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Reproducibility assessment and uncertainty
quantification in subjective dust source mapping

ABSTRACT

Accurate dust-source characterizations are critical for effectively modeling dust storms. A previous study developed an
approach to manually map dust plume-head point sources in a geographic information system (GIS) framework using
Moderate Resolution Imaging Spectroradiometer (MODIS) imagery processed through dust-enhancement algorithms.
With this technique, the location of a dust source is digitized and recorded if an analyst observes an unobscured plume
head in the imagery. Because airborne dust must be sufficiently elevated for overland dust-enhancement algorithms to
work, this technique may include up to 10km in digitized dust-source location error due to downwind advection.
However, the potential for error in this method due to analyst subjectivity has never been formally quantified. In this
study, we evaluate a version of the methodology adapted to better enable reproducibility assessments amongst multiple
analysts to determine the role of analyst subjectivity on recorded dust source location error. Four analysts individually
mapped dust plumes in Southwest Asia and Northwest Africa using five years of MODIS imagery collected from 15 May
to 31 August. A plume-source location is considered reproducible if the maximum distance between the analyst point-
source markers for a single plume is <10km. Results suggest analyst marker placement is reproducible; however,
additional analyst subjectivity-induced error (7 km determined in this study) should be considered to fully characterize
locational uncertainty. Additionally, most of the identified plume heads (> 90%) were not marked by all participating

analysts, which indicates dust source maps generated using this technique may differ substantially between users.

1. Introduction

Airborne mineral dust influences global climate patterns and biogeo-
chemical processes (e.g., Mahowald et al., 2005, 2010, 2014; Ravi et al.,
2011; Webb et al., 2012; Boucher et al., 2013). Furthermore, hazardous air
quality conditions created by dust can negatively affect human health,
agriculture, visibility, and communication on regional and local scales
(Rushing et al., 2005; De Longueville et al., 2010; Okin et al., 2011; Sprigg
et al.,, 2014; Al-Hemoud et al., 2017; Middleton and Kang, 2017). While
considerable advances have been made in dust event simulation and hazard
mitigation (e.g., Knippertz and Stuut, 2014; Shepherd et al.,, 2016), the
processes controlling the spatial and temporal variability of dust emissions
(e.g., microscale momentum transfer processes, integrated effects of soil
state and composition on erodible material availability, etc.) are not fully
understood (Richter and Gill, 2018).

Resolving these governing mechanisms continues to be a challenge,
largely because comprehensive in situ dust emission flux measurements
are difficult to acquire (Shinoda et al., 2011; Webb et al., 2016). Several
efforts have been made to characterize dust emission provenance and
activity through remote sensing (e.g., Prospero et al., 2002; Miller,

2003; Bullard et al., 2008; Koven and Fung, 2008; Baddock et al., 2009;
Lee et al., 2009; Walker et al., 2009; Ginoux et al., 2012; Muhs et al.,
2014; Jafari and Malekian, 2015; Moridnejad et al., 2015; Miller et al.,
2017; Feuerstein and Schepanski, 2018; Hennen et al., 2019; Yu et al.,
2019). Over the past two decades, these satellite-based approaches have
enabled a deeper understanding of global dust distributions, emission
patterns, and variability over time (e.g., Richter and Gill, 2018). For a
more comprehensive overview and chronology of satellite-based dust
survey advancements, see Walker et al. (2009) and Chiapello (2014).
A semi-automated technique pioneered by Walker et al. (2009; W09
henceforth) is widely utilized to remotely identify active dust sources over
regional scales, particularly in the operational forecasting sector. In the W09
approach, an analyst manually examines dust-enhanced false color (DEFC)
satellite imagery, reported weather observations, and static terrain data in a
geographic information system (GIS) framework. If an unobscured dust
plume head is observed, its location and attributes of interest are recorded
in a master vector-based dataset of active dust sources. In instances where
the imagery shows dust clouds emanating from broad swaths, a closed
curve is drawn to best fit the edge of the head of the dust cloud. This
approach does not have a dependency on a particular imagery dataset;
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however, high-resolution (1 km or finer) imagery is preferred to adequately
resolve small point-source plumes (1-10km across) that tend to comprise
synoptic and mesoscale dust events (those on the order of 5-100 km across).
W09 utilized 1 km grid-scale imagery derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument on the Terra and Aqua
satellites. Although W09 records dust source locations with 1 km precision,
the authors note the potential for locational error due to limitations of DEFC
algorithms over barren and sparsely vegetated landscapes. In general, these
algorithms require airborne dust to be sufficiently elevated above the land
surface to discern thermal and reflectance contrast signals. As such, W09
suggests that dust source datasets generated from 1km MODIS imagery
may include location errors of up to 10km. In other words, the actual
eroding dust sources on the surface are located up to 10 km away from the
elevated plume-head point sources observed in the imagery due to down-
wind advection prior to satellite detection (i.e., advection error).

The W09 technique is often used for parameterizing sources of dust in
regional-scale weather forecasting models, such as the U.S. Navy’s opera-
tional Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS)
model (e.g., Liu et al., 2007; Ault et al.,, 2011), and as a proxy for ob-
servations of active dust source emissions (e.g., Lary et al., 2016). To our
knowledge, however, the potential for location error in the W09 method
due to analyst subjectivity has never been formally assessed or quantified.
We define subjectivity here as the level of variability expected in plume-
head marker location caused by changing the person conducting the map-
ping exercise to a different individual (assuming all participating analysts
receive the same procedural training and follow the same method for
choosing their marker placement).

Sinclair and Jones (2017) conducted an exploratory study to in-
vestigate the role of analyst subjectivity on the reproducibility of dust
source datasets created using a modified version of the W09 metho-
dology. In the Sinclair and Jones (2017) approach, analysts place a
single point at the location of an unobscured plume head, rather than
outlining the plume head with a curve, in order to simplify comparisons
between datasets produced by different a nalysts. P lumes emanating
from broad swaths instead of discernable point sources were ignored.

For the Sinclair and Jones (2017) study, multiple analysts in-
dependently mapped active dust plumes for two dust event case studies
using 1km grid-scale DEFC MODIS imagery and the modified W09
approach. Mapped plume-head point sources were considered re-
producible if the maximum distance between the analysts’ dust source
markers did not exceed 10 km. Sinclair and Jones (2017) found that by
increasing the tolerance for location error from 10 km to 15 km, dust-
source dataset reproducibility increased substantially (from 28% up to
85% in one case study), suggesting analyst subjectivity may have a
notable effect on dust-source location error.

The goal of this study is to expand upon the Sinclair and Jones
(2017) assessment through a more robust and comprehensive re-
producibility investigation of the modified W09 technique. Four ana-
lysts independently examined five concurrent years of late spring and
summertime MODIS satellite imagery of Southwest Asia and Northwest
Africa and cataloged their interpretations of active dust source loca-
tions. The four analysts also documented their level of certainty in their
choice of marker placement each time they recorded a point. These
datasets were then compared to evaluate the role of analyst subjectivity
and marker placement confidence on plume head marker location error.

2. Study region

To mirror the W09 study as closely as possible, the same study area
in Southwest Asia was chosen for this work. The study area includes 30
countries across Southwest Asia and Northeast Africa and comprises
almost all of the Middle East (Fig. 1). The greatest concentration of dust
sources in the Middle East are observed at the border between Syria and
Iraq along the Tigris and Euphrates Rivers (see Fig. 1; Moridnejad et al.,
2015; Parolari et al., 2016). A high concentration of dust storms also
occur at the convergence between the borders of Iran, Pakistan, and

Fig. 1. A map depicting the portion of Southwest Asia and Northeast Africa
examined in this study. The red polygon outlines the region for which MODIS
imagery was downloaded. The solid and dashed white boxes show the location
of the Hamun dry lakes and a portion of the Tigris and Euphrates Rivers, re-
spectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Afghanistan where dust sources are located in valleys between moun-
tain ridges (Middleton, 1986). Geomorphic landforms in the area with
high dust emission potential include alluvial fans and ephemeral lakes,
such as the Hamun dry lakes and the deltaic fan associated with the
Helmand River (see Fig. 1; Goudie and Middleton, 2006). Dense dust
plumes originating from these sources are transported by strong
northwesterly winds blowing through lowland areas. The onset of these
strong, seasonal winds is known as the summer Shamal season, which
occurs in the late spring through summer (Yu et al., 2016; Bou Karam
Francis et al., 2017). To coincide with the summer Shamal, satellite
imagery evaluated in this study were generated using five years
(2012-2016) of MODIS data collected from 15 May to 31 August.

3. Methods

To examine the role of user subjectivity, four analysts independently
mapped dust plume-head point sources from MODIS imagery following the
procedures outlined in Sinclair and Jones (2017). The methodology used
here differs from the original W09 technique in that 1) analysts place a
single point at the location of an unobscured plume head, rather than
outlining the plume head with a curve, and 2) analysts assign each mapped
point a quality score (confidence level in marker placement) on a qualita-
tive scale of 1-3, where 3 is the most confident and 1 is the least confident.
As discussed in Sinclair and Jones (2017), quality scores are intended as a
means to communicate user confidence in plume-head mapping decisions
and are highly subjective. Users assigned a particular point a quality score of
3 only when they were confident in the placement of the point and felt
certain dust was originating from that location. A quality score of 2 meant
users were almost certain dust was coming from that location but were not
entirely confident. A quality score of 1 meant the user had a low level of
confidence in the placement of their point.

Plumes emanating from a broad swath instead of a discernable point
source were not considered for this analysis. True-color and DEFC
imagery were downloaded and processed, and usable images were se-
lected based on a perceived potential for mappable sources. Plume-head
point sources were mapped using ArcMap 10.3 and assigned quality
scores. Results were aggregated and assessed for reproducibility. A
mapped plume-head point source was considered reproducible if the
maximum distance between point-source markers placed by the four
analysts for a single plume was <10 km, a limit defined by the potential
for advection error when using the original W09 methodology.



3.1. MODIS imagery

Satellite images were derived from MODIS data, which have been
collected by the Earth Observing System Terra and Aqua satellites since
late-1999 and mid-2002, respectively. MODIS Level 1B 1 km Calibrated
Radiance granules for the region outlined in Fig. 1 were downloaded
following the procedures in Sinclair and Jones (2017). Note, in the
Sinclair and Jones (2017) study, Automated Surface Observing Systems
(ASOS) weather station data were used to guide MODIS image down-
loads, as only imagery associated with weather reports that depicted
“dusty” conditions were downloaded. In our study, however, all avail-
able MODIS imagery from 15 May to 31 August of 2012 through 2016
were downloaded to ensure dust events were not missed. A single
analyst manually sorted through the five years of i magery, removed
images where satellite pass over coverage was insufficient or only clear
conditions were present, selected all instances where lofted dust was
clearly depicted, and provided the images to the team of analysts for
mapping.

Three unique images were generated from each acquired granule.
The first was a true-color image, a bird’s eye representation of Earth
from space (Fig. 2A). The other two images were created using DEFC
algorithms (Fig. 2B and C). The first of the dust-enhanced images was

rendered using a technique described by Miller (2003), which uses
visible, near-infrared, thermal-infrared, and water-vapor channels to
distinguish elevated dust from the underlying background. Lofted dust
appears pink, landscapes have blue and green hues, water and steep
terrain are red, and clouds appear aqua (Fig. 2B).

The second dust-enhanced image was generated using an algorithm
developed by the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT) for use with their geostationary
satellite data, which has since been adapted for other satellite platforms
(e.g., Lensky and Rosenfeld, 2008; Brindley et al., 2012). Unlike the
Miller (2003) approach, the EUMETSAT technique does not require the
use of visible channels, which makes it useful for both day and night-
time dust detection. Lofted dust appears pink against purple landscapes,
and thick clouds appear red, which in some instances can camouflage
the dust (Fig. 2C). Imagery created with true-color settings, the Miller
(2003) algorithm, and the EUMETSAT algorithm are labeled “True
Color,” “MILLER,” and “EUMETSAT,” respectively, throughout this
paper.

Originally created by Lee et al. (2009) and since adopted by others
(e.g., Hahnenberger and Nicoll, 2014), some previous studies have used
250 m resolution True Color MODIS imagery with the W09 metho-
dology in place of the 1km True Color and dust enhanced imagery

Fig. 2. MODIS satellite imagery of Southwest Asia. Panels A, B, and C represent the area outlined by the red box within the inset of Panel A. Panel A is a True Color
image that depicts white clouds against a brown landscape; a bird’s eye representation of Earth. Panel B is a MILLER image that shows aqua colored clouds against a
blue/green landscape. Lofted dust appears pink while high-relief topography appears red. Panel C is an EUMETSAT image that displays red clouds against a purple/
blue landscape. Lofted dust appears pink. The black box shown in each panel depicts a dust storm that occurred on July 9, 2013 at 0610 UTC at the borders between
Iran, Afghanistan, and Pakistan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. MODIS imagery of a dust storm that occurred on July 9, 2013 at 0610 UTC at the borders between Iran, Afghanistan, and Pakistan. The extent of each panel is
depicted by the black box in Fig. 2. Panel A: 250 m resolution True Color image. Panel B: 1 km resolution True Color image. Panel C: 1 km resolution MILLER image.
Note that the plume-head point sources are most easily identifiable in the MILLER image. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)



discussed above. We chose to use the 1km imagery for this study for
several reasons: (1) while 250 m resolution True Color imagery pro-
vides a more precise representation of the ground surface, it does not
improve dust source location identification. This is because the dust still
needs to be sufficiently lo fted fo r sa tellite de tection, an d therefore
plumes seen in the imagery have likely already advected downwind
from their original point source, (2) the 1 km MILLER and EUMETSAT
imagery reveal plume sources that would otherwise go unnoticed if
only True Color imagery was utilized (Fig. 3), and (3) the goal of this
study is to assess the reproducibility of and uncertainty in the original
W09 methodology. To do this, we followed the original study as closely
as possible, which utilized 1 km MODIS imagery.

3.2. Plume head mapping and labeling

Analysts with backgrounds in geology, meteorology, and geomor-
phology conducted the plume head mapping and labeling. One of the
four analysts who had prior experience using the W09 methodology
was tasked at training the other analysts to ensure there was con-
sistency in mapping procedures across the team. Once the actual
mapping began, however, the analysts were prohibited from collabor-
ating to eliminate any potential persuasion or bias.

Thousands of plume-head point-source markers were generated for

each year, and attributes associated with the points (e.g., latitude,
longitude, granule date, granule time, quality score, and analyst
number) were combined into a master data table. All three MODIS
image types (True Color, MILLER, and EUMETSAT) were utilized in the
mapping process. The analysts primarily relied on the MILLER images
to initially locate plume-head point sources, particularly as lofted dust
is most easily identifiable in these images. Once the location of a po-
tential plume-head point source was observed, the analysts used True
Color images to ensure the point was in fact lofted mineral dust, and not
associated with a forest fire or thin, translucent clouds (which can also
look like plume heads). The EUMETSAT images were used as supple-
mental/additional information to confirm the actual location of the
point source. After reviewing all three image types, the analysts
mapped the actual point sources against the MILLER images.

To provide a means of associating points from individual analysts to
commonly perceived plumes, two additional analysts, who did not
participate in the mapping stage, reviewed the data to assign dust
plume identifier codes (referred to here as ID codes). To create the ID
codes, the two third-party analysts examined mapped points affiliated
with individual MODIS granules in ArcGIS using MILLER imagery for
guidance and mapped their own collection of points anywhere they
viewed a single point or cluster of points associated with a particular
plume (e.g., Fig. 4). Because this approach requires some subjectivity

Fig. 4. MODIS imagery of a dust storm that occurred on July 9, 2013 at 0925 UTC at the borders between Iran, Afghanistan, and Pakistan. Panels A and B represent
the area outlined by the red box shown in the inset of Panel A. Panel A: True Color image. Panel B: MILLER image depicting points mapped by all four analysts. Panel
C: A zoomed in view of the area outlined by the black box in Panel B. Panel D: The same extent shown in Panel C and a depiction of the center points that replaced
points mapped by all analysts. The polygonal division of these points used to generate unique IDs is also displayed. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)



on the part of the third-party analysts, the analysts who participated in
the original mapping exercise periodically reviewed plume association
assessments for their respective points. A series of polygons were then
generated for each granule domain with one third-party analyst point
allowed per polygon (e.g. Fig. 4D). A unique ID code was then assigned
to each polygon and their associated points, and a new column con-
taining these ID codes was added to the master data table.

3.3. Limitations

Due to a general lack of in situ dust-emission observations, there is
no way to definitively corroborate the precise locations of historically
emitting dust sources on a regional scale or to verify that point sources
subjectively identified by an analyst are actually true sources. Thus,
quantitative assessment is limited in nature to point-placement re-
producibility amongst analysts. In other words, this paper addresses the
sensitivity of plume-head location placement to analyst interpretation.
It does not attempt to quantify the ability of individual group members
to reproduce actual emission-source patterns.

3.4. Reproducibility assessments

Following the approach used by Sinclair and Jones (2017), a digi-
tized plume-source location is considered reproducible if the maximum
distance between analyst point-source markers for a single plume is
<10km (Fig. 5). Linear distances between points were measured if two
or more analysts identified a common plume (i.e., two or more master
data table entries shared a common ID code). If three or more analysts
identified the same plume, the maximum distance between the points
was recorded (see Fig. 4).

We conducted six unique reproducibility assessments. The first as-
sessment (Test 1) examined plume-head point sources that were

Fig. 5. Schematic diagram of the method used to identify the maximum dis-
tance between analyst markers for a common plume. Scenario A depicts a
plume mapped by all four analysts, while Scenario B depicts a plume mapped
by two analysts. The black line in both scenarios highlights the maximum
distance between analyst points. Maximum distances were calculated in all
instances a plume was mapped by two or more analysts.

mapped by all four analysts regardless of quality score. The other five
reproducibility tests were conducted to determine if other parameters,
such as quality score or the number of analysts who mapped a parti-
cular plume, influenced reproducibility. We defined each test by the
number of analysts who mapped a plume head and the associated
quality scores as follows: plume heads mapped by two or more analysts
regardless of quality score (Test 2); plume heads mapped by two or
more analysts with the highest quality score (Test 3); plume heads
mapped by all four analysts with the highest quality score (Test 4);
plume heads mapped by two or more analysts with the lowest quality
scores excluded (Test 5); and plume heads mapped by all four analysts
with the lowest quality scores excluded (Test 6) (see Table 1). The
mean, median, standard deviation, maximum distance, and number of
plume heads in each scenario were calculated, and test results were
plotted as histograms. Results from Test 1 are likely the most re-
presentative of W09 technique reproducibility, as quality scores were
not included in the original W09 methodology.

4. Results
4.1. Lofted dust in MODIS imagery

Of the thousands of MODIS images downloaded for this study, only
several hundred were useful for mapping plume-head point sources.
This was for a variety of reasons, including: no satellite coverage during
the time of a dust storm; cloud obscuration; and the occurrence of a
low-concentration, short-lived, insufficiently lofted, or nighttime dust
storm. Additionally, in many instances, analysts were not able to map
lofted dust as it appeared as an effusive cloud without a discernable
source.

During the imagery selection process, it was determined thin clouds,
forest fires, and high-relief ridges also look like plume heads in the
DEFC MODIS images. To eliminate these potential false positives,
smoke originating in forested terrains, narrow mountain ridges, and
thin clouds identified in True Color images were ruled out.

4.2. Plume head mapping results

The four analysts mapped a combined 23,380 plume-head point
sources throughout the five years of MODIS imagery that were ex-
amined (Fig. 6). Of these, 39.8% were assigned a quality score of 2,
32.2% a quality score of 1, and 28% a quality score of 3. The quality
scores were heterogeneously distributed across the region, and no ap-
parent spatial or linear patterns were observed. In several cases, how-
ever, smaller (< 100 km across) areas that had a dense population of
mapped plume-head point sources contained a greater abundance of
plumes that had been assigned a quality score of 3 (Fig. 7).

More than 60% of all plume-head markers were mapped in Syria,
Iraq, Sudan, and at the borders between Afghanistan, Pakistan, and Iran
(see Fig. 6). The number of plume heads identified by each analyst
varied; Analyst 1 mapped the most points (8,325) while Analyst 3
mapped the least (3,860) (Table 2). The greatest number of plume-head

Table 1
The defining criteria and results of the six reproducibility tests.
Test Number of Quality Scores Number of Median Maximum Mean Maximum Maximum Distance Standard Largest Maximum
Analysts Plumes Distance (km) Distance (km) Deviation (km) Distance (km)
1 4 1,2,3 913 7 10.4 11.2 106
2 2+ 1,23 5498 5 8.8 11.6 179
3 2+ 3 1401 4 5.8 6.8 63
4 4 3 120 5 6.3 5.6 33
5 2+ 2,3 3797 4 7.1 9.6 167
6 4 2,3 516 6 8.8 9 76




Fig. 6. Map of Southwest Asia and Northeast Africa depicting the distribution
of plume-head point-source markers placed by the four analysts over the 15
May to 31 August 2012-2016 mapping period. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

markers were placed in 2012 (5,997) while the least were placed in
2016 (3,468) (Table 2). That said, 2012 had the lowest percentage of
plume-head markers that were assigned a quality score of 3 (25%) and
the highest percentage that were assigned a quality score of 1 (33.4%)
of any year, while the opposite was true for 2016.

Out of all the plume-head markers that were identified, < 10% were
mapped by all four analysts. We calculated the number of instances a
single analyst was the only one within the team that did not map a
particular plume-head (Table 3). Results show each analyst omitted at
least 214 plume heads that the rest of the team identified. Additionally,
all instances where a single analyst was the only person to map a

Table 2

Summary of all plume-head point sources identified by the four analysts within
the five years of MODIS imagery. Mapped points are broken down by year and
quality score for each analyst and displayed as percentages. The total number of
points mapped by each analyst are also listed.

Mapped 2012 2013 2014 2015 2016 Percent of

Points Total
Analyst 1 Q1 48 42 32 21 29 37

Q2 32 34 36 36 30 34

Q3 20 24 32 43 41 29

Percent of 29 27 19 12 13 Total Points:

Total 8325
Analyst 2 Q1 19 12 32 38 33 25

Q2 59 66 52 47 50 56

Q3 22 22 16 15 17 19

Percent of 33 20 13 21 13 Total Points:

Total 6143
Analyst 3 Q1 16 17 20 26 22 21

Q2 35 39 42 47 44 42

Q3 49 44 38 27 34 37

Percent of 16 20 14 29 21 Total Points:

Total 3860
Analyst 4 Q1 40 44 39 42 40 41

Q2 32 28 26 28 30 28

Q3 28 28 35 30 30 31

Percent of 17 21 19 26 17 Total Points:

Total 5052
All Analysts Q1 33 31 33 33 31 32

Q2 42 42 37 39 38 40

Q3 25 27 30 28 31 28

Percent of 26 23 17 19 15 Total Points:

Total 23,380

particular plume were calculated (Table 4). Each analyst mapped be-
tween 855 and 3,990 plumes that no other team member identified. In
total, 9,017 plumes (or 38% of the entire dataset) were mapped by a
single analyst. Of these, however, 47% were assigned a quality score of
1, and only 15% were assigned a quality score of 3.

Fig. 7. Left: Plume-head markers in Iraq that were mapped by the four analysts and sorted by quality score. Regional context of this area is shown in the top right.
The black box is enlarged on the Right: Highly populated area of plume-head markers. Note the majority of these points were assigned a quality score of 3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Table 3

Every instance a single analyst was the only one within the group that did not map a particular plume head.

2012 2013 2014 2015 2016 Total
Analyst 1 21 27 24 100 42 214
Analyst 2 20 46 50 87 50 253
Analyst 3 227 146 80 45 33 531
Analyst 4 173 128 63 102 77 543

Table 4

Plume-head point sources that were mapped by only one analyst per year and
the associated quality scores assigned to those points. The total number of
plume heads each analyst was the only one to map and the percent of those
points that were assigned a quality score of 1, 2 or 3 are also shown.

Total Quality 2012 2013 2014 2015 2016 Percent
Points Score
Analyst 1 3990 Q1 751 699 390 118 215 55
Q2 295 356 314 145 169 32
Q3 97 89 161 91 100 13
Analyst 2 2165 Q1 220 64 72 258 154 36
Q2 467 229 118 245 152 56
Q3 87 26 15 29 25 8
Analyst 3 855 Q1 19 22 23 119 67 29
Q2 37 57 37 156 114 47
Q3 44 40 32 41 47 24
Analyst 4 2007 Q1 113 208 199 321 211 52
Q2 78 76 103 188 110 28
Q3 36 66 99 125 74 20
All Analysts 9017 Q1 1103 993 684 816 647 47
Q2 877 718 572 734 545 38
Q3 264 221 307 286 246 15

4.3. Reproducibility test results

The results from reproducibility tests 1-6 are plotted as histograms
in Fig. 8. As the data does not fit a Gaussian curve, the median, rather
than the mean, maximum distance between analyst plume-head mar-
kers was examined to assess reproducibility. Results from all tests
produced similarly distributed, left-skewed data, as shown in Fig. 8. The
primary difference between the six histograms is the sample size, or
number of plume heads that fit the criteria of each test, and the max-
imum distance between analyst points. For example, Test 4, which re-
quired identification by all four analysts and the highest quality score,
had a sample size of 120 plumes and a maximum location discrepancy
of 30 km for a single plume, while Test 2, which only required identi-
fication by 2 or more analysts, had a sample size of 5,498 plumes and a
maximum location discrepancy of 179 km for a single plume.

Median values of the maximum distances between analyst markers
in Tests 1-6 are as follows: 7 km, 5km, 4 km, 5km, 4 km, and 6 km,
respectively. The maximum distance between plume-head point mar-
kers ranged from < 1 km to 179 km. Surprisingly large distance outliers
were double checked and confirmed accurate (in other words, they
were not mislabeled points). These occasional large discrepancies were
primarily due to uncommonly pronounced differences in the intensity

Fig. 8. Results for reproducibility tests 1-6. The y-axis shows number of plume heads that met the criteria of each test, and the x-axis shows the maximum distance
between analyst points for each plume head that was mapped. A zoom in of Tests 2 and 5 are shown as insets within those histograms.



and apparent source locations of plume heads associated with isolated
plumes in the MILLER and EUMETSAT images. Analysts were instructed
to base their initial marker placement choice on the MILLER imagery
and, if necessary, adjust the position of the marker with supplemental
data for guidance (as per the approach outlined by W09). Plume-head
sources will periodically appear further downwind in MILLER images
compared to EUMETSAT images, making it difficult to determine the
origin of a localized source.

5. Discussion
5.1. Spatiotemporal distributions of mapped plume heads

Due to limitations in ground-truth data, the points mapped by each
analyst in this study cannot be considered “right” or “wrong”. That is to
say, it is difficult to deduce if the points mapped by an analyst are true
sources. What can be said, however, is that analyst 1 mapped over
4,000 more plume-head point sources than analyst 3. When comparing
maps generated by each analyst side by side, it is apparent that per-
ceived outcomes are largely influenced by the analyst that conducted
the mapping (Fig. 9). This is an important finding, as it highlights the
subjective nature of the W09 methodology.

There are several areas where results generated by each analyst are
more similar than the results shown in Fig. 9. This only occurred in
regions that contained dense populations of high-quality-score plume
heads (Fig. 7). These unique areas were uncommon across the study
site, and their occurrence is likely a product of either 1) plumes asso-
ciated with a strong, clearly identifiable/mappable dust storm that was
present for several concurrent days and therefore easier to map than
other more sporadic sources, or 2) plumes associated with a landform

that consistently erodes and continually produces dust sources. The
second scenario is most likely for the region shown in Fig. 7, as the
plume heads in this area were mapped throughout the 5-year period
examined in this study (as opposed to across a several day period). This
finding suggests the W09 methodology may produce more consistent or
confident results for known, prolific, isolated sources on erodible
landscapes as opposed to across an entire region.

At the start of this study, analysts began mapping the 2016 imagery,
in which the fewest number of sources were mapped but the greatest
percentage were assigned a quality score of 3. Analysts worked back-
wards chronologically and ended their mapping with the 2012 imagery,
which had the greatest number of sources mapped of any year but the
smallest percentage of quality score 3 assignments. We attribute this
increase in number of mapped points concurrent with a decrease in
quality score through time to one of two factors: 1) when initially
mapping, analysts were likely more hesitant to map a dust source unless
fairly certain in their assessment. With continued experience, con-
fidence, and familiarity with the DEFC MODIS imagery, analysts were
presumably identifying plume head sources more easily or mapping
somewhat ambiguous plumes with lower quality scores that may have
been passed over in earlier mapping stages. To avoid this potential bias
in future studies, MODIS imagery could be mapped in a randomized
order. The effects of this bias could also be quantified if, after com-
pleting sequential mapping, the analysts remapped the first year of
imagery for comparison to initial results. Another potential explanation
for this pattern may be related to 2) precipitation anomalies observed in
the Middle East. From 1998 to 2012, parts of the eastern Mediterranean
region experienced substantial drought (Cook et al., 2016), which led to
an increase in atmospheric dust and perhaps a greater potential for
mappable dust sources. Additionally, more MODIS images containing

Fig. 9. Plume-head point sources mapped in Iraq throughout the five years of MODIS imagery examined in this study. Each panel depicts markers placed by a
different analyst. The extent of all four panels is shown in Fig. 7. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)



Table 5
The total number of plume-head point sources mapped per year compared to
the number of available (mappable) MODIS images per year.

Number of
Mapped Points

Number of Mappable
MODIS Images

Percent of Total Mappable
MODIS Images

2016 3507 142 17.7
2015 4442 185 23.2
2014 3975 120 15

2013 5377 171 21.4
2012 6079 181 22.7

mappable dust plumes were available in 2012 than in 2016, which may
have also contributed to these results (see Table 5). It is probable that a
combination of factors affected our results. The drought and pre-
cipitation anomalies however exemplify how the W09 methodology can
be a useful technique for examining the effects of climate variability on
dust emission activity across a region through time.

5.2. Reproducibility assessment

The median value of the maximum distances between analyst
markers was < 10km in each of the six test scenarios examined, and
therefore we conclude that the adapted version of the W09 metho-
dology examined here is a reproducible technique when analysts agree
on the occurrence of a dust plume. We hypothesized that our more
stringent tests, such as those that only looked at plumes that were as-
signed a quality score of 3 or mapped by all four analysts, would pro-
duce more consistent results (i.e., a smaller maximum distance
median), but this was not the case. Our most restrictive test, Test 4,
which required 4 mappers and quality scores of 3, resulted in a median
maximum distance discrepancy of 5 km. When we loosened restrictions
to 2 or more mappers, however, higher quality scores produced slightly
better results. Tests 3 and 5 produced the most consistent results (4 km),
and in both scenarios, quality score 1 values were excluded.
Additionally, roughly half of the points mapped by a single analyst were
assigned a quality score of 1. These results suggest that quality scores,
particularly quality scores of 1, could serve as a useful metric for
identifying markers that may be difficult to reproduce between ana-
lysts.

Tables 3 and 4 indicate all four analysts contributed to mapping
plume heads that no other team member identified as well as missed
plume heads that were mapped by all other analysts. It is possible that
our subjective ID code labeling process influenced the high percentage
of sources that were mapped by only one analyst. For example, two
markers intended for a single plume head could have been mistakenly
labeled as two separate plume heads in circumstances where multiple
plumes were located in close proximity to one another along the front
of a dust storm. However, we presume these errors are uncommon
based on our plume association review experience.

Although our results indicate the adapted W09 methodology is a
reproducible technique, some of the maximum distances between
analyst points for a single plume exceeded 100 km, including Test 2
which had the largest distance of 179 km (see Fig. 8). It is likely that in
the case of Test 2, different analysts relied more heavily on EUMETSAT
or MILLER images, which can differ substantially in traceable upwind
point-source locations. This highlights the importance of either 1) al-
ways having the same analyst conduct the mapping across a particular
domain to ensure consistency, or 2) having a large sample size of
analysts to better constrain uncertainty in mapped sources.

While each test in this study had different criteria and associated
sample sizes, the resultant median values only altered by 3km.
Although seemingly insignificant, reducing overall uncertainty and in-
creasing reproducibility, even if only by a few kilometers, is crucial to
improving remotely-sensed dust source datasets. This is especially

important as synoptic and mesoscale dust events are often comprised of
small point-source plumes that are less than 10 km across.

5.3. Uncertainty quantification

The authors of the original W09 methodology suggest dust source da-
tasets generated from 1 km MODIS imagery may include location errors of
up to 10km as a result of downwind advection. In this instance, however,
we identified an additional 7 km of analyst subjectivity-induced locational
uncertainty. The exact magnitude of subjective error may vary depending
on the analysts conducting the experiment, the study domain, or even the
time period used for the assessment. The key takeaway point, however, is
that the potential for additional subjectivity error exists, and product users
should have an awareness of this issue when deciding whether or not the
W09 approach is appropriate for their application of interest. The bigger
concern may be the subjectivity around whether or not a dust plume head
should actually be mapped in the first place. We argue that analyst sub-
jectivity-induced locational error is independent of the error caused by
downwind advection, and therefore both influence mapped results. It is
likely that the total uncertainty associated with a given mapped plume-head
point source is < 17 km, particularly as our other reproducibility tests
produced median maximum distance results that were < 7 km. However,
users should be aware of the amount of error that could be present in their
dataset, especially as the W09 technique is currently used in regional-scale
weather forecasting models and as a proxy for observations of active dust
source emissions.

5.4. Future work

Quantifying the spatial and temporal patterns of erodible dust
sources continues to be an ongoing challenge. Dust source datasets
created using the W09 technique are capable of demonstrating broad,
regional dust patterns, but are not entirely robust. For example, the
dataset generated in this study highlights the regions across Southwest
Asia and Northeast Africa that are known, consistent dust emitters
(Iraq, Syria, Pakistan/Afghanistan/Iran borders) but does not include
sources produced from dust plumes that are too narrow for satellite
detection in MODIS imagery. Future studies may look to higher-re-
solution multispectral satellite platforms, such as the Visible Infrared
Imager Radiometer Suite (VIIRS), to enhance dust source datasets
produced using the W09 methodology.

Furthermore, the timing of satellite data acquisition relative to dust
event onset could affect results. If satellite pass over does not coincide
with dust activity, potential mappable data points could be missed. As
suggested by Yu et al. (2018), future studies could utilize multiple da-
tasets collected by different satellite platforms for improved temporal
coverage.

Improved temporal coverage however, does not necessarily indicate
improved results with respect to subjectivity. Hennen et al. (2019)
subjectively mapped dust sources for a portion of Southwest Asia using
DEFC imagery derived from the geostationary Spinning Enhanced
Visible and Infrared Imager (SEVIRI) at three different temporal re-
solutions (one image every 15, 30, and 60 min). They found that uti-
lizing geostationary data was useful for identifying short-lived in-
dividual dust events and localized sources that otherwise may have
been missed using polar orbiting satellite data. However, the potential
for locational error when selecting point placement remains even when
using high-temporal resolution imagery, as the dust must still be suf-
ficiently elevated above the land surface for satellite detection. It is
possible that high-temporal frequency datasets could reduce the overall
amount of locational error given the shorter window of time for
downstream advection to occur; however, this has not been evaluated.
Future research is needed to assess whether the use of high-temporal
resolution geostationary imagery datasets improves subjectively
mapped dataset accuracy with respect to locational error in addition to
improving dataset density and spatial coverage.



We did not expect that < 10% of all plume-head point sources
would be mapped by all analysts. However, as only four analysts par-
ticipated in this study, a larger sample size is needed to sufficiently
address this potential issue. Given the difficulties in obtaining quality in
situ emissions data for a large domain, we believe continued efforts to
further refine this approach should be actively pursued. Additionally,
future assessments conducted in areas with well-known and well-
characterized dust emissions could be useful for merging analyst results
and assessing accuracy in mapped sources.

6. Conclusions

In this study, four analysts mapped a total of 23,380 dust plume-
head point sources using five y ears ( 2012-2016) o f M ODIS satellite
imagery and an adapted version of the W09 methodology. We con-
ducted six unique reproducibility assessments, and the median of the
maximum distances between analyst points for a single plume was <
10 km in each scenario, which suggests the adapted W09 methodology
is a reproducible technique with respect to locational error. Results
show analyst confidence levels do not substantially alter reproducibility
results but may be useful for identifying regions that could require
further drone- or ground-based monitoring. The maximum distance
between user points for a single plume ranged from < 1 km to 179 km,
and < 10% of the total dataset was mapped by all four analysts, which
highlights the subjective nature of this method and suggests dust source
maps generated using this technique may differ substantially between
users. Results indicate that additional error due to analyst subjectivity
may need to be included to fully characterize locational uncertainty.
Future studies should continue to improve and refine the W09 tech-
nique given its frequent use amongst the dust emission modeling and
hazard assessment communities.
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