya

Jun 2000–May 2001

Parkin et al. (1970) M S Q O Total North Atlantic Jan 1969 and

Aug 1969

Parkin et al. (1972) M S Q O Total Central Atlantic Feb–Mar 1971

Prospero and Bonatti (1969) M K S Q F O < 20µm Eastern Pacific Spring 1967

Prospero et al. (1981) M K Q F C I G O Total 1: Cayenne

2: Dakar, Barbados,

Cayenne

1: Dec 1977–

Apr 1980

2: 21–27 Mar 1978

Queralt-Mitjans et al. (1993) M K C Q F G O Total Seven locations at the Filabres

range, Spain

Nov–Dec 1989,

Mar–May 1990

Rashki et al. (2013) M C Q F G O < 75µm Two locations in the Sistan

region, Iran

Aug 2009–Aug 2010
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Table 1. Continued.

Reference Minerals Size range Location Time range

Shao et al. (2008) 1: M K Sm O

2: M+K+S C Q F G

O

1: < 2µm

2: total

Beijing, China 1+ 2: 17 Apr 2006,

spring 2006

2: spring 2004,

2005

Shen et al. (2006) M K C Q F O Total Dunhuang, China Spring 2001 and

2002

Shen et al. (2009) M C Q F O Total Five locations in desert regions of

China

Spring 2001 and

2002

Shi et al. (2005) 1: M K S

O

2: M+K+S C Q F I

G

3: M+K+S C Q F O

1: < 2µm

2: < 10µm

3: total

Beijing, China 6 Apr 2000 and

20 Mar 2002

(1 and 2 only)

Skonieczny et al. (2013) M K S On < 30µm Mbour, Senegal 23 Feb 2006–27 Mar

2009 (weekly)

Tomadin et al. (1984) M K S O < 2µm 1: central Mediterranean

2: central Mediterranean

3: Scilla, Messina,

Bologna

1: Mar 1981

2: Oct 1981–

Nov 1981

3: Mar 1981

Windom (1969) M K S Q F O Total 5 permanent snow fields on planet Before 1969

Zdanowicz et al. (2006) M K S O Total St. Elias Mountains,

Canada

16 Apr 2001

Zhou and Tazaki (1996) I+K+S C

Q G O

Total Matsue, Japan Oct 1992–Sep 1993

(weekly)

a only Red Rain events; b may contain chlorite; c may contain rutile or pyrolusite; d only Red Rain events; e all minerals: percentage of refractive surface (XRD); f dust event; g includes chlorite; h used

here: 1–2.5, 2.5–5, 5–10, and 10–20 µm ranges; i interpolated to ModelE2 size bins; j as part of mixed layer illite–smectite; k kaolinite–chlorite; l all minerals: from maximum and minimum value; m as

part of mixed-layer illite–smectite; n mineralogy of aluminosilicates only.

50% for diameters of 2µm and null collection of particles

with diameters below 0.5µm. Thus, mesh collection intro-

duces a bias towards larger dust particles, and potentially

overestimates the fraction of minerals such as quartz, whose

abundance peaks at large particle sizes. Other studies ana-

lyzed dust deposited on ship decks (e.g., Game, 1964; John-

son, 1976) or over land (e.g., Goldberg and Griffin, 1970;

Tomadin et al., 1984; Khalaf et al., 1985; Adedokum et al.,

1989; Skonieczny et al., 2011).

Since the 1990s, airborne dust has been more commonly

sampled with other instruments, like high-volume air sam-

plers (e.g., Zhou and Tazaki, 1996; Alastuey et al., 2005; Shi

et al., 2005; Jeong, 2008; Shen et al., 2009) or low-volume air

samplers (e.g., Gao and Anderson, 2001; Engelbrecht et al.,

2009). These samples extract dust from the air with polycar-

bonate or quartz microfibre filters (Shi et al., 2005), cellu-

lose filters (Jeong, 2008), or other filters (Engelbrecht et al.,

2009). The finest aerosol particles can get trapped in the

quartz fibre filters before the sample is treated for the mineral

analysis, a source of collection inefficiency and uncertainty

(Alastuey et al., 2005).

The relative mass fractions of the collected minerals are

often derived from X-ray diffraction (XRD) spectra (e.g.,

Prospero and Bonatti, 1969; Alastuey et al., 2005; Shi et al.,

2005; Skonieczny et al., 2011). The wavelengths of spectral

peaks give information about elemental and mineral compo-

sition, while the mass fraction relative to other minerals is

determined by area under the peak. Characterization of the

area (rather than the peak) increases the sensitivity to par-

ticle diameters less than 10µm that cause peak broadening

(Glaccum and Prospero, 1980).

XRD analysis is most effective for minerals with a regular

crystal structure whose spectral peaks are well defined. How-

ever, certain minerals like phyllosilicates consist of varying

amounts of amorphous material whose mass is difficult to

quantify using XRD (Formenti et al., 2008; Kandler et al.,

2009). Among the various minerals considered in this study,

the fraction of smectite is one of the most difficult to esti-

mate. Its spectral peaks are small and can lie within the noise

level of the XRD analysis (Glaccum and Prospero, 1980).

This has been interpreted as the result of low concentration

and poor crystallization (Leinen et al., 1994). This is addi-

tionally due to the frequent interleaving of smectite with il-

lite and other minerals like chlorite, both in soils (Sŕodoń,

1999) and aerosols (Shi et al., 2005; Lu et al., 2006), which

can lead to misidentification of the individual phyllosilicates.

As a consequence, smectite is occasionally reported only in

combination with illite (Shi et al., 2005; Shao et al., 2008).
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Figure 1. Locations of measured mineral fractions compiled from the literature used for the evaluation of the simulations. References with

geographical coordinates in the legend provide measurements only for this single location; otherwise, references provide measurements for

multiple locations. See Table 1 and Table S1 in the Supplement for more information.

The composition of airborne particles is increasingly stud-

ied by scanning electron microscope (SEM) images of indi-

vidual particles along with statistical cluster analysis of ele-

mental composition (e.g., Gao and Anderson, 2001; Lu et al.,

2006; Kandler et al., 2009; Engelbrecht et al., 2009). Both

XRD and SEM measurements are disproportionately sensi-

tive to composition on the particle surface, which may in-

clude coatings resulting from chemical reactions with other

species, compared to the particle interior.

All the observations used for our evaluation are based on

measurements of the mineral fractions of dust aerosols at the

surface. A few studies also provide aircraft measurements

(Formenti et al., 2008; Klaver et al., 2011; Formenti et al.,

2014b). Those data are not taken into consideration but will

be included in future evaluation of simulated vertical profiles.

Because of the difficulty of comparing the uncertainty of

different measurement methods, we weight all observations

equally. As prognostic models of mineral composition be-

come more common, we hope that mineral identification

within aerosol samples becomes more uniform and routine.

4 Method of evaluation

A challenge for model evaluation is the difference in record

length between climate model output and the mineral ob-

servations. Deposition is measured over periods as short as

a week. Measurements of surface concentration are based

mostly on daily sampling, with reported values derived from

a few days. In contrast, the output from our model simula-

tions consists of a continuous stream of data, from which

monthly averages are calculated. Note that even though the

model output could be archived at higher frequencies, e.g.,

every model day, a large discrepancy between the small sam-

ple sizes of many of the measurements and large samples

from the model simulations would persist. The mineral frac-

tions that we use for evaluation reflect the composition of

the soil at the source region. These fractions are probably

more consistent than the absolute concentration of the sepa-

rate minerals used to form this ratio, at least in those remote

regions where a single source dominates the supply. Thus,

measurements of mineral fractions from a few days may be

representative of the entire month. Closer to a source, the

mineral fractions may be more variable, with episodic in-

creases of quartz and other minerals that are abundant at large

diameters during dust storms (cf. Fig. 10 from Kandler et al.,

2009). An evaluation of the uncertainty created by the limited

measurement duration is planned for the future using daily

model output.

For each reference providing measurements, we calculate

a time average that can be compared to the model output. In

some cases, we estimate a monthly average using daily mea-

surements that are available for only a subset of the month.

Our simulations cover only the 9 years between 2002 and

2010, but some of the measurements date back to the 1960s.

Our evaluation assumes that multi-decadal variability in the
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mineral fractions of dust aerosols at individual locations is

small compared to the fractions themselves. A more thor-

ough discussion of the sampling uncertainty in our compari-

son between the measurements and model is provided in Ap-

pendix A.

We simulate only eight minerals in our model. However,

measurements may include additional minerals that are not

simulated. Other measurements may not include all of the

simulated minerals. (For example, Kandler et al. (2009) do

not distinguish smectite from the other phyllosilicates.) To

make the measured and simulated mineral fractions com-

parable, we recalculate the fractions at each individual data

point using only minerals present in both the measurements

and the model. We caution that this renormalization can be

misleading if some minerals that contribute to the total dust

mass were simply not reported. (The mineral fraction mea-

surements compiled in Table S1 of the Supplement include

all reported minerals, including both those simulated and

those omitted from the ModelE2.)

To account for different size ranges of the model and mea-

surements, we interpolate the mass fractions from the model

size bins to the size range of the measurements. For mea-

surements of total suspended particles (TSP), we compare to

the sum over the entire model size range. Since this range

extends only to 32 µm, this can lead to a positive bias in the

observations for minerals like quartz that are more abundant

at larger particle sizes, particularly at measurement locations

near dust sources.

We compare the measured and simulated mineral frac-

tions and ratios using scatterplots. We calculate the normal-

ized bias (nBias) and normalized root mean squared error

(nRMSE). Normalization was done by dividing the statistic

by the average of the observed values used in each scatter-

plot. The number of paired data points (N ) from the mea-

surements and the simulations is also provided with each

scatterplot. These summary statistics are computed without

weighting: for example, with respect to the number of mea-

surements used to compute the average value of each study.

Such precision seems illusory given the incommensurate an-

alytical uncertainty of different measurement types discussed

in Sect. 3. Our goal is not to provide a detailed statistical

analysis using these metrics, but to help identify robust im-

provement or deterioration of the AMF results compared to

the SMF method.

Our evaluation compares measurements from a specific lo-

cation to the value at the corresponding grid box. In the case

of ship cruises, we use the average along the cruise trajectory

within each ocean, forming a model average with the corre-

sponding sequence of grid boxes. Our comparison assumes

that the grid size of the model is sufficient to resolve spatial

variations of the measurements. This is not always the case,

particularly near dust sources that are often geographically

isolated, resulting in strong spatial contrasts of concentration

(e.g., Prospero et al., 2002). For example, we discuss below

measurements by Engelbrecht et al. (2009) and Al-Dousari

and Al-Awadhi (2012), who find large variations in mineral

ratios with respect to quartz at nearby locations in the Mid-

dle East. Some of these measurements are within a single

grid box and thus impossible to resolve with the model.

5 Evaluation of the predicted mineral fractions

In a companion paper (Perlwitz et al., 2015), it is shown that

the AMF method brings the model into better agreement with

size-dependent surface concentration derived from measure-

ments at Tinfou, Morocco (Kandler et al., 2009). The AMF

method reproduces the observed large mass fraction of phyl-

losilicates at silt sizes and reduces the quartz fraction, in

contrast to the SMF experiment (Fig. 16 in Perlwitz et al.,

2015). The AMF method also introduces feldspar and gyp-

sum at clay sizes, despite their exclusion from the MMT and

SMF experiment. Both experiments underestimate all min-

eral fractions at the largest model size category, possibly be-

cause the emitted silt is distributed among the correspond-

ing four model size categories using size-resolved measure-

ments following transport from the source and after removal

of the largest particles by gravitational settling, as described

in Sect. 2.1.

Below, we extend the evaluation of both methods to the

global scale. We calculate mineral fractions that are the ratio

of the mass of each mineral to the sum over all minerals.

Alternatively, we consider the ratio of specific mineral pairs.

The mineral mass is derived from surface concentration or

deposition, depending upon the measured quantity.

5.1 Seasonal cycle of mineral fractions

Only a few locations have measurements at multiple times

throughout the year, and these are generally insufficient to

resolve the seasonal cycle. We use these measurements for

comparison to the model that at some locations exhibits

a seasonal shift in the predominant mineral.

Figure 2 compares the simulated seasonal cycle of the

phyllosilicate fraction to measurements at Barbados (Delany

et al., 1967) and the Pacific (Leinen et al., 1994; Arnold et al.,

1998). The fraction is defined relative to the sum of min-

erals that are present in both the model and measurements

within the same size class. At Barbados, the illite–smectite

and kaolinite fractions calculated by the models show con-

trasting seasonal cycles, driven by the seasonal shift of the

Intertropical Convergence Zone (ITCZ) and the trade winds

over the North Atlantic (Moulin et al., 1997). During sum-

mer, dust is preferentially transported from northern African

sources enriched in illite and smectite, in contrast to winter,

when dust is emitted from sources farther south containing

higher amounts of kaolinite (Caquineau et al., 1998). Both

experiments calculate mineral fractions that are consistent

with the measurements, although the uncertainty due to the

small sample size hampers a robust evaluation.
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Figure 2. Annual cycle of illite plus smectite and kaolinite fractions for diameters less than 2µm and from 2 to 20µm as measured and

simulated by the SMF and AMF methods. The vertical error bars, shaded ribbons, and shaded bars represent the 95 % confidence intervals of

the measurements, the simulations (based on monthly SDs), and the simulations sampled at the frequency of the measurements, respectively.

Over the Pacific, both the SMF and the AMF experiments

show similar illite–smectite and kaolinite fractions at clay

sizes that are consistent with the observations. The slightly

smaller AMF fraction of phyllosilicates results from the addi-

tion of feldspar and gypsum at clay sizes that comes at the ex-

pense of the phyllosilicate fraction. (This difference between

the AMF and SMF treatments of phyllosilicates is obscured

in the Barbados measurements because feldspar and gypsum

are not measured and are thus excluded from our reconstruc-

tion of the total dust mass at clay sizes.) At silt sizes, the

simulated AMF fraction of phyllosilicates that is observed

at the Pacific locations is entirely absent in the SMF ex-

periment, highlighting the importance of reconstructing the

emitted phyllosilicate mass comprised of soil aggregates that

are almost totally disintegrated during wet sieving of the soil

samples. There is the suggestion that the kaolinite fraction is

overestimated by the model at both clay and silt sizes, a dis-

crepancy that is found at other locations, as will be discussed

below.

Figure 3 compares the simulated seasonal cycle of feldspar

and quartz in the Pacific to ship measurements. Both the

AMF and SMF methods predict similar quartz fractions in

the clay size range that are close to the observed values.

However, the AMF method is in much better agreement with

the measurements at silt diameters, whereas the SMF exper-

iment overestimates the quartz fraction by nearly fourfold.

Figures 2 and 3 show that the SMF overestimation of the

quartz fraction at silt sizes at the expense of phyllosilicates is

not limited to Tinfou and, more generally, to the vicinity of

source regions. The improved agreement of the AMF method

results from the reintroduction of phyllosilicate mass into silt

sizes through reaggregation, which has the effect of reducing

the quartz fraction.

For feldspar, the AMF method reproduces the clay-size

fraction of most measurements, in contrast to the SMF ex-

periment, which omits feldspar at this size. At silt diameters,

both experiments are consistent with the measurements, ow-

ing in part to their large uncertainty.
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Figure 3. Same as Fig. 2 but for feldspar and quartz.

5.2 Global evaluation of mineral fractions

We summarize the model performance by comparison to

a global distribution of measurements at silt and clay diam-

eters, respectively (Figs. 4 and 5), as well as their sum over

the entire model size range (the “bulk” composition: Fig. 6).

5.2.1 Mineral fractions in the silt size range

Figure 4 compares the measured and modeled fractions of

phyllosilicate and quartz at silt sizes. The measurements

cover various regions of the Northern Hemisphere, such as

the northern and eastern Pacific (Leinen et al., 1994; Arnold

et al., 1998), East Asia (Jeong et al., 2014), the Middle East

(Ganor et al., 2000), the eastern Atlantic (Kandler et al.,

2007), West Africa (Enete et al., 2012), and northwestern

Africa (Kandler et al., 2009). Although there are fewer mea-

surements restricted to the silt size range, compared to par-

ticle mass (PM) measurements that sum all diameters up to

a prescribed limit, measurements of these particular minerals

are relatively abundant.

At silt diameters, the SMF method systematically overes-

timates the observed quartz fraction while entirely excluding

the phyllosilicates (Fig. 4, top row). As shown previously,

this feature is largely corrected by the AMF method (Fig. 4,

middle row), as clay-sized soil particles are reaggregated for

emission at silt sizes at the expense of the quartz fraction. The

importance of reaggregation to the improved performance of

the AMF method is shown by the experiment where the reag-

gregation parameter γ is set to zero (Fig. 4, bottom row). In

the absence of reaggregation, quartz is overestimated and the

phyllosilicates are underestimated, replicating the biases of

the SMF experiment.

Even with reaggregation, the AMF method tends to un-

derestimate illite at silt sizes, while overestimating kaolinite

and smectite (the latter not shown). These errors could re-

sult from the mineral fractions prescribed by the MMT at silt
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confidence interval.
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Figure 5. Same as Fig. 4 but for illite, kaolinite, smectite, quartz, and feldspar at clay diameters (less than 2µm).

sizes, but also from the MMT clay fractions due to reaggre- gation. Combinations of illite with the other phyllosilicates

show better agreement.
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Figure 6. Same as Fig. 4 but for bulk (clay plus silt) mineral fractions of illite, kaolinite, smectite, the sum of illite and smectite, and all

phyllosilicates.

5.2.2 Mineral fractions in the clay size range

Figure 5 shows that the compensating model biases in the

silt fraction of the individual phyllosilicate minerals are also

present at clay sizes. The number of phyllosilicate measure-

ments at clay diameters is relatively large, suggesting that

these biases are robust. Both experiments have similar phyl-

losilicate biases, reflecting their common dependence upon

the MMT clay fraction. Errors in the MMT could result from

the challenge of distinguishing individual phyllosilicate min-

erals in the soil samples, as suggested by the improved agree-

ment of the combined phyllosilicate fraction. Alternatively,

this challenge could result from errors and uncertainty in the

aerosol measurements used to evaluate the model. Processes

that are not represented in our model will also contribute

to the bias. For example, the solubility of dust particles and

their vulnerability to wet removal is assumed constant during

transport, even though minerals like smectite (that are overes-

timated compared to illite) have a large hygroscopic capacity

and take up water preferentially (Frinak et al., 2005).

All three experiments show good agreement of the quartz

fraction at clay sizes (Fig. 5). Measurements also show that

feldspar is present at this size despite its omission by the

SMF method. The clay-sized feldspar in the AMF and AMF

(γ = 0) experiments is calculated using the MMT silt frac-

tion of this mineral along with the observed ratio of emitted

clay to silt (Perlwitz et al., 2015, Eq. 14). The lower clay-

sized fraction obtained with the AMF method, which is in

better agreement with the few observations available, is ex-

plained by the reduced fraction of silt-sized feldspar in this

experiment due to the reaggregation of phyllosilicate mass

into the silt-size range.

5.2.3 Mineral fractions in bulk dust

Bulk measurements of mineral composition represent sums

over all particle sizes, and are plentiful compared to mea-

surements within individual size categories. Both the SMF

and AMF methods produce similar bulk fractions of phyl-

losilicates (Fig. 6), with a small negative bias for illite and

a positive bias for kaolinite and smectite as previously noted

for the individual clay and silt sizes. These biases compen-

sate when the phyllosilicates are considered together (Fig. 6,

rightmost column), but the simulated range of fractions re-

mains underestimated by the AMF method.

With the exception of source regions and their vicinity, the

AMF and SMF methods produce bulk fractions of both total

phyllosilicates and quartz that are in good agreement with the

measured values (Figs. 6 and 7). This agreement is in spite of

clear biases in the SMF experiment at silt sizes (Fig. 4). In the

companion article, it is shown that the SMF simulation emits

less total dust (i.e., summed over all minerals) at silt diam-

eters compared to the AMF method, while emitting more at

clay sizes. Thus, the SMF method compensates for an exces-

sive fraction of quartz at silt diameters with smaller silt emis-

sion. Similarly, the unrealistic restriction of phyllosilicates to

clay sizes in the SMF experiments is offset by greater emis-

sion at these sizes. SMF fractional biases within individual

www.atmos-chem-phys.net/15/11629/2015/ Atmos. Chem. Phys., 15, 11629–11652, 2015
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Figure 7. Same as Fig. 4 but for bulk mineral fractions of quartz, carbonates, feldspar, gypsum, and iron oxides.

size categories (Figs. 4 and 5) are hidden by bulk measure-

ments due to the compensation of these errors.

This compensation is disabled in the AMF experiment

with γ = 0, showing the origin of the spurious agreement

of the SMF method with the bulk measurements. For γ = 0,

reaggregation of phyllosilicate mass into the silt category is

eliminated, resulting in an overestimated quartz fraction that

is nearly identical to the SMF value at this size (Fig. 4). Con-

sequently, the bulk measured value of the quartz fraction is

overestimated (Fig. 7, bottom row), because the emitted silt

fraction is large compared to the SMF method (albeit consis-

tent with the AMF simulation and measurements).

Conversely, fractional emission at clay sizes for γ = 0 is

small compared to the SMF experiment, consistent with the

default AMF experiment. As a result, the bulk fraction of

phyllosilicates is underestimated for γ = 0. This shows the

compensating effect of enhanced emission at clay sizes in

the SMF experiment that allows good agreement with the

observed bulk mass of phyllosilicates, despite no emission

at silt sizes.

All the experiments exhibit negative biases for their frac-

tions of carbonates, gypsum, and iron oxide (Fig. 7). These

minerals are a relatively small fraction of the soil accord-

ing to the MMT, and the common model bias suggests that

the MMT values may be an underestimate (although the un-

certainty of these fractions is large due to limited measure-

ments). The underestimate of iron oxides may additionally

result from the exclusion of goethite by the MMT, a mineral

that contributes over half of the measured iron oxide at some

locations (Shi et al., 2012; Formenti et al., 2014a; Journet

et al., 2014).

Measurements over the Arabian Peninsula (Al-Dousari

and Al-Awadhi, 2012) indicate a negative bias of the car-

bonate fractions (Fig. 7, green dots) that may result from the

model’s truncated size range that is a poorer approximation

near source regions, as discussed below.

5.3 Ratios of mineral fractions

The mineral fractions with respect to total dust that are ana-

lyzed in the previous section are unaffected by model errors

in global emission. For consistency, we constructed the to-

tal dust mass using only minerals that are common to both

the model and the specific measurement study. However, this

construction introduces errors where measurements of total

dust include minerals that are not reported. By considering

ratios of specifc pairs of minerals, we avoid this ambiguity,

even though distinguishing individual minerals can be more

uncertain than measuring the total dust mass.

Figure 8 shows mineral ratios with respect to quartz,

whose abundance allows relatively certain identification and

measurement. Like mineral fractions, mineral ratios will

evolve downwind of the source region. Within a single size

bin, minerals that are denser or more soluble than quartz will

decrease their ratio due to their larger gravitational settling

speed or wet scavenging efficiency. In our model, we in-

clude only the first effect, and only pure crystalline iron ox-

ides have a density that is appreciably different from that of

quartz. With the exception of iron oxides, mineral ratios with

Atmos. Chem. Phys., 15, 11629–11652, 2015 www.atmos-chem-phys.net/15/11629/2015/
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Figure 8. Measured vs. simulated mineral ratios with respect to quartz for the SMF, AMF and AMF (γ = 0) methods. The dashed lines mark

a ratio of 2 : 1 and 1 : 2 between the simulated and observed mineral ratios.

respect to quartz are fairly constant within each size category.

This ratio changes only as the relative contribution of differ-

ent size bins to the mineral mass within the measured size

range evolves downstream.

Figure 8 reiterates model behavior that was illustrated by

the mineral fractions with respect to the total dust mass. For

example, in the SMF experiment, phyllosilicates are absent

outside of the clay size range, in contradiction to measure-

ments (leftmost column, orange dots). This error is largely

fixed in the AMF experiment. Again, this is a consequence

of reaggregation, as shown by the AMF experiment with the

reaggregation parameter γ set to zero (bottom row), where

the model phyllosilicate fraction is zero at purely silt diame-

ters (orange dots). At clay sizes (dark blue dots), both experi-

ments give similar fractions, reflecting their common deriva-

tion from the MMT. Similarly, feldspar and gypsum in the

SMF experiment are absent at clay sizes (dark blue dots) as

a direct result of the MMT.

Additional ratios with respect to minerals other than quartz

are shown in Figs. S3 to S6 of the Supplement.

5.4 Sources of model error

The overestimated bulk fraction of combined phyllosilicates

in the AMF experiment at various locations within the Ara-

bian Peninsula (Fig. 6, middle row, right column, green

points) illustrates potential sources of model error. The mea-

surement sites are located near dust sources, where there

are aerosols with large diameters outside the range trans-

ported by ModelE2. Al-Dousari and Al-Awadhi (2012) re-

port that deposition at these sites is predominantly quartz and

carbonate with roughly one-third of the total aerosol mass

contributed by diameters above 63µm. Overestimate of the

phyllosilicate fraction at these locations could be caused by

the model’s exclusion of particle diameters above 32µm that

causes the total model dust mass to be underestimated.

Figure 9, which compares mineral fractions within addi-

tional size ranges, illustrates other challenges of modeling

mineral fractions near dust sources. All the simulations over-

estimate the quartz fraction of PM10 measured within the

Middle East (left column, light blue dots) by Engelbrecht

et al. (2009). This error is partly a consequence of apportion-

ing emitted silt into the model size bins using measurements

after transport. Preferential settling of the largest particles be-

tween the time of emission and measurement results in an

underestimate of emission at this size. Correction of this er-

ror would reduce emission within the smaller silt categories

that contribute to PM10. This is because the apportionment

does not change the total silt emission, so that an increase at

the largest size must be balanced by a reduction elsewhere.

Both the SMF and AMF experiments are susceptible to er-

rors of silt apportionment, but the overestimate of the PM10

quartz fraction is largest for the AMF (γ = 0) experiment

(Fig. 9, bottom row). This experiment combines the large

quartz fraction of the SMF method (undiminished by phyl-

losilicate reaggregation) with the large fractional emission of

silt diameters corresponding to the AMF method.

All the experiments consistently underestimate the range

of observed mineral ratios (Fig. 8). This underestimate is

www.atmos-chem-phys.net/15/11629/2015/ Atmos. Chem. Phys., 15, 11629–11652, 2015
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Figure 9. Same as Fig. 4 but including particle mass (PM) measurements at other size ranges.

partly a consequence of the MMT that is designed to give

a mean mineral fraction that is approximately valid for all

examples of a particular arid soil type instead of representing

the actual variations within this soil type. The limited range

may also result from the horizontal resolution of the model

that prevents the reproduction of sharp gradients that are ob-

served close to source regions, where the largest aerosols are

removed rapidly by gravitational settling. The short lifetime

of large particles results in measured spatial contrasts that are

large and difficult to simulate, especially where the measure-

ment sites are closely spaced, as in the study of Engelbrecht

et al. (2009).

The single particle measurements of mineral fractions at

Tinfou cannot distinguish the size distributions of the phyl-

losilicates and feldspars, which are thus assumed to be identi-

cal (Kandler et al., 2009). However, the increasing elemental

ratio of potassium compared to silicon with increasing parti-

cle diameter suggests that feldspar is becoming more abun-

dant compared to phyllosilicates within the model’s largest

transport bin. This suggests that the distribution of feldspar

is in fact weighted toward larger silt sizes, in contrast to

our current assumption that it shares an identical distribu-

tion with phyllosilicates. These corrections would have the

greatest effect near source regions like the Arabian Penin-

sula (where the largest particles have not yet been depleted

by gravitational settling) and for the AMF experiment, whose

fractional emission of total dust at silt sizes is larger than the

SMF fraction. The more general point is that near source re-

gions, errors in our apportionment of silt emission have the

largest effect.

6 Conclusions

In a companion article (Perlwitz et al., 2015), we define two

methods of calculating aerosol mineral composition based

upon the Mean Mineralogical Table (MMT) proposed by

Claquin et al. (1999). The MMT infers the mineral compo-

sition of both the clay and silt-sized fractions of the soil at

each location using a global atlas of arid soil type. For the

Soil Mineral Fraction (SMF) method, we assume that the

emitted size distribution corresponds to the local soil tex-

ture, so that the emitted mineral fractions and their depen-

dence upon size are identical to those of the parent soil. Both

the MMT and soil texture are based upon measurements that

follow wet sieving of the soil sample, whereby soil aggre-

gates are broken into smaller particles. Minerals like phyl-

losilicates that are aggregates of smaller soil particles are

almost exclusively observed at clay sizes after wet sieving,

despite aerosol measurements showing greater phyllosilicate

mass at silt diameters (e.g., Kandler et al., 2009). This sug-

gests that many of the aggregates that are destroyed during

wet sieving would resist complete disintegration during wind

erosion of the original, undispersed soil. We define a second

experiment based upon the Aerosol Mineral Fraction (AMF)

method that allows contrasts between the size distributions

of the wet-sieved soil and the emitted minerals. We propose

a heuristic reconstruction of aggregates based upon brittle
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fragmentation theory, where aggregrates of phyllosilicates

and other minerals are reintroduced at silt sizes in proportion

to their abundance at clay sizes in the wet-sieved soil. The

emitted clay fraction is small, so that phyllosilicate aerosols

in the AMF simulation are largely present at silt sizes as a re-

sult of reaggregation. The reintroduction of phyllosilicate ag-

gregates at silt diameters reduces the emitted quartz fraction,

because the fraction of emitted silt is fixed. Many of these

aggregates are small enough to travel far from their source.

However, the silt-sized mineral fractions of the wet-sieved

soil include particles as large as 50µm that remain suspended

only within a short distance from the parent soil. We specify

the emitted fraction of each mineral at these larger diameters

by using an empirical size distribution derived from measure-

ments of dust arriving at Tinfou, Morocco. By accounting

for these larger diameters, our study extends the method of

Scanza et al. (2015), who also use brittle fragmentation the-

ory to calculate emission of the far-traveled particles.

To evaluate the two experiments, we compiled measure-

ments from nearly sixty studies that are distributed both near

and far downwind of major dust source regions. In spite of

this extensive compilation, many key sources remain under-

sampled. There are insufficient measurements to resolve the

seasonal cycle of the mineral fractions and corroborate sea-

sonal shifts of the dominant mineral calculated by the model

that imply a change in source region. For example, kaolin-

ite that is abundant in the Sahel dominates model deposition

at Barbados during Northern Hemisphere winter, while an

increase of emission in North Africa during the summer de-

livers more illite. In general, the uneven distribution of mea-

surement sites and their limited duration imposes a large un-

certainty that allows us to robustly evaluate only the most

general features of the experiments.

Nonetheless, we show that the AMF method addresses key

deficiencies of the SMF experiment in comparison to mea-

surements. In particular, AMF phyllosilicates (that are nom-

inally “clay” minerals) are most abundant at silt sizes, while

the silt fraction of quartz is reduced compared to the SMF

value and in better agreement with measurements. In spite

of the unrealistic behavior of the SMF method at silt sizes,

both experiments show reasonable agreement with measure-

ments when the mineral fractions are summed over the entire

size range. This is because the emitted clay fraction in the

SMF experiment is large relative to the AMF experiment.

This extra emission of clay-sized phyllosilicates in the SMF

simulation compensates for the absence of these minerals at

silt sizes. Similarly, the reduced fraction of emission at silt

sizes in the SMF experiment compensates for its excessive

quartz fraction. The fractional emission of clay and silt sizes

in the SMF experiment is based upon the local soil texture

that is derived from measurements of the fully dispersed,

wet-sieved soil. However, the large fraction of emitted clay-

sized particles in the SMF method is inconsistent with emis-

sion measurements that show a relatively small and region-

ally invariant emitted clay fraction (e.g., Kok, 2011). Thus,

measurements of mineral fractions that sum over all sizes do

not distinguish between the AMF and SMF methods because

of compensating errors in the latter that are more clearly dis-

tinguished by measurements limited to silt diameters. This is

shown by a variation of the AMF experiment with reaggrega-

tion omitted (γ = 0), where silt-sized phyllosilicates are ab-

sent and the mineral fractions compared poorly to bulk mea-

surements.

The AMF method extends feldspar into the clay size range,

consistent with measurements. However, the bulk mineral

fractions of carbonates, gypsum and iron oxides are under-

estimated by both methods. The common bias suggests an

origin within the MMT fractions, although the aerosol mea-

surements themselves are infrequent and subject to uncer-

tainty. The underestimation of iron oxides may also result

from the exclusion of goethite from the MMT, a mineral that

is a source of aerosol iron (Formenti et al., 2014a; Journet

et al., 2014).

Both the SMF and AMF experiments reveal a smaller

range of mineral ratios compared to the observations. This is

partly a consequence of model resolution that is insufficient

to resolve strong spatial contrasts in mineral fractions near

isolated source regions. In addition, spatial variations of soil

mineral composition are reduced by the MMT that consists

of a single average value for all examples of the same arid

soil type. Common features of the AMF and SMF mineral

fractions at clay sizes are a useful test of the MMT, because

the emitted fractions in both experiments are unmodified by

reaggregation. Recent studies have proposed refinements to

the MMT based upon a greater number of soil measurements

and inclusion of additional minerals such as goethite, chlorite

and vermiculite (Journet et al., 2014). These refinements can

be complemented with studies that map the mineral compo-

sition of specific sources (Formenti et al., 2014b). However,

we emphasize that there remain errors in our model repre-

sentation of the aerosol life cycle.

Errors may also arise from our apportionment of the emit-

ted silt to the transported size bins. The AMF method cur-

rently apportions silt emission using size-resolved measure-

ments of individual minerals after transport to Tinfou, Mo-

rocco. Evaluation of the model mineral fractions suggests

that prior deposition has preferentially removed the largest

particles (cf. Fig. 17 of Perlwitz et al., 2015), resulting in

an underestimate of emission at the largest silt sizes. This

results in a compensating overestimate of emission at the

smallest silt sizes (due to the normalization of the prescribed

size distribution), contributing to excessive model values of

PM10 near sources. Errors in the size distribution of emis-

sion have implications for the long-range transport of partic-

ular minerals like quartz that are typically emitted at larger

sizes. This emphasizes the need for size-resolved measure-

ments of emission that distinguish between individual miner-

als and can replace our current prescription based upon mea-

surements after transport.
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This study is a step toward calculating the influence of

aerosol mineral composition upon climate, including ra-

diative forcing, physical and chemical transformation dur-

ing transport and aerosol solubility, among other processes.

While the global distributions of quartz and phyllosilicates

like illite and kaolinite are probably the best characterized

by measurements, other minerals with important climate im-

pacts are subject to fewer constraints. This is especially true

for minerals like montmorillonite (a member of the smectite

group) and feldspar that are subject to fewer measurements,

resulting in an uncertain spatial distribution despite these

minerals’ potential importance for ice nucleation (Hoose

et al., 2008; Atkinson et al., 2013). Note that the regional dis-

tribution of smectite and feldspar are very different between

the SMF and AMF experiments (cf. Figs. 14 and 15 of Perl-

witz et al., 2015). Iron oxides are also subject to few direct

measurements, either airborne or in the soil, although their

distribution could be constrained using retrievals of aerosol

shortwave absorption (Koven and Fung, 2006). In general,

the climate impacts of dust that depend upon its specific min-

eral content remain highly uncertain and underconstrained.

Despite the extensive compilation of measurements pre-

sented in Table 1, the large remaining uncertainty limits our

ability to suggest more precise treatments of aerosol mineral

composition and its relation to the compositon of the parent

soil. The abundant measurements of bulk mineral fractions

far downwind of dust sources are particularly unhelpful to the

extent that models can compensate for errors in soil compo-

sition through errors in the emitted size fraction. This shows

the value of future measurements of aerosol mineral com-

position that are size resolved. Currently, these are rare, even

though the technology exists for more routine sampling (e.g.,

Kandler et al., 2009). In contrast, measurements of elemental

abundance are relatively ubiquitous and long records exist at

stations like Izaña with relatively small sampling uncertainty

(Rodríguez et al., 2011). We will report on an evaluation of

the AMF and SMF methods using elemental abundance and

the implications for modeling aerosol mineral composition

in a subsequent study (Pérez García-Pando et al., 2015).
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Appendix A: Sampling uncertainty

We designed the evaluation of the SMF and AMF exper-

iments to emphasize the differences between two methods

of calculating aerosol mineral content. We compare mineral

fractions rather than the absolute concentration of individ-

ual minerals to remove the effect of our uncertainty about

the magnitude of global dust emission. Similarly, we relax

the model winds toward reanalysis values so that the model

mineral fractions are more strongly dependent upon the cal-

culated fractions at emission rather than possible errors in

aerosol transport.

Uncertainty of evaluation also results from sampling, in-

cluding the occasional departure of the measurement dura-

tion from the monthly averages archived by the model. There

are two general cases. In the first case, the measurements

represent an average over a duration of a month or longer

and can thus be compared directly with the archived model

output. The measured quantity in this case is typically depo-

sition. For this example, we calculate the standard deviation

(SD) of the model, using the nine values available from the

9 years simulated by each experiment. The SD allows us to

estimate a distribution of possible model values that can be

compared to the single measured value. That is, we are ask-

ing whether the measured value is consistent with the model

distribution. This allows a consistent treatment of measure-

ments that are both within and beyond the range of years

corresponding to our experiments. The model mean and SD

of the mineral fractions are fitted to a beta distribution that

is commonly used to represent values that are bounded be-

tween zero and one (e.g., Freund, 1992). In the figures, we

illustrate the distribution of model values with the 95 % con-

fidence interval of the beta distribution.

In the second case, we have a measurement-like concen-

tration whose duration is less than the single month used to

archive model output. In most examples, we have multiple

measurements from which we can estimate a time average

and standard error for comparison to the model. If these mea-

surements are confined to a single month, then we interpret

the time average as an estimate of the monthly average that

can be compared to the model output. The uncertainty of this

average is estimated using the standard error sE,O:

sE,O =
σO
√
NO

, (A1)

where σO is the SD of the NO observations. (For computa-

tional convenience, we assume that the observations are dis-

tributed normally about their mean rather than according to

a beta distribution. Then, the inferred time average of the ob-

servations is within 2 standard errors of the true value 95 %

of the time.) Here, we are essentially using the repeated ob-

servations to form a distribution of all possible values during

the averaging interval, including those times when measure-

ments were not taken. This distribution is then used to esti-

mate the uncertainty of the mean. In the figures, this uncer-

tainty is represented as 2 standard errors above and below the

inferred time mean.

There are a few examples where daily measurements (or

more generally, measurements over sub-monthly durations)

are scattered over a much longer period. In some cases, the

precise date of measurement is unknown (e.g., Engelbrecht

et al., 2009). In these cases, the uncertainty of the corre-

sponding time average is probably bounded by the annual

cycle that we estimate using the SD of the measurements.

Our uncertainty estimate is not particularly precise, but for-

tunately, there are relatively few cases of this type.

A more rare case is where we have a measurement for only

a single day (e.g., Alastuey et al., 2005). Here we compare

this single measurement directly to the monthly average of

the model. We estimate the uncertainty of the single mea-

surement as a monthly average by borrowing its SD from

that calculated using the model. We cannot directly calculate

the daily SD from model output, but we make the assumption

that interannual variations in the model monthly means result

solely from averaging over sub-monthly fluctuations. Then,

we can estimate σM, the model SD at the timescale of the

observation interval 1TO (1 day, in this example) according

to

σM =

√
NM

1TO

σM,monthly, (A2)

where σM,monthly is the interannual SD of the monthly aver-

ages, and NM represents the number of days in the month

corresponding to the measurement. In the figure, the uncer-

tainty is illustrated as 2 SDs above and below the single ob-

served value.

There are a number of assumptions that go into our cal-

culation of measurement uncertainty. For example, Eq. (A1)

assumes that successive measurements are not correlated. It

is straightforward to replace the number of observations with

an effective number if the data show that successive measure-

ments are autocorrelated (but we have neglected this possi-

bility). In addition, the calculation of the sub-monthly SD

in terms of interannual variability according to Eq. (A2) as-

sumes that fluctuations of the mineral fractions have uniform

spectral power at periods longer than the sub-monthly mea-

surement interval. In general, our less defensible assump-

tions are necessitated by the sparse measurement record. This

shows the urgent value of future measurements of aerosol

mineral composition that are widespread and routine that

would reduce the need for imprecise and heuristic charac-

terizations of uncertainty like Eq. (A2). In any case, we try

to draw conclusions from this study based upon differences

between the experiments that are qualitatively apparent and

that do not rely upon intricate statistical analysis.
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The Supplement related to this article is available online

at doi:10.5194/acp-15-11629-2015-supplement.
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