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A B S T R A C T   

The effect of atmospheric dust on the Earth’s climate and air quality is especially severe in the major dust-source 
regions of the globe, such as the Arabian Peninsula. To better quantify the impact of dust over this region, we 
established the dust deposition measurement sites at King Abdullah University of Science and Technology 
(KAUST) and an AErosol RObotic NETwork (AERONET) station. We measured and analyzed dust deposition for 
61 months from 2014 to 2019, totaling 442 samples, in 6 different locations on the KAUST campus (22.3 N; 
39.1E). The analyses include gravimetric measurements, X-Ray Diffraction (XRD) mineral analyses, and particle 
size distribution measurements. The intercomparisons of the samples collected from different sampling sites 
show that the dust deposition rates on campus are spatially uniform. Particle size and mass measurements of 
deposition dust samples are found to be uncorrelated with the concurrent AERONET measurements. Deposition 
sample sieving (D < 56 µm), applied since May 2019, make the measurements more consistent but do not 
significantly affect particles’ size distribution with diameters D < 20 μm. Large particles with D > 20 µm are 
typically of local origin, since they deposit quickly. The annual mean deposition rate is about 11 g m-2 mo-1, 
with higher spring and fall rates and reduced rates in summer. The mineralogical analysis shows an abun-
dance of quartz and feldspar with lesser amounts of micas, gypsum, clays, carbonate, halite, and iron oxides. 
Gypsum traces are probably produced either in the atmosphere or in the deposited sample by the reaction be-
tween carbonates and sulfur dioxide. The deposition of dust particles with D < 20 µm in the Red Sea totals 8.6 Mt 
annually. This comprises 1.05 Mt of quartz, 0.88 Mt of feldspars, 0.22 Mt of carbonates, 1.39 Mt of clays, and 
0.06 Mt of hematite, which plays a vital role in maintaining the Red Sea nutrient balance.   

1. Introduction 

Mineral dust is ubiquitous in the earth’s atmosphere, mainly emitted 
from the continental arid and semi-arid regions of North Africa, the 
Middle East, Asia, and to a lesser extent from Australia, southern Africa, 
and South and North America (Prospero et al., 2002; Washington and 
Todd, 2005; Buseck et al., 2000; Goudie and Middleton, 2006; Muhs 
et al., 2014; Edgell, 2006). The climate effect of dust is evaluated using 
global (Miller and Tegen, 1998; Huneeus et al., 2011; Bangalath and 
Stenchikov, 2016) and regional (Prakash et al., 2015, 2016; Kalenderski 
et al., 2013; Kalenderski and Stenchikov, 2016; Anisimov et al., 2017; 
Osipov and Stenchikov, 2018) models. Spaceborne satellite instruments 
conduct global monitoring of aerosol optical depth (AOD), which 

measures optical attenuation, directly related to the abundance of total 
suspended particulates (TSP) in the atmosphere (Kaufman et al., 1997; 
Diner et al., 1998; Kahn et al., 2005; Acker and Leptoukh, 2007; Lya-
pustin et al., 2018). Recent studies show that model representations of 
dust size distribution are still in the development stage, and climate 
models tend to underestimate the atmospheric load of coarse dust 
(Adebiyi and Kok, 2020; Ryder et al., 2019). Therefore, a thorough 
analysis of the life cycle of atmospheric dust, from emission to deposi-
tion, is crucial. 

The emission and deposition of dust are not well constrained in at-
mospheric models, leading to large model uncertainties (Bergametti and 
Forêt, 2014; Schulz et al., 2012; Ukhov et al., 2020a), and neither of 
these two processes can be measured by satellite, aerial, or other remote 

* Corresponding author. 
E-mail address: Georgiy.Stenchikov@kaust.edu.sa (G. Stenchikov).  

Contents lists available at ScienceDirect 

Aeolian Research 

journal homepage: www.elsevier.com/locate/aeolia 

https://doi.org/10.1016/j.aeolia.2021.100717 
Received 17 November 2020; Received in revised form 29 April 2021; Accepted 16 May 2021   

mailto:Georgiy.Stenchikov@kaust.edu.sa
www.sciencedirect.com/science/journal/18759637
https://www.elsevier.com/locate/aeolia
https://doi.org/10.1016/j.aeolia.2021.100717
https://doi.org/10.1016/j.aeolia.2021.100717
https://doi.org/10.1016/j.aeolia.2021.100717
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aeolia.2021.100717&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Aeolian Research 52 (2021) 100717

2

systems. Model results and satellite retrievals can readily be calibrated 
applying laboratory measurements of dust mineralogy and chemical 
composition, which is vital to accurately evaluate dust radiative prop-
erties (Di Biagio et al., 2020) and impacts on health (Lelieveld et al., 
2015). The mineralogical and chemical composition of dust particles can 
be determined solely from ground-based field sampling. 

Dust aerosols are mainly composed of mixtures of fine airborne 
mineral particles, including individual and composite mineral grains. 
The most common minerals found in the continental soils of dust- 
generating regions of the Middle East include quartz, feldspars, 
calcite, dolomite, micas, chlorite, kaolinite, illite, smectite, palygorskite, 
mixed-layer clays, vermiculite, iron oxides, gypsum, and halite (Engel-
brecht et al., 2009, 2016; Goudie and Middleton, 2006; Prakash et al., 
2016; Pye, 1987; Scheuvens and Kandler, 2014). Depending on the 
composition of the provenance rocks and local geology, the dust may 
also contain minerals such as amphiboles and pyroxenes (Sulieman 
et al., 2020; Attiya and Jones, 2020; Suresh et al., 2021). The importance 
of dust mineralogy has long been recognized (Engelbrecht et al., 2016), 
but only recently has the explicit transport of different mineralogical 
species been implemented in climate models (Perlwitz et al., 2015b; 
2015a;; Scanza et al., 2015; Zhang et al., 2015). The mineralogy and 
physical properties of dust generated in the Red Sea coastal region re-
mains largely undocumented. The Red Sea coastal plain is a narrow, 
highly heterogeneous piedmont area, and existing soil databases do not 
have a sufficiently high spatial resolution to describe it adequately 
(Nickovic et al., 2012). Due to proximity to the Red Sea, dust emitted 
from the Red Sea Coastal Plain is considered a primary source of nu-
trients to marine microorganisms in the oligotrophic Red Sea, especially 
in the northern Red Sea (Raitsos et al., 2013). 

The campus of King Abdullah University of Science and Technology 
(KAUST), centrally located on the Red Sea coastal plain of Saudi Arabia 
(22.3oN; 39.1oE), is impacted by dust deposits from the deserts of the 
Arabian Peninsula and northeast Africa, with substantial dust contri-
butions coming from the Red Sea coastal plain itself, which is an 
important dust source region (Ginoux et al., 2012; Prospero et al., 2002; 
Anisimov et al., 2017; Prakash et al., 2016) which also impacts the Red 
Sea. The other dust sources affecting the KAUST campus area vary by 
season and are associated with local haboobs and low-level jets deliv-
ering dust from the Tokar delta of Sudan in summer (Kalenderski and 
Stenchikov, 2016), and the west coast of the Arabian Peninsula and 
North Africa in winter (Kalenderski et al., 2013). 

Taking advantage of the geographical location of KAUST, we have 
undertaken AOD measurements over the Red Sea within the scope of the 
NASA Maritime Network, using a hand-held MICROTOPS sunpho-
tometer (Brindley et al., 2015), since 2011; and overland, using a Cimel 
Robotic Sunphotometer in cooperation with AErosol RObotic NETwork 
(AERONET), since 2012. The AERONET and maritime network data are 
available at the NASA Goddard Space Flight Center Website https://aer 
onet.gsfc.nasa.gov/. Dust deposition measurements at the KAUST 
campus have been ongoing since December 2014. All observations, 
except those conducted onboard ship by MICROTOPS, have been per-
formed in the proximity of the KAUST campus. 

In this work, we present data on a five-year dust sampling period, 
and an in-depth analysis incorporating two of our previous experimental 
dust studies in the Red Sea coastal region (Prakash et al., 2016; Engel-
brecht et al., 2017). 

The primary objective of our current study is to provide an assess-
ment of the deposition rates of total dust, as well as that of individual 
minerals, being deposited into the Red Sea. The study also examines the 
temporal and spatial variability in the mineralogy and physical prop-
erties of deposition samples collected on the KAUST campus, based on 
cumulative analysis of our five-year observations. We investigate the 
aerosol deposition rates and the size distributions of particles in depo-
sition samples, collected both along the Red Sea coast and over the Red 
Sea. We also describe and evaluate the analytical procedures, and esti-
mate the uncertainty of the measurements. 

We believe that the results of this study will help to better quantify 
the annual dust mineralogical input into the Red Sea, and will further 
our understanding of the optical and physical effects of atmospheric dust 
across this hotspot region, which is especially relevant for climate 
change and radiative forcing studies, as well as the harnessing of solar 
energy in this region. This paper is accompanied by an extensive and 
well-organized supplemental section that assembles all of our analyses. 

2. Methods 

2.1. Deposition sampling 

Deposition samples are collected from six sites on or close to the 
KAUST campus (see Fig. 1 and Table 1, Supplement S1), with each 
sample representing a different environmental domain. The sampling 
sites are distributed to assess the spatial uniformity of the aerosol 
deposition patterns at ground level, the influence of the elevation above 
sea level, and the distance from the Red Sea shore. The first observation 
site (NEO) is located at an experimental solar panel site on campus 
(Solar Park), on a rock pebble covered yard with paved walkways. This 
site is impacted by intermittent on-campus construction activities and 
adjacent paved road vehicular traffic. The second site (CMOR) is set on a 
concrete quayside approximately 5 m from the seawall, which is 
impacted locally by sea spray and activities along the quayside. The 
third site (Beacon) is on a small peninsula partially surrounded by the 
sea, mangroves, and a dirt road, approximately 200 m from the KAUST 
beacon landmark. The Al Misk site is on a small sandy coral island, about 
2 km off the KAUST campus coastline. This site is selected to act as a 
reference background site, distanced from construction, roads, or other 
local dust sources. However, unfortunately this site often produces 
samples contaminated by droppings from nesting osprey, gulls, and 
seasonal flocks of migratory birds, which frequently results in the 
growth of algae inside the plastic collection flask, particularly in the 
months with higher rainfall. Sampling site Bld3roof is set on the roof of a 
campus building about 25 m above ground level, to provide samples 
collected at elevation and thus vertically removed from local ground- 
level dust sources and sea spray. The most recent sampling site (Post) 
is set up on a second island about 1.5 km from the KAUST harbor, which 
due to the constant presence of the coastguard has less avian-derived 
contamination. The number of samplers at each site is normally two 
(Supplement S1 for metadata). 

At each sampling site, particulate deposits are collected once a 
month with inverted Frisbee dust deposition gauges with open cell 
polyester foam inserts (Fig. 1) (Hall et al., 1993; Vallack and Chadwick, 
1992; 1993;; Vallack and Shillito, 1998; Engelbrecht et al., 2017; Val-
lack, 1995b, 1995a). The deposition samples are accumulated over one 
calendar month to provide enough material for analysis. The samples are 
retrieved from the deposition gauges by thoroughly flushing the par-
ticulates from the foam insert into the Teflon coated aluminum dish with 
distilled water, dispensed from a pressurized spray bottle. In this 
fashion, the slurried samples drain from the inverted Frisbee dish, down 
the plastic tube, and into the white plastic sample collecting bottle. 
Following each sample retrieval, a new polyester foam insert, and a 
thoroughly rinsed collection bottle are installed below the Frisbee dish. 
These precautions are taken to minimize cross-contamination of 
sequential samples. Since the foam inserts decompose over time and 
become brittle from exposure to UV sunlight, they are replaced monthly, 
as this decomposition can result in small flakes of polyester foam 
contaminating the sample. 

A total of 442 deposition samples were collected and weighed over 
the course of the 61 month field campaign, from December 2014 to 
December 2019 (Table 1). 

2.2. Sample retrieval and analysis 

To discard non-aerosol artifacts such as coarse sand pebbles, plant 
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material, bird detritus, plastic foam chips, and algae, we pass the 
deposition sample slurries through a 56 μm stainless steel screen. The 
sieved sample is then transferred to a half-filled 600- or 900-ml freezer 
flask. The flask containing the sample is chilled in two steps, first to 
about − 40 ◦C by rolling in a chilled ethanol bath in a “shell freezer”, and 
thereafter to about − 70 ◦C in an upright freezer. This two-stage freezing 
process takes about two days and is specially designed to avoid shat-
tering the glass freezer flask and subsequent loss of the deposition 
sample. The glass flask with the frozen sample is connected to a vacuum 
system for two days to sublimate the sample to dryness. The freeze-dried 

(sublimated) sample is transferred to a test tube for mass measurements, 
mineral analysis by powder X-ray diffraction (XRD), and LASER particle 
size distribution analysis (LPSA). Samples collected from May 2019 to 
December 2019 were sieved to diameter D < 56 μm directly after being 
collected in the field. A subset of about 38 samples collected from May 
2016 to September 2018 were not sieved immediately after collection, 
but were later re-suspended in distilled water, sieved, and weighed a 
second time, as discussed in detail below. These steps were taken to 
remove the potential artifacts and coarse mineral grains found in some 
earlier samples. The sample mass loss from the second suspension and 

Fig. 1. The insert map (top right) of the deposition sites at the KAUST campus marked as follows: A - Al Misk DT6, B - Post DT8, C - Beacon DT5, D - CMOR DT2, E 
and F are closely located Solar DT3F and Solar DT3.4, G - Bld3 DT7. Bottom left insert: Inverted Frisby aerosol deposition gauge, with polyester foam insert to prevent 
dust deposits being blown out once deposited in the dish. Also shown are spikes and fishing lines to discourage birds wanting to land on the sampler. 

Table 1 
Sampling localities, sampling intervals and sample retrievals. At each site there are two samplers, except at the Beacon site four samples were collected for a limited 
period.   

Site Latitude Longitude Elev. m.a.s. 
l. 

Sampling 
Start 

Sampling 
End 

Sampling interval, 
months 

Months sampled, 
actual 

Samples 
Retrieved 

DT2 CMOR 22◦18′16.60′′N 39◦06′07.91′′E 2 May-15 Dec-19 56 56 96 
DT3 NEO 22◦18′17.31′′N 39◦06′30.51′′E 1 Dec-14 Jun-19 56 54 114 
DT5 Beacon 22o18′08.07′′N 39o05′39.78′′E 1 Mar-16 Dec-19 47 44 143 
DT6 Al Misk 22◦19′36.54′′N 39◦ 04′11.44′′E 1 Nov-17 Feb-19 22 8 14 
DT7 Bld3roof 22◦18′29.73′′N 39◦ 06′20.04′′E 25 Dec-17 Dec-19 25 25 47 
DT8 Post 22◦17′56.11′′N 39◦ 04′52.03′′E 2 May-18 Nov-19 19 15 28 
Total number of samples retrieved      442  
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sieving process is estimated to be about 30% for samples that were not 
significantly contaminated (Supplement S10). 

2.3. Gravimetry 

After freeze-drying, the samples are weighed on a five-decimal lab-
oratory balance. Knowing the diameter of the Frisbee sampling gauge 
(227 mm), the deposition rates (g m-2 mo-1) can be calculated. A 
summary plot for the entire period of observations of the monthly 
deposition rates averaged over all samplers is shown in Fig. 2a. The error 
bars reflect standard deviations of the monthly means calculated among 
all samplers for a given month. The histogram plots for the individual 
sites are provided in Supplement S2. 

2.4. Mineral analysis by X-ray diffractometry (XRD) 

X-ray diffractometry (XRD) is the most commonly applied technique 
for measuring the mineralogical content of dust. Depending on the 
mineral crystallinity and sample preparation procedure, minerals at 
concentrations less than ~3% cannot be accurately measured by XRD. 
We apply the relative intensity ratio (RIR) method described by Chung 
(1974), whereby the measured mineral concentrations are normalized 
to 100%. This method excludes concentrations of amorphous and low 
crystalline phases, such as volcanic glass and organic compounds. The 
accuracy of these measurements is also affected by diffraction peak-on- 
peak and peak-on-background interferences, preferred orientation in the 
sample mounts, and variable crystallinities in the minerals. 

Approximately 0.25 g of the sample is lightly loaded into a front- 
loading sample holder, taking care not to press down on the sample, 
thus minimizing the preferred orientation of the platey mineral parti-
cles. The powder sample mounts are run on a Bruker D8 powder 
diffractometer operating a Cu anode tube at 40 kV and 40 mA. Scans are 
collected over a range of 5◦ to 75◦ in steps of 0.01◦ 2θ, for about 120 min 
per scan. The XRD intensities are processed to provide the semi- 
quantitative mineral concentrations by applying the Bruker AXS X-ray 
DIFFRAC EVA software and the International Centre for Diffraction Data 
ICDD PDF-4/Minerals database. 

2.5. Positive matrix Factorization (PMF) 

Positive Matrix Factorization (PMF) is a multivariate factor analysis 
technique for evaluating large environmental data sets, providing a 
method for receptor modeling that fingerprints and models aerosol 
source types and attributions (Paatero and Tapper, 1994; Norris et al., 
2014; Comero et al., 2009). The model can be expressed as:  

X = GF + E                                                                                         

where X is the measured data matrix (in this case, the mineralogical 
compositions), G and F are the matrices to be determined, and E is the 
residual matrix. G is the source attributions matrix, and F the matrix 
characterizing each source type, i.e., the mineralogical source finger-
print of each source. The elements of both G and F are constrained to be 
positive, implying that emitting sources cannot have negative mineral 
concentrations. The iterative process strives to minimize errors of matrix 
E. 

2.6. Particle size analysis 

Aerosol particle size distribution is one of the most critical physical 
parameters of aerosols. It defines the aerosol sedimentation velocities 
and lifetime in the atmosphere, and largely controls the aerosol radiative 
effect (Scheuvens and Kandler, 2014; Highwood and Ryder, 2014; Miller 
et al., 2014; Osipov et al., 2015). 

Particle size measurements are performed on a benchtop Malvern 
Mastersizer 3000® Laser Diffraction Particle Size Analyzer (LPSA) 

equipped with a Hydro LV liquid sampling unit, applying a Standard 
Operating Procedure (SOP) software package customized for the anal-
ysis of particle suspensions in the 0.1–1000 μm particle diameter range. 
The instrument measures blue and red wavelength scattered laser 
radiance and applies software to calculate the volume percentages of the 
particle size bins, assuming the particles to be perfect spheres as per the 
Mie theory. The blue laser is particularly suited for particles below 1 μm 
in diameter, and the red laser for particles of larger diameter. 

Approximately 150 mg of freeze-dried sample is added to a 10 ml 
aqueous solution of 0.1% sodium hexametaphosphate de-flocculant in a 
test tube. The suspension is gently shaken overnight before being poured 
into a 600 ml glass beaker of distilled water. Before starting the mea-
surement cycle, the beaker containing the suspension is placed on the 
liquid sampling unit and sonicated for 90 s to further de-aggregate the 
mineral clusters that formed during the sampling and freeze-drying 
steps. The sample is continuously agitated while being pumped into 
the system for five consecutive measurement cycles. 

2.7. Data 

MERRA-2 (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2) is 
meteorological, aerosol, and atmospheric chemistry reanalysis. It pro-
vides meteorological and atmospheric composition fields on a 0.625◦ by 
0.5◦ latitude-longitude grid and 72 terrain-following hybrid σ/p model 
layers (Buchard et al., 2017; Randles et al., 2017). MERRA-2 uses the 
Goddard Earth Observing System, version 5 (GEOS-5) atmospheric 
model (Rienecker et al., 2008), which is interactively coupled to the 
Goddard Global Ozone Chemistry Aerosol Radiation and Transport 
(GOCART) model (Chin et al., 2002) (thus taking into account the effects 
of aerosols on radiation and model dynamics). This model simulates dust 
and sea salt in five size bins, in addition to SO2, sulfate, organic and 
black carbon (hydrophobic and hydrophilic), O3, CO, dimethyl sulfide 
(DMS), and methane sulfonic acid (MSA). Dust and sea salt emissions are 
calculated in the model, depending on the near-surface wind. The dust 
source function is taken from Ginoux et al. (2001). For anthropogenic 
emissions, MERRA-2 employs the EDGAR- 4.2 (Janssens-Maenhout 
et al., 2013) emission inventory available on a 0.1◦ by 0.1◦ grid. MERRA- 
2 assimilates AOD at 550 nm from the AVHRR (Heidinger et al., 2014) 
over the oceans, AOD retrievals from the MISR over bright surfaces 
(Kahn et al., 2005), as well as specially processed MODIS observations 
and AERONET to constrain the atmospheric aerosols. 

We also use meteorological data, such as wind speed, temperature, 
and humidity, from the KAUST meteorological station established in 
2009 in collaboration with WHOI (Woods Hole Oceanographic Institu-
tion) (Farrar et al., 2009). 

3. Results and discussion 

3.1. Gravimetry 

Gravimetric measurements conducted for the entire deposition 
sampling period, December 2014 – December 2019, are graphically 
summarized in Fig. 2, and as individual histogram plots in Supplement 
S2. We attribute the outliers to contamination in the deposition samples 
in the Frisbee dishes from the resident ospreys and flocks of migratory 
birds. This contamination occurred frequently at the Al Misk island site 
(March, April, and May of December 2018; February 2019) and less so at 
the Post island site (February, April 2019). The contaminated samples 
are either discarded or, if recorded, are excluded from the calculation of 
deposition rate statistics. We also ascribe some anomalously high 
deposition rates to sea spray during stormy conditions, such as at the 
CMOR quayside (October, September 2015) and Beacon (April, 
December 2016) sites, and locally generated construction dust at the 
NEO sampling site (August 2015, April 2017). In general, we omit 
anomalous measurements (those with values which exceed twice the 
standard deviation from the mean for a given month) from the 
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Fig. 2. Monthly deposition rates (g m− 2 mo-1) (a) For the entire sampling period, December 2014 - December 2019, averaged across all deposition samplers for each 
month. Error bars are one standard deviation calculated for a given month across all samplers. (b) Averaged for all land-based samplers over the entire sampling 
period of five years. Error bars are one standard deviation of the monthly means, reflecting interannual variations of deposition rates. (c) Annual average (for the 
entire period of observations) for each sampling site except the Al Misk site that was excluded, since most sampled months were voided due to samples being 
damaged in the field. Error bars are one standard deviation of the annual means. Note that not all sampling sites were operational for the entire five-year sampling 
campaign (Table 1). 
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calculation of average monthly deposition rates. Fig. 2c shows the 
annual mean aerosol deposition rate at all sites except Al Misk, which is 
not included because this site has a substantial number of missing data. 
The average deposition rate over land is about 11 g m− 2 mo-1. 

The monthly average deposition rates vary substantially, from as low 
as 3.6 g m− 2 in June 2016 to as high as 25.2 g m− 2 in November 2017 
(Fig. 2a). Although not consistently the case, the lowest deposition rates 
at the land-based sites occur largely during June and July (Fig. 2b). In 
contrast, the highest deposition rates frequently occurred in spring and 
fall. This seasonal pattern may be due to the intensity of sea breezes, 
which are strongest at this location in summer and weakest in winter. 
These sea breezes bring clean, dust-free air from the sea, which lowers 
the dust deposition rate in the coastal region where the samples were 
collected. The annual mean deposition rates for the five sampling years 
vary widely: 13.4 g m− 2 mo-1 in 2015, 11.4 g m− 2 mo-1 in 2016, 11.5 g 
m− 2 mo-1 in 2017, 12.2 g m− 2 mo-1 in 2018, and 7.6 g m− 2 mo-1 in 2019. 
The monthly deposition rate over the five years was, on average, 11.1 g 
m− 2 mo-1, with a standard deviation of about 5.6 g m− 2 mo-1. The re-
ported deposition rates are largely of natural mineral dust, with lesser 
and variable amounts of construction and road dust, industrial emissions 
and sea salt (primarily halite). 

3.2. Intercomparison of sampling sites 

The purpose of intercomparison of sampling sites is to measure the 
consistency of dust deposition throughout the KAUST campus. 
Depending on the variability of mass and composition amongst the six 
sites, it may be possible to reduce the number of sampling sites on 
campus, resulting in cost savings. One of the goals of this study is to 
establish whether all six sites are suitably representative of atmospheric 

deposition rates around KAUST. As described above, we encountered 
ongoing unresolved issues for the monthly samples from the Al Misk 
island site, and periodically at some of the five other sites to a much 
lesser extent. The samplers closest to the seashore (Beacon, CMOR) at 
about 2 m above sea level and on the proximal islands (Al Misk, Post) at 
about 0.5 m above sea level, were occasionally impacted by sea spray. 
The deposition sampling at the NEO (Solar Park) site was disrupted for 
six months, from July to December 2019, due to on-campus construction 
activities. We do not observe significant differences in a comparison 
between the mass collected at the two shoreline sites (CMOR, Beacon) 
and the elevated rooftop site (Bld3roof) (established in September 
2017). 

To quantify this, we perform an analysis of variance (ANOVA) on a 
subset of mass measurements from the three land-based sampling sites 
(CMOR, Beacon, Bld3roof) collected from May 2019 to December 2019 
(Supplement S3). For ANOVA, the data are required to be normally 
distributed around the sample means and to have similar variances. The 
histogram plots (Fig. 3) show the mass data is positively skewed. We 
produce an approximate normal distribution of the gravimetric data by 
performing a logarithmic transformation on the original measured re-
sults (Fig. 3 a,b, Table 2). 

The F-tests involve an initial step that compares the variances of the 
three land-based sample sets, followed by a second-step analysis of 
variance on the three logarithmically transformed data sets (Table 3). 
The measured F values of the sample pairs are close to unity, varying 
between 1.028 and 1.065, well below the tabulated F critical value of 
2.46, implying that the three logarithmically transformed data sets have 
similar variances at a 5% level of significance, and thus the null hy-
pothesis Ho: σ1

2 = σ2
2 = σ3

2 is not rejected (Supplement S4). We subse-
quently perform an analysis of variance (ANOVA) (Table 4) on the three 

Fig. 3. Histograms of (a) untransformed positively skewed monthly deposition rates and (b) logarithmically transformed deposition rates showing a closer 
resemblance of normal distribution. 

Table 2 
Monthly deposition rates (DR) and their logarithmically transformed values, for three sampler pairs at Beacon DT5, Bld3roof DT7, and CMOR DT2, on which 
comparative statistical analyses were performed.    

Beacon-DT5 Bld3roof DT7 CMOR DT2 

Date Sampler Deposition Rate (DR) Log (DR) Deposition Rate (DR) Log (DR) Deposition Rate (DR) Log (DR)   
(g m− 2 month− 1) (g m− 2 month− 1) (g m− 2 month− 1) 

May-2019 1 5.25  0.72  4.77 0.68  7.09  0.85  
2 6.47  0.81  5.40 0.73  7.64  0.88 

Jun-2019 1 7.41  0.87  7.97 0.90  7.67  0.88  
2 7.74  0.89  8.24 0.92  5.27  0.72 

Jul-2019 1 4.00  0.60  4.27 0.63  3.68  0.57  
2 5.05  0.70  3.48 0.54  5.34  0.73 

Aug-2019 1 6.79  0.83  8.35 0.92  13.22  1.12  
2 12.06  1.08  9.51 0.98  9.17  0.96 

Sep-2019 1 10.08  1.00  11.56 1.06  7.15  0.85  
2 6.37  0.80  12.58 1.10  10.26  1.01 

Oct-2019 1 11.26  1.05  13.84 1.14  16.31  1.21  
2 8.76  0.94  11.73 1.07  14.52  1.16 

Nov-2019 1 3.58  0.55  7.42 0.87  5.84  0.77  
2 3.90  0.59  5.40 0.73  7.10  0.85 

Dec-2019 1 3.73  0.57  5.17 0.71  5.17  0.71  
2    6.18 0.79  5.73  0.76  
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logarithmically transformed data sets (Table 4, Supplement S4). The 
calculated F value of 0.776 is, in this case, well below the F critical value 
of 3.209 at the 5% level of significance, showing that the null hypothesis 
Ho: μ1 = μ2 = μ3 should not be rejected, implying that the three popu-
lation mean deposition rates are similar. 

In summary, the F tests verify that the aerosols measured at the three 
land-based sampling sites (CMOR, Beacon, Bld3roof) have similar 
sampling capabilities, regardless of geographic location or elevation. 
These results show little benefit in having three land-based sampling 
sites within such close proximity of each other, even though averaging 
over multiple measurements decreases the stochastic error of the mea-
surements. Nevertheless, the elevated sampling site on the roof 
(Bld3roof) may be the best option since it was less impacted by occa-
sional sea spray, construction, or other intermittent and local dust- 
generating activities. We also find similarities amongst the three land 
sites for the D ≤ 20 μm, D ≤ 10 μm, and D ≤ 2.5 μm size fractions 
(Supplement S4). 

3.3. Mineralogy by XRD 

We performed XRD mineral analysis on 138 monthly deposition 
samples collected at the six sampling sites between May 2016 and 
December 2019 (Supplement S5). The samples were sieved through a 
metal screen of D < 56 μm to separate and discard any large mineral 
grains, artifacts, and algae that may have grown in the sampler 

collection flask. We did not use any composition references or standards 
in this procedure, and thus XRD results should be considered semi- 
quantitative and normalized to 100%. 

The major silicate mineral concentrations in the deposition samples 
expressed as percentages of the total measured crystalline phases are 
quartz (22.18 ± 6.17%) and feldspar (18.71 ± 5.22%) (Table 5), with 
smaller amounts of mica (12.34 ± 3.83%), clay (kaolinite (6.12 ±
2.02%), illite (5.07 ± 2.52%)) chlorite (5.86 ± 2.01%) and hematite 
(1.19 ± 0.7%). The carbonates calcite (2.52 ± 1.44%), dolomite (2.21 ±
1.02%), and gypsum (8.44 ± 3.25%) are present in small amounts, 
together with halite (15.41 ± 9.91%), most likely from intermittent 
storms transporting sea spray. As mentioned in section 2.4., these min-
eral concentrations do not account for the abundances of non crystalline 
(amorphous) phases such as volcanic glass, weakly crystallized phases 
such as some hydrous layered silicates, organics, or below detection 
limit (<3%) minerals such as the clay mineral palygorskite, phosphates, 
sulfides or oxides. 

Although the abundance varies by season, the chemical composition 
and subsequent mineralogical composition of deposited dust samples 
remains reasonably consistent throughout 2015 (Engelbrecht et al., 
2017). From the total chemical and normative mineral compositions — 
assuming dust mineral compositions remain consistent throughout the 
subsequent sampling years (2016–2019) and that all measured chemical 
species are contained in crystalline mineral phases — provides an esti-
mate of the total mineral fraction in each sample. On average (Engel-
brecht et al., 2017) the crystalline minerals account for 55 ± 13% of the 
total measured sample mass in 2015. It is assumed that for the subse-
quent 2016 – 2019 sampling period, a similar percentage within the 
same order of magnitude applies. Mineral concentrations adjusted for 
amorphous and other non-cristallane phases are shown in Fig. 4 and 
listed in Table 6. 

Similar to the gravimetric data, most of the mineral concentrations, 
including feldspar, clays, chlorite, hematite, carbonates, and gypsum, 
have positively skewed distributions (Supplement S6). In contrast, the 
quartz distribution is negatively skewed, alluding to a deposition rate 
different from the other silicates (i.e., the felspars and clay minerals) 
with which it is closely associated. Halite shows a uniform distribution 
pattern, dissimilar to the lognormal distributions of the silicates. We 
suggest that this distribution results from sporadic rainstorms, which 
carry high concentrations of dissolved sea salt and are unassociated with 
regular daily dust deposition. 

The correlation coefficients for the mineral species (Table 7) support 
some of our findings drawn from the above mineral distribution data. 
However, due to the considerable uncertainty of concentration mea-
surements related to the XRD analysis, the correlation coefficients are 
small, mostly in the − 0.5 to 0.4 range. Notable exceptions include 
gypsum-calcite with a correlation coefficient of 0.59 and halite-feldspar 
with a correlation coefficient of − 0.6. Quartz and feldspar are positively 
correlated; however, they are unexpectedly negatively correlated with 
other dust components such as the clay mineral illite, the iron oxide 

Table 3 
Comparison of pairs of logarithmic transformed variances of deposition rates 
from three land-based sampling sites: Bld3roof DT7, Beacon DT5, and CMOR 
DT2, showing sample variances to be similar, at a 0.05 level of significance. The 
null hypothesis is not rejected since Ho: σ1

2 = σ2
2 = σ3

2 = σ1
2.   

Bld3roof Beacon CMOR Beacon Bld3roof CMOR 

Mean 0.86 0.80 0.88 0.80 0.86 0.88 
Variance 0.03 0.03 0.03 0.03 0.03 0.03 
Observations 16 15 16 15 16 16 
df 15 14 15 14 15 15 
F 1.07  1.04  1.03  
P(F<=f) one- 

tail 
0.46  0.48  0.48  

F Critical one- 
tail 

2.46  2.46  2.40   

Table 4 
Analysis of variance (ANOVA) performed on logarithmically transformed mass 
data from the three land-based sites, Beacon DT5, Bld3roof DT7 and CMOR DT2. 
The sample means are similar within a 0.5 level of significance implying that the 
null hypothesis is not rejected and Ho: μ1 = μ2 = μ3.  

Source of Variation SS df MS F P-value F crit 

Between Groups  0.05 2  0.02  0.78  0.47  3.21 
Within Groups  1.40 44  0.03    
Total  1.44 46      

Table 5 
Statistics of mineral percentages as measured by XRD, including minima, maxima, averages, standard deviations, geometric means, medians, modes, and Pearson’s 
skewness coefficients.   

Minimum Maximum Average Std dev Geo mean Median Mode Skewness 

Quartz  5.46  39.38  22.18  6.17  21.25  22.50  22.94 − 0.053 
Feldspar  4.19  37.65  18.71  5.22  17.90  18.16  12.95 0.105 
Kaolinite  1.70  14.90  6.12  2.02  5.79  5.83  7.02 0.141 
Illite  1.48  17.16  5.07  2.52  4.55  4.40  5.96 0.266 
Chlorite  1.75  11.82  5.86  2.01  5.51  5.72  5.07 0.071 
Mica  4.71  22.48  12.34  3.83  11.68  12.66  16.65 − 0.084 
Hematite  0.24  6.65  1.19  0.70  1.06  1.08  1.09 0.160 
Dolomite  0.47  5.66  2.21  1.02  1.97  2.11  2.04 0.095 
Calcite  0.45  8.02  2.52  1.44  2.16  2.29  1.45 0.157 
Gypsum  1.94  18.63  8.44  3.25  7.81  7.72  5.76 0.221 
Halite  2.18  66.36  15.41  9.91  12.64  14.16  19.06 0.127  
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(hematite), and the carbonates (dolomite and calcite). This negative 
correlation may be due to the presence of two dust end members, one 
with coarse grains of quartz and feldspar, and the other primarily with 
fine particles of clays, carbonates, and oxides. We suggest that these two 
dust end members represent variable atmospheric conditions. During 
atmospheric conditions associated with high local wind, larger grains of 
quartz and feldspar of local origin are deposited. In contrast, long-range 
transports during periods of moderate winds deliver fine clays and 
carbonates from distant sources, but less quartz and feldspar. The pos-
itive correlations amongst the clay minerals kaolinite, illite, and chlo-
rite, and the carbonates calcite and dolomite, support this hypothesis. 
Halite is negatively correlated with all the silicate and carbonate dust 
minerals. This negative correlation can be ascribed to winds from the 
Red Sea predominantly containing sea salt but little or no crustal dust. In 
contrast, on-land winds along the coastal plain carry negligible amounts 
of sea salt and large amounts of crustal minerals. On closer inspection 
however, the higher positive correlation between gypsum and calcite 
turns out to be due to the (-2;4;1) diffraction peak of gypsum (at 29.20◦

2θ) overlapping with the (1;0;4) diffraction peak of calcite (at 29.12◦

2θ). Because we did not measure the interference or other standards in 
our analysis, and thus did not correct for this interference, an over-
estimation of the calcite mineral concentration may have caused this 
high positive correlation of 0.59. 

To further understand the mineral interrelationships, we applied 
PMF modeling to the XRD results. A modeled four-factor solution pro-
vides factors that can be explained by likely dust compositions. Each 
factor can be assigned a source category, depending on the mineral 
content of the factor (Table 8) (Engelbrecht and Jayanty, 2013). The 
majority of halite (70.82%) is present in Factor 1 and is assumed to be 
primarily of “Marine” origin. The clay components kaolinite (52.91%), 
illite (61.05%), chlorite (50.60%), and hematite (64.47%) are contained 
in Factor 2. This factor also contains an unexplained high percentage of 
feldspar and is considered a mixed silicate. Factor 3 contains the largest 
amounts of gypsum (74.36%) and carbonates calcite (63.68%) and 
dolomite (32.65%) and is called a gypsiferous carbonate soil. Most of the 
quartz (61.93%) is contained in Factor 4 together with some clay min-
erals, and can be labelled as quartz rich (sandy) soils. These mineral 
factors can be considered to represent fingerprints of the different dust 

Fig. 4. Average fractional (%) composition of the deposition samples derived from XRD analysis and adjusted for not accounted non-crystalline materials.  

Table 6 
Mineral deposition rates into the Red Sea assuming 55% crystalline phases in the dust and an annual total dust deposition rate of 8.6 Mt.  

Phases Quartz Feldspars Carbonates Clays and other layered silicates Hematite Other crystalline Non crystalline  

XRD analysis (%)  22±0.6 19 ± 5 5 ± 1 29 ± 3 1.2 ± 0.7 23 ± 6 None 
Adjusted for non-crystalline content (%)  12.2 ± 3 10.2 ± 3 2.6 ± 1 16.2 ± 2 0.7 ± 0.3 13.1 ± 3 45 
Deposits into Red Sea (Mt)  1.05 0.88 0.22 1.39 0.06 1.13 3.87  

Table 7 
Correlation coefficients of semi-quantitative XRD measured mineral concentrations. Correlation coefficients outside ± 0.27 are in italics, underlined if positive, and in 
bold, underlined if negative.   

Quartz Feldspar Kaolinite Illite Chlorite Micas Hematite Dolomite Calcite Gypsum Halite 

Quartz 1           
Feldspar 0.30 1          
Kaolinite − 0.08 0.00 1         
Illite − 0.28 − 0.09 0.34 1        
Chlorite − 0.01 0.08 0.31 0.31 1       
Mica − 0.11 − 0.01 0.17 0.02 0.16 1      
Hematite − 0.28 0.04 0.25 0.14 0.04 − 0.05 1     
Dolomite − 0.31 − 0.30 0.11 0.30 − 0.20 − 0.06 0.17 1    
Calcite − 0.40 − 0.24 − 0.12 0.13 − 0.02 0.01 0.14 0.29 1   
Gypsum − 0.16 − 0.12 − 0.20 0.02 − 0.10 − 0.11 0.01 0.15 0.59 1  
Halite − 0.49 − 0.60 − 0.33 − 0.24 − 0.39 − 0.34 − 0.03 0.10 0.00 − 0.16 1  
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types impacting the sampling sites (Engelbrecht and Jayanty, 2013). We 
calculate the source contributions, which reveal the contribution of each 
factor to each sample (Supplement S7). However, the factors and factor 
contributions are poorly resolved for several reasons, primarily because 
the samples are collected over a one month timespan under variable 
meteorological conditions. For example, during Fall and Winter, cold 
front propagation from the Eastern Mediterranean could develop sig-
nificant weekly disturbances in the deposition patterns (Prakash et al., 
2015). 

During a given month, the emission rates of dust and other pollutant 
sources and meteorological conditions vary considerably. Fig. 5 shows 
the Wind Rose plotted using observations from the KAUST meteoro-
logical stations from 2008 to 2016 (References to Tom Farrar, or Ukhov 
et al. Parajuli). It shows prevailing North-Westerly winds with signifi-
cant North-Easterly and even Easterly winds components in the cold half 
of the year from October to March. In September-December, Southern 
winds are detected when the Red Sea convergence zone (De Vries et al., 
2013) moves north of the observation site. 

Regardless of the above experimental errors, we are able to derive 

some qualitative interpretations from the four modeled factors. Factor 1 
(Marine) represents dust blowing from the sea. Factor 2 represents fine 
clay-rich dust occurring under prevailing wind conditions. Factor 3 in-
dicates a gypsum- and carbonate-rich source, and Factor 4 represents 
coarse quartz particles transported onto the KAUST campus under 
strong wind conditions. We observe no seasonal fluctuations in the 
source contributions (Supplement S7). 

The positive gypsum-carbonate relationship shown in Tables 7 and 8 
may be explained in part by the close mineralogical association between 
gypsum, calcite, and dolomite. However, calcite may be overestimated 
to a measurement artifact, as explained above. Ukhov et al. (2020b) 
suggested that gypsum is a reaction product of carbonates under 
favorable photochemical and humidity conditions, such as the reaction 
of calcite (CaCO3) and dolomite (CaMg(CO3)2) with sulfur dioxide (SO2) 
emitted from industry. Major sources of SO2 and other air pollutants are 
the oil refineries and power plant at Rabigh, approximately 54 km along 
the coast to the north of the sampling sites at KAUST 

2SO2 + O2 + 2H2O =
hv 2H2SO4 sulfuric acid  

H2SO4 + CaCO3 + 2H2O = CaSO4.2H2O gypsum 

We suggest that a similar reaction applies to dolomite in our samples 
(CaMg(CO3)2). Gypsum is likely to form in the ambient atmosphere 
before deposition, although it can also form after deposition of car-
bonate dust in the Frisbee samplers. An exploratory investigation by 
Engelbrecht et al. (2017) observed the recrystallization of gypsum on 
exposed surfaces. This observation has important implications for the 
harvesting of solar energy using solar panels or concentrated solar 
power devices. Deposited dust and the cementing of gypsum on PV 
optical surfaces reduces the efficiency of solar panels and mirrors, thus 
requiring frequent cleaning. 

3.4. Particle size distributions 

The size (effective diameter, D) of dust particles is a crucial physical 
property that determines the particles’ lifetime in the atmosphere, their 
optical characteristics, and their impact on human health. The size 

Table 8 
PMF modelled mineralogical factors from XRD measurements. The factors have 
been assigned mineral profile or source profile names from the major modelled 
mineral abundances in each individual PMF factor (marked in bold).   

Factor 
1 

Factor 2 Factor 3 Factor 4  

Marine Mixed Silicate 
soil 

Gypsum Carbonate 
soil 

Quartz rich 
soil 

Quartz 3.28 6.05 28.73 61.93 
Feldspar 2.38 58.19 0.00 39.42 
Kaolinite 8.54 52.91 5.57 32.97 
Illite 6.17 61.05 12.67 20.11 
Chlorite 5.43 50.60 9.72 34.25 
Muscovite 7.76 59.22 3.62 29.39 
Hematite 16.48 64.47 6.99 12.06 
Dolomite 17.76 31.05 32.65 18.54 
Calcite 7.16 29.15 63.68 0.00 
Gypsum 0.00 12.84 74.36 12.80 
Halite 70.82 0.00 21.49 7.69  

Fig. 5. Monthly mean wind rose calculated for KAUST location using meteorological observations from KAUST meteorological station for 2008–2016.  
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distribution of dust particles changes over the course of their lifetime. 
Initially, dust is lifted into the atmosphere with a size distribution that 
depends on the source soil type, soil moisture, and wind speed. This size 
distribution is modified in the atmosphere due to gravitational settling, 
and dry and wet deposition. The size distribution of deposited particles 
is different from that in aerosols because large particles deposit faster 
than fine particles. We are now able to conduct accurate measurements 
of the size distribution of deposited samples. Unfortunately, the instru-
mentation for size distribution measurements was not available from the 
beginning of the dust deposition measurement campaign. Therefore, we 
retroactively executed particle size analysis on a subset of 38 samples 
collected from May 2016 to September 2018. These samples are 
analyzed twice for particle size, once on the samples as collected in the 
field, and a second time after wet sieving the samples to D < 56 μm 
(Supplement S8). From October 2018 onwards, all samples are sieved to 
D < 56 μm before freeze-drying and particle size measurement, 
including 78 samples collected from May 2019 to December 2019 
(Supplement S9). Thus, a total of 116 collected deposition samples are 
analyzed for their particle size distributions. From the cumulative vol-
ume densities and the total mass, the deposition rates for any measured 
size fraction can be calculated, e.g., D ≤ 20 μm, D ≤ 10 μm, or D ≤ 2.5 
μm (Supplements S10, S11). 

Unless contaminated by algae or locally generated large sand parti-
cles or detritus, we find that the size distributions of the unsieved and 
sieved samples are similar in volume, density, and size class. Further-
more, the size distributions are always bimodal. The first mode has a 
small volume percentage representing the fine particles at about D <
0.88 μm. The second mode had a substantially larger volume percent-
age, in the diameter range 1 < D < 126 μm and a median diameter of 
about 25 μm, representing the coarse mode. 

Based on the data from the two cycles of particle size measurements 
on the 38 samples, we assess the sample mass loss from the additional 
second cycle of measurements. The average volume distribution and 
cumulative distribution plots for the unsieved and D < 56 μm sieved 
sample sets are shown in Fig. 6a, b. The contribution of particles with 
diameters larger than 100 μm is greatly reduced following the 56 μm 
sieving process. Superimposing the average volume distribution plots 
(Fig. 7) of the sieved and unsieved sample sets shows that the exclusion 
of the larger particle fractions shifted the distribution curve towards the 
smaller particle fractions. The magnitude of displacement varies 
depending on particle size. The volumetric percentages of the three 
particle sizes D ≤ 20 μm, D ≤ 10 μm, and D ≤ 2.5 μm are greater for the 
sieved samples than for the unsieved samples, as expected (Table 9). The 
D ≤ 2.5 μm/D ≤ 10 μm ratios of 0.19 and 0.2 for the sieved and unsieved 
samples can be considered proxies for PM2.5/PM10 ratios measured in 
ambient samples. These measurements are on the low end of the PM2.5/ 
PM10 ratios normally measured on ambient samples from the Middle 
East. For instance, the lowest average value for PM2.5/PM10 of 0.21 was 
measured at Tallil in Iraq (Engelbrecht et al., 2009). The majority of the 
other sites measured in the region had PM2.5/PM10 ratios in the 0.3 to 
0.4 range. However, deposition samples can be expected to have less fine 

dust than ambient samples. Our own model simulations of the PM2.5/ 
PM10 ratio give a value of 0.25–0.32 in the atmosphere over the Red Sea 
coastal plain, consistent with in-situ observations (Ukhov et al., 2020). 

Fig. 8 compares the weights of sieved and unsieved samples, sug-
gesting that in parts of the sampling domain TSP mass decreased by 
more than 30% (Fig. 8a), as sieving removed most of the particles with 
D > 56 μm. The sizes of particles after sieving remain in the range of D <
100 μm. The masses of PM20, PM10, and PM2.5 fractions change much 
less. The mass losses from sieving are, on average, 20% for particles with 
D ≤ 20 μm (Fig. 8b), 10% for particles with D ≤ 10 μm (Fig. 8c), and 11% 
for PM2.5 (Fig. 8d). Thus, sieving does not significantly change the 
PM2.5/PM10 ratio, and does not affect the size distribution for D < 10 
μm. The effect of sieving is more significant for the high-weight samples, 
which can be attributed to i) severe dust events depositing large mineral 
particles and detritus from local sources close to the samplers during 
wind gusts, ii) artifacts dropped onto the sampling dish by birds, iii) 
algae growth in the sampling bottle following rainstorms, and iv) sample 
retrieval and sample preparation losses. 

Fine dust particles with D < 5 μm have relatively small gravitational 
sedimentation velocities and thus, a longer residence time in the at-
mosphere. These fine particles can be transported for long distances 
from remote dust sources. Coarse particles with diameters 5 μm < D <
20 μm, and especially larger particles with D > 20 μm, deposit much 
more quickly and are mostly saltated from the surface in the vicinity of 
the samplers. We chose two sites on nearby islands to avoid the influence 
of the deposition of local large sand particles from the desert mainland. 
However, the samples from the islands appear to comprise significant 
fractions of coarse particles of local coral dust on the island generated by 
the sedimentary process of saltation, despite the fact that the size of the 
dusty area (island) does not exceed 100 × 100 m2. 

3.5. Aeronet AOD and particle size distribution 

In addition to dust deposition measurements, from 2012 onwards we 
routinely measured aerosol optical depth (AOD) at the KAUST 

Fig. 6. Average volume size distribution plots and standard deviations of 38 pairs of deposition samples collected from May 2016 to September 2018: (a) un-sieved 
and (b) retroactively sieved. 

Fig. 7. Normalized volume size distributions averaged over 38 deposition 
samples before sieving and following the additional re-suspension step, sieving 
to D < 56 μm, and repeated particle size distribution measurement. 
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AERONET site. AERONET comprises more than 1000 CIMEL and PREDE 
robotic sunphotometers that measure direct sun and sky radiances at 
eight wavelengths (0.340, 0.380, 0.440, 0.500, 0.670, 0.870, 0.940, and 
1.020 μm) every 15 min during daylight hours (Holben et al., 1998). In 
addition to direct observations of the AOD, the AERONET retrieval al-
gorithm provides column integrated Aerosol Volume Size Distribution 
(Dubovik and King, 2000). 

Fig. 9a shows the monthly mean AERONET AOD at 0.55 μm, aver-
aged for the entire period of observations 2012–2019. The AOD ranges 
from about 0.25 to nearly 0.5. From around June to September, the 
warmer months exhibit larger AOD than the colder months of November 
to February. Fig. 9b shows the average aerosol volume size distribution 
retrieved by AERONET for 2016–2019. The size distribution is bimodal, 
similar to the deposition samples (Figs. 6 and 7), with minima at D ≈
0.88 μm. The fine mode is more pronounced in AERONET than in the 
deposition samples. However, the AERONET column integrated size 
distribution does not show particles with D > 20 μm, although these 
particles are detected in the deposition samples. This discrepancy is 
related to the AERONET AOD retrieval procedure. AOD characterizes all 
particles’ optical effects in the atmospheric column and roughly reflects 
the aerosols’ atmospheric loading (which is mostly dust in our region). 
Unfortunately, AERONET is not sensitive to larger particles (D > 20 μm) 
because they have little effect on the AOD, at least in the visible spec-
trum. Consequently, AERONET underestimates their number- 
concentration in the atmosphere. The cumulative volume size distribu-
tion (Fig. 9b) is a convenient tool for assessing volume percentages of 
particles with diameters approximately between 0.1 and 30 μm. 

Table 10 lists the average volume percentages of D ≤ 10 μm at 94.86%, 
D ≤ 2.5 μm at 39.4%, D ≤ 0.88 μm at 23.66%, and the volume fractions 
D ≤ 10 μm: D ≤ 0.88 μm: D ≤ 2.5 μm of 1: 0.42: 0.25, respectively, 
together with the standard deviation calculated for the 19 average 
monthly sample sets. These volume fractions are estimated using mea-
surements of aerosol volume size distribution for each deposition 
sample. 

Fig. 2b shows the monthly deposition rates averaged over the land- 
based samples for the entire observation period. It might be tempting 
to assume that the AOD (Fig. 9a) which characterizes the mass of 
aerosols suspended in the atmosphere is closely related to their depo-
sition, at least on a monthly basis. However, we observe that this is not 
the case. The AOD and monthly deposition rates exhibit quite different 
seasonal variabilities, which can be explained by the structure of the 
boundary layer and local meteorological processes. For example, the 
deposition rate is lowest during the relatively dusty summer months, 
especially in July. This observation can be explained by the intensity of 
sea breezes which reach a maximum in summer and bring cleaner air 
from the sea (Khan et al., 2015). The scatter plot in Fig. 11 illustrates the 
consistent lack of correlation between the monthly averaged AOD and 
aerosol deposition rates. 

3.6. Minerals’ deposition in the Red Sea 

The Red Sea is a semiclosed ocean basin that lacks a permanent river 
discharge. The chemical composition of the Red Sea therefore depends 
to a great extent on atmospheric deposition. For example, hematite 

Table 9 
Average volumetric particle size distributions comparing unsieved and sieved sample sets for the D ≤ 20 μm, D ≤ 10 μm, and D ≤ 2.5 μm particle size diameters, as well 
as their volume ratios.   

D ≤ 20 μm D ≤ 10 μm D ≤ 2.5 μm D ≤ 2.5 μm/≤10 μm D ≤ 2.5 μm/≤20 μm D ≤ 10 μm/≤20 μm  

Volume Std dev Volume Std dev Volume Std dev     

% % %    
Unsieved 8.59 2.39 5.45  2.05  1.06  0.46  0.20  0.12  0.63 
Sieved 10.54 1.76 7.51  1.91  1.39  0.51  0.19  0.13  0.71  

Fig. 8. Scatter plots of deposition rates (g m− 2 mo-1) before and after resuspension and sieving to D < 56 μm calculated from individual volume size distributions for 
the different size fractions (a) TSP, (b) D ≤ 20 μm, (c) D ≤ 10 μm and (d) D ≤ 2.5 μm. Also shown are the 1:1 stippled lines. 
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accompanying deposited dust provides a nutrient supply for the oligo-
trophic central Red Sea, paticularly in its northern part. Prakash et al. 
(2015) estimated the annual dust deposition to the Red Sea associated 
with the major dust storms to be 6 Mt, using WRF-Chem model simu-
lations. Here, to estimate the total dust deposition (dust storms and fair 
weather) into the Red Sea, we use the output from the MERRA-2 

reanalysis, which assimilates available meteorological and aerosol ob-
servations to calculate the transport and deposition of aerosols. As with 
most up-to-date models, MERRA-2 accounts for dust particles with D <
20 um. Thus, when comparing the MERRA-2 dust deposition rate 
(Fig. 12) for the KAUST campus location with the observations (Fig. 2b, 
c), we have to account that the mass of dust particles with D < 20 um 

Fig. 9. Monthly mean AERONET AOD at 0.55 μm averaged for 2012–2019. The error bars show one standard deviation of monthly mean AODs. (b) Normalized 
annual average AERONET derived column integrated aerosol volume size distributions and cumulative volumes calculated for the 19 monthly mean sample sets 
collected from July 2016 to September 2019. The error bars show one standard deviation of the monthly means. 

Fig. 10. Volumetric percentages derived from the mean AERONET size distributions are shown for the size fractions D ≤ 0.88 μm, D ≤ 2.5 μm, and D ≤ 10 μm 
volumetric percentages and their volumetric ratios. D ≤ 2.5 μm/D ≤ 10 μm ratios can be interpreted as proxies for PM2.5/PM10 particulate ratios. Similarly, the D ≤
0.88 μm/D ≤ 10 μm can be interpreted as Fine/Coarse volumetric (mass) ratios. 
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comprises about 25% from the mass of TCP (see cumulative curve in 
Fig. 6). With this in mind, we can conclude that the MERRA-2 deposition 
rate for dust particles with D < 20 um is consistent with observations, 
and has a similar seasonality (see Fig. 12 and Fig. 2b). We should 
emphasize here that calculating aerosol size distribution of deposition 
samples is vital in order to compare observed deposition rates with 
model simulations. The effect of large particles is especialy pronounced 
over land where they are generated, and diminishes over sea because 
large particles with D > 20 um deposit quickly. So here we assume that 
large particles with D > 20 um do not affect dust deposition to the Red 
Sea significantly. Fig. 13 shows the spatial distribution of monthly dust 
depositions over the Red Sea area. The most significant dust deposition 
rate of 3–4 g m− 2 month -1 is in the southern part of the Red Sea in 
Summer. This is expected, since during Summer the prevailing North- 

Westerly winds transport dust to the southern part of the Red Sea. In 
the South, the coastal mountain range is much higher than in the North, 
with a height exceeding 2 km. The mountains prevent dusty air from 
leaving the aquatic area of the Red Sea. As a result, visible AOD reaches 
1, and climatological summer solar radiative forcing is the largest 
globally, exceeding 60 W m− 2 (Osipov and Stenchikov, 2018)). A sig-
nificant amount of dust in Summer penetrates the Red Sea canyon 
through the Tokar delta mountain gap at the Sudanese coast (Kalen-
derski and Stenchikov, 2016). This is why we see the maximum depo-
sition near the western coast of the Red Sea.Fig. 14. 

In the “cold” season (October – March), the dust deposition rate does 
not usually exceed 1 g m-2mo-1. The annual dust deposition is shown in 
Fig. 15. It remains asymmetric, with an annual deposition of more than 
20 g m− 2 in the South and about 12 g m− 2 in the North of the Red Sea. 

Table 10 
Average size cuts derived from AERONET particle size distributions, together with standard deviations, volume ratios.   

D. ≤ 10 μm D ≤ 2.5 μm Fine (D ≤ 0.88 μm) Coarse (D > 0.88 μm) D ≤ 2.5 μm/≤10 μm Fine/Coarse  

Volume Std dev Volume Std dev Volume Std dev Volume Std dev Ratio Ratio  
% % % %   

AERONET PSD 94.86 1.38 39.4 4.56 23.66 6.92 76.34 1.38 0.42 0.31  

Fig. 11. Scatter plot of monthly deposition rates (g m2 mo-1) and monthly averaged AERONET AOD at 0.55 μm for 42 sample pairs collected from December 2014 to 
December 2019. 

Fig. 12. Monthly dust deposition rate (g m− 2 month− 1) for the KAUST campus location calculated for 2015–2016 using MERRA-2 data for dust particles with D < 20 
um. The annual mean dust deposition rate at the KAUST campus equals to 2.0 g m− 2. 
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The area-integrated monthly deposition rates are shown in Fig. 15a. 
They vary from 1 Mt in July-August to 0.4–0.5 Mt in the Fall. The annual 
dust deposition for the Northern, Southern, and total Red Sea are shown 
in Fig. 15b, comprising 2.7 Mt, 5.9 Mt, and 8.6 Mt, respectively. Thus, 
using the results of our compositional analysis (see Table 6), we can 
roughly estimate that the Red Sea annually receives 1.05 Mt of Quartz, 
0.88 Mt of Feldspars, 0.22 Mt of carbonates, 1.39 Mt of clays and other 
layered silicates, 0.06 Mt of hematite, 1.13 Mt of other crystalline 
compounds, and 3.87 Mt of non-crystalline material (Table 6, Fig. 16). 

4. Summary and conclusions 

In this paper, we report the analysis of 442 deposition samples 
collected during a five-year dust deposition campaign. The analysis in-
cludes gravimetry, XRD, and size distribution measurements, which we 
compare with AERONET monitoring results. We specifically focus on the 
spatial and temporal variability of dust deposition. The sampling sites on 
land, including the site on a rooftop, do not show any significant dif-
ferences in deposition rates, verifying the homogeneity of aerosol 
loadings over the KAUST sampling domain. 

We observe monthly fluctuations in deposited mass sampled by the 
depositional samplers, which are most evident in 2015 (Engelbrecht 
et al., 2017) when the highest deposition rates occur in Spring and Fall 
and the rates are lowest in Summer. On average, this deposition pattern 
is less evident from 2016 to 2019, with the lowest deposition rates in 
Summer and the highest in Winter and Spring. 

XRD analysis shows consistency in the mineralogical content of the 
dust samples (disregarding sea salt and local construction dust). The 
major minerals in all samples are quartz and feldspar, with lesser 

amounts of various clays, hematite, carbonates, and gypsum. The pres-
ence of gypsum can partially be considered a reaction product of calcite 
and dolomite with sulfur dioxide, most likely from industrial sources. 
The PMF modeled source profiles of the mineralogical abundances 
distinguish the gypsum-carbonate as a separate source type, alluding to 
periods during which gypsum may have formed in the ambient atmo-
sphere or in the deposition samplers. Note, however, that some of the 
gypsum may also have come from gypsum-bearing soils (Engelbrecht 
and Jayanty, 2013). 

We conducted simultaneous AERONET measurements at the KAUST 
campus along with the aerosol deposition sampling. AERONET directly 
observes aerosol optical depth and provides retrievals of column- 
integrated aerosol volume size distribution in the atmosphere. Despite 
there being substantial gaps in the AOD data, with blank measurements 
for 42 of the total 62 months (Supplement S13) collected from December 
2014 to December 2019, we compare the weights of the monthly 
accumulated aerosol samples and their size distributions to the monthly 
averaged measurements collected at the KAUST AERONET site. The 
correlations between the deposition rates and the AOD measurements 
are weak, as shown in the scatter plot in Fig. 11, with an R2 of 0.0092 
and a linear correlation coefficient of 0.096. Supplement S13 shows the 
deposition rate and AOD on a single plot. The lack of correlation be-
tween AOD and the deposition rate suggests that the derivation of 
deposition rates using local AOD measurements is unreliable. 

We compare monthly averaged particle volume size distributions of 
aerosols from AERONET (Müller et al., 2012) with particle size distri-
butions of deposition samples measured optically by laser diffraction 
(Malvern Mastersizer 3000) and by electron microscopy (Engelbrecht 
et al., 2017). Over 44 months, spanning May 2016 to December 2019, 

Fig. 13. Monthly dust deposition rates (g m2 month− 1) calculated using MERRA-2 data and averaged over 2015–2016.  
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we retrieved 19 sets of monthly averaged particle size distributions from 
AERONET (Supplement S12). All AERONET particle size distributions 
show distinct bi-modal volume distributions with the minor (fine) mode 
at about 0.26 μm particle diameter and the major (coarse) mode at about 
4.5 μm particle diameter (Fig. 9b). The local minimum for all 19 sample 
sets is consistent, with a particle diameter close to 0.88 μm, which is the 
separation diameter between fine and coarse modes. 

The size distributions measured by AERONET and in deposition 
samples are not similar, as they represent different phases of aerosol 
evolution. As expected, deposition samples contain more large particles 
than observed in the atmosphere. It can be argued that similar size 
ranges are contained both in the atmosphere and in the deposition 
samples. However, this is not the case, because we sampled different 
populations (depositions and aerosols) and used different measurement 
techniques. The largest wavelength in which AERONET instruments can 
measure direct sun and sky radiances is 1.020 μm. AERONET therefore 
cannot detect particles with diameters much larger than this maximum 
wavelength, and accordingly, AERONET retrieval is weakly sensitive to 
large particles with D > 20 μm, while the optical particle counter can 
detect these particles in deposition samples. Large particles comprise 
most deposition mass, but their contribution to the visible optical depth 
is negligible. Moreover, large particles with D > 20 μm have short at-
mospheric lifetimes and are typically generated close to the samplers. 
We find substantial quantities of large particles in our samplers at both 
island sites collected from relatively small dust-emission areas. 

As expected (see Table 9), the fine particle volume percentages for 
deposition samples measured in the laboratory by LAPSA are much 
lower than those for the aerosol column measured by AERONET. In the 
LAPSA measurements (Table 9), the D ≤ 10 μm volume fraction of 
7.51%, and D ≤ 2.5 μm of 1.39%, as well as the D ≤ 10 μm to D ≤ 2.5 μm 

average ratio of 1: 0.19, are all substantially lower than the volume 
percentages of the ambient AERONET measurements (Table 10). The 
approximate time-series percentages and ratios for the AERONET sam-
ples are presented in Fig. 10. The limited measurement period does not 
allow us to evaluate the monthly or seasonal trends. However, AERO-
NET measurements do show an increase in the fine fraction concentra-
tions in the Fall and early Winter months of 2016 and 2018. 

Annually, along with approximately 8.6 Mt of dust, 60 Kt of hematite 
is deposited into the Red Sea, fertilizing it and playing a vital role in its 
nutrient balances. We need to note that these are the low-range esti-
mates as obtained using deposition rates calculated from the MERRA-2 
reanalysis, which accounts for dust particles with D < 20 μm. The 
deposition of TSP that comprises particles up to 100 μm could possibly 
be higher, but since large particles have a short lifetime, the estimates 
for the Red Sea using reanalysis output are warranted. 

The collected data presented in this analysis are intended to provide 
a basis for model validation and improvement in dust deposition pre-
dictions in this relatively understudied region. As our findings show, 
none of the existing models can correctly simulate TSP deposition 
because global models do not approximate large particles adequately. At 
the same time, measured deposition rates are currently relatively sparse 
in the literature. Furthermore, dust deposition over the Middle East, 
including the Arabian Peninsula, has important implications for solar 
power generation in the region. Photovoltaic panels and Concentrated 
Solar Power devices are susceptible to dust deposition, severely deteri-
orating their efficiency. The in-depth description of the mineralogy and 
chemical composition of deposited dust provided in this work will help 
the correct estimations of the direct effect of dust deposited on the 
surfaces of solar panels and the development of cost-effective mainte-
nance procedures. 

Fig. 14. Annual integrated dust deposition (g m− 2) calculated using MERRA-2 data and averaged for 2015–2016.  
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