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Abstract

Dust storms can be hazardous for aviation, military activities, and respira-
tory health and can occur on a wide variety of spatiotemporal scales with
little to no warning. To properly forecast these storms, a comprehensive
understanding of the meteorological dynamics that control their evolution
is a prerequisite. To that end, we chose a major dust storm that occurred
in Southwest Asia during July—August 2018 and conducted an observa-
tion-based analysis of the meteorological conditions that influenced the
storm’s evolution. We found that the main impetus behind the dust storm
was a large-scale meteorological system (i.e., a cyclone) that affected
Southwest Asia. It seems that cascading effects from this system produced
a smaller, near-surface warm anomaly in Mesopotamia that may have trig-
gered the dust storm, guided its trajectory over the Arabian Peninsula, and
potentially catalyzed the development of a small low-pressure system over
the southeastern end of the peninsula. This low-pressure system may have
contributed to some convective activity over the same region. This type of
analysis may provide important information about large-scale meteorolog-
ical forcings for not only this particular dust storm but also for future dust
storms in Southwest Asia and other regions of the world.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

Airborne dust, especially within dust storms, can be hazardous for aviation
(Federal Aviation Administration 2020), military activities (McDonald et
al. 2016), and respiratory health (Giannadaki et al. 2014). Additionally,
dust storms are spatiotemporally diverse: they can form on any continent
aside from Antarctica (Sissakian et al. 2013), propagate up to thousands of
kilometers, and last from minutes (Arizona Emergency Information Net-
work 2019) to days, potentially striking an area with little or no warning
(Maricopa County 2021). However, proper forecasts of dust storms reduce
their inherent risks. To that end, several numerical weather prediction
models have incorporated dust-emission and transport schemes that allow
forecasting of dust storms in various parts of the world (Liu et al. 2007;
Johnson et al. 2011; Kok, Albani, et al. 2014; Kok, Mahowald, et al. 2014b;
Terradellas et al. 2015; LeGrand et al. 2019; Ma et al. 2019). To develop
these dust schemes and create high-quality dust-storm forecasts, it is im-
portant to have a comprehensive understanding of the dynamics of dust
storms and the meteorological conditions that guide their evolution over
space and time. Therefore, we selected a historical major dust storm from
Southwest Asia as a case study for better understanding the relevant mete-
orological forcings that influence dust-storm development—from precon-
ditions to initiation to cessation.

The dust storm in Southwest Asia selected for our case study had a large
spatiotemporal footprint: from start to finish, it propagated about

2,000 km" from Iraq to the southernmost end of the Arabian Peninsula
and affected the region for about 9 days (26 July to 3 August 2018). Fur-
thermore, over the course of this event, dust was recorded in surface
weather observations for at least four cities with more than one million in-
habitants: Baghdad in Iraq, Riyadh in Saudi Arabia, and Abu Dhabi and
Dubai in the United Arab Emirates (Weather Underground 2020). The
dust storm was particularly persistent at Dubai International Airport,
which reported “widespread dust” for 55 consecutive hours (Weather

* For a full list of the spelled-out forms of the units of measure used in this document and their con-
versions, please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 245-252 and 345-347, https://www.govinfo.gov/content/pkg/GPO-
STYLEMANUAL-2016/ pdf/GPO-STYLEMANUAL-2016.pdf.
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1.3

Underground 2020). Finally, the large spatiotemporal footprint of this
dust storm allowed for a broader domain over which meteorological data
could be gathered and analyzed.

The analyses of this study are important precursors for guiding future nu-
merical simulations of this dust storm within Southwest Asia. In particu-
lar, while Francis et al. (2021) explored potential small-scale
meteorological forcings of this dust storm over the Arabian Peninsula, our
study also examines potential large-scale meteorological forcings farther
upstream that may ultimately have predictive potential for the initiation of
future dust storms. We expect that the combination of large-scale analyses
(this study), small-scale analyses (this study and Francis et al. 2021), and
future numerical simulations will ultimately lead to better understanding
and prediction of the development of major dust storms not only in South-
west Asia but also worldwide.

Objective

The primary objective of this study was to identify the meteorological in-
fluences of the major dust storm that occurred in Southwest Asia in July—
August 2018.

Approach

The first step of this study was identifying an appropriate geographical do-
main over which we would analyze meteorological data. Next, we obtained
meteorological data from a variety of observation-based sources—surface-
based stations, satellite products, atmospheric reanalyses, radiosondes,
and precipitation products. We then used these data to conduct a quantita-
tive and qualitative investigation of the meteorological environment sur-
rounding the dust storm, including the creation of spatial maps and
vertical cross sections of observation-based products and Skew-T plots of
radiosonde data. Finally, we used the results of these analyses to formulate
conclusions and recommendations that could inform future dust-storm
analyses, both observational and model based.
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2.1

Data and Methods

Study area

For the purposes of this report, Southwest Asia includes all countries
bounded by the Mediterranean and Red Seas to the west; the Black and
Caspian Seas to the north; the Persian Gulf, Gulf of Oman, and Arabian
Sea to the east; and the Gulf of Aden and Arabian Sea to the south (Figure
1). This includes the entire Arabian Peninsula (Saudi Arabia, Kuwait, Bah-
rain, Qatar, the United Arab Emirates, Oman, and Yemen) and Mesopota-
mia (Iraq, Syria, and southeastern Turkey). Major topographic features of
Southwest Asia include a stretch of higher elevations extending from Tur-
key into Iran, low-lying areas across Mesopotamia and around the Persian
Gulf, the Al-Hajar Mountains at the southeastern end of the Arabian Pen-
insula, and an area of higher elevations on the Arabian Peninsula border-
ing the Red Sea and Gulf of Aden. Though Southwest Asia is dominated by
the Arabian Desert, it also contains several densely populated areas, in-
cluding the four populous cities that were affected by the dust storm
(Baghdad, Riyadh, Abu Dhabi, and Dubai; Figure 1).

Figure 1. A map of Southwest Asia (adapted from Google 2022).
The orange shapes on the map indicate the four major cities
affected by the July-August 2018 dust storm: Baghdad (circle),
Riyadh (star), Abu Dhabi (square), and Dubai (triangle).
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In Sections 4 and 5, Figures 8—19 and 22—23 cover a larger area that en-
compasses not only Southwest Asia but also its surroundings (between 0°
and 60° N and —10° and 80° E). Analyzing data over this larger area allows
for a more accurate characterization of the meteorological environment up
to several days in advance of the initiation of the dust storm.

Data sources

This report uses a variety of observational data sources to describe the me-
teorological environment for the July—August 2018 dust storm in South-
west Asia.

2.2.1 Station data

To identify trends in observed weather conditions during the dust storm,
this report uses data from an archive of surface-based weather stations at
Weather Underground (Weather Underground 2020). Hourly observa-
tions of quantitative and qualitative weather conditions within this dataset
allow for a ground truth analysis of dust and wind at the surface.

2.2.2 Satellite products

To identify lofted dust over the study area, this report uses satellite im-
agery from the Spinning Enhanced Visible and InfraRed Imager (SEVIRI)
instrument aboard the Meteosat Second Generation spacecraft, which is
operated by the European Organisation for the Exploitation of Meteoro-
logical Satellites (EUMETSAT, “SEVIRI,” n.d.). SEVIRI provides satellite
images of aerosol optical depth (AOD) over the study area every 15
minutes that are used to infer the intensity of the dust storm (this report
uses hourly data; EUMETSAT, “0 Degree,” n.d.). This report also utilizes a
snapshot from a video of Meteosat false-color satellite imagery that uses
the DUST RGB filter (EUMETSAT 2022), which identifies dust in the at-
mosphere as shades of pink, purple, and magenta.

2.2.3 Atmospheric reanalyses

This study also relies on data from atmospheric reanalysis products, which
incorporate millions of observational data points into a data assimilation
scheme and weather model to create a spatiotemporally continuous at-
mospheric dataset that is constrained by observations. Atmospheric rea-
nalyses can be especially useful for providing data in Southwest Asia,
where surface-based weather observations are scarce.
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Specifically, this examination uses data from two atmospheric reanalysis
products: European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Interim (ERA-Interim) and v5 (ERA5). ERA-Interim
provides global data from January 1979 to August 2019 at 3-hourly inter-
vals, with a spatial resolution of approximately 8o km and 60 vertical lev-
els from the surface to the 0.1 hPa pressure level (Dee et al. 2011; ECMWF
2012, 2020b). Meanwhile, ERA5 provides global data from 1959 to near-
real time at hourly intervals, with a spatial resolution of approximately 30
km and 137 vertical levels from the surface to a height of 80 km above
ground level (ECMWF 2019, 2020a; Hersbach et al. 2020). While ERA5 is
the more recent reanalysis product, this report uses only the surface-based
variables from ERA5, since using the large 3D atmospheric variables from
ERAj5 would have taken more time and resources than were feasible for
this study. Therefore, this report instead uses the 3D atmospheric varia-
bles from ERA-Interim.

2.2.4 Radiosonde data

To better assess the convective environment with which the dust storm in-
teracts, this report uses radiosonde data from an archive at the University
of Wyoming that includes data from stations around the world (University
of Wyoming, n.d.). Our report analyzes radiosonde data from this archive
for Abu Dhabi International Airport (OMAA) and uses website-generated
Skew-T plots, which show vertical profiles of air temperature, dewpoint
temperature, and wind at various pressure levels.

2.2.5 Precipitation data

Finally, this report uses data from two precipitation products: the Climate
Prediction Center (CPC) Global Unified Gauge-Based Analysis of Daily
Precipitation (NOAA PSL 2020) and an analysis of precipitation observa-
tions utilizing the Land Information System (LIS; John Eylander, personal
communication; Kumar et al. 2006). The CPC dataset has daily temporal
resolution and 0.5° x 0.5° spatial resolution, and the LIS dataset has 3-
hourly temporal resolution and 0.09° (~10 km) spatial resolution. While
the CPC dataset relies on precipitation gauges only, the LIS dataset uses
both gauge- and satellite-based observations. Radar-based products usu-
ally have a finer spatial resolution than the aforementioned datasets, but
these types of products were not as readily available in Southwest Asia.
Conversely, both of the precipitation products mentioned above were
readily available for our domain of interest.
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2.3

Methods

We conducted a quantitative and qualitative investigation of surface-based
and upper-air meteorological data, including spatial maps and vertical
cross sections of observation-based products and Skew-T plots of radio-
sonde data, for the July—August 2018 dust storm.
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3.2

Description of the Dust Storm

The evolution of the dust storm can be split into four major phases—
which we have termed sweep, spread, spin, and drift—between its initia-
tion and conclusion.

Dust-storm initiation

The initiation of the dust storm occurred at around 0600 UTC (0900 local
time) on 26 July 2018, as evidenced by a small area of high AOD (values
greater than 1.00) observed in southwestern Iraq (Figure 2).

Figure 2. Values of aerosol optical depth (AOD) at 0600 UTC on 26 July 2018.

ACD at 550nm []
I I

0 0.256 05 075 1 125 15 175 2

Sweep

For the next 24 hours, the cloud of dust greatly expanded in size (covering
an area roughly equivalent to that of Syria) and became more intense (with
widespread values of very high AOD [greater than 2.00]) as it “swept” to
the south-southeast over the Arabian Peninsula (Figure 3). The propaga-
tion of the dust cloud was quite rapid: its leading edge traveled about
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1,000 km between 0900 UTC on 26 July and 0830 UTC on 27 July
(Google 2020), for an average speed of 42.6 km hr-! (11.8 m s-1).

Figure 3. Values of AOD at 1300 UTC on 26 July 2018.
SEVIRI aerosol optical depth: 20180726
T T
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Spread

After sweeping across the Arabian Peninsula, the dust cloud began to
“spread” zonally (west—east) beginning at about 0600 UTC on 27 July
2018 (Figure 4). While the western portion of the dust cloud propagated
mostly off the southern end of the peninsula into the atmosphere over the
Arabian Sea, the eastern portion slowed its propagation over the south-
eastern end of the Arabian Peninsula until it came to a near standstill. Ac-
cording to EUMETSAT (Roesli 2018), this occurred because the dust cloud
was blocked by the Al-Hajar Mountains in Oman and the United Arab
Emirates (see Figure 1).
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Figure 4. Values of AOD at 1000 UTC on 27 July 2018.
SEVIRI aerosol optical depth: 20180727
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3.4 Spin

3.5

As the storm remained over the southeastern end of the Arabian Penin-
sula, the dust cloud began to “spin” counterclockwise, starting at around
2100 UTC on 28 July (Figure 5). The AOD values for the dust cloud re-
mained high to very high for the duration of this phase.

Drift

After the spin phase, the dust cloud began to slowly “drift” to the south-
west, beginning at about 1200 UTC on 30 July (Figure 6).
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Figure 5. Values of AOD at 1800 UTC on 29 July 2018.
SEVIRI aerosol optical depth: 20180729
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Figure 6. Values of AOD at 0600 UTC on 31 July 2018.
SEVIRI aerosol optical depth: 20180731
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3.6 End of the dust storm

Finally, the last major areas of dust exited the Arabian Peninsula region by
about 0600 UTC on 3 August (Figure 7).

Figure 7. Values of AOD at 0600 UTC on 3 August 2018.
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With this understanding of the general evolution of the dust storm, the fol-
lowing sections describe the meteorological conditions that preceded and
coincided with this event and discuss the factors hypothesized to have con-
tributed to its evolution.
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4.1

Synoptic-Scale Meteorological Analyses

Timeline of events

Table 1 provides a timeline of (1) relevant atmospheric “milestones” that
precede the initiation of the dust storm in Southwest Asia on 26 July and
(2) the phases of evolution for the dust storm after its initiation. The table
also includes the section numbers of this report that correspond with each
milestone or phase and identifies whether there was dust in the surface-
based observations for each of the four cities mentioned earlier in this re-
port (along with the observed maximum sustained wind during the dust
conditions). All of the surface weather observations in Table 1 were re-
trieved from Weather Underground (Weather Underground 2020).

Table 1. A timeline of atmospheric “milestones” that precede the initiation of the dust storm (up to and
including 26 July 2018) and the phases of evolution for the dust storm after its initiation (26 July 2018 and
later). For the four cities in the rightmost columns, cells are orange if the surface observations for any
particular day indicate consecutive hours of dust that seem to be associated with the July-August 2018 dust
storm (determined subjectively via satellite imagery). For these days, the number in each cell represents the
maximum sustained wind (in miles per hour) at that station during times at which dust was reported (usually

hourly; Weather Underground 2020).

Observations of Wind Speed (mph) and Dust
Date
(2018) Milestone/Phase Section Baghdad | Riyadh [Abu Dhabi| Dubai
18 Jul “Control” conditions 4211
19 Jul
20 Jul
21 Jul Trough appears 4.2.1.2
22 Jul
23 Jul Jet streak emerges 4213
24 Jul Trough deepens 4214
25 Jul Arrival at Southwest Asia 4215
26 Jul Initiation of dust storm / Sweep (4.2.1.6 /4.2.2.1 (31 17
27 Jul Spread 4222 29
28 Jul Spin 4223 25 14
29 Jul 7 14 14
30 Jul Drift 4224 18 17
31 Jul 13 15
01 Aug
02 Aug
03 Aug End of dust storm 4.2.3
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4.2

Spatial maps
4.2.1 Preceding the dust storm
4.2.1.1 “Control” conditions

The following subsections describe the synoptic-scale meteorological envi-
ronment over Southwest Asia (i.e., meteorological features with length
scales greater than 2,000 km). About 8 days prior to the dust storm, the
synoptic-scale meteorological environment over Southwest Asia was char-
acterized by generally seasonable atmospheric conditions—high air temper-
ature at the 850 hPa pressure level, low humidity at the 700 hPa pressure
level, and relatively low mean sea-level pressure (MSLP)—in a broad area
surrounding the Persian Gulf (Figure 8). Additionally, moderately strong
westerly to northwesterly winds (i.e., from the west to northwest) were pre-
sent over Mesopotamia and the Persian Gulf from the surface up to the 700
hPa pressure level, which bears similarity to the summertime shamal
(strong, low-level northwesterly winds; Yu et al. 2016).

Above the surface, it can be useful to analyze patterns in other meteorologi-
cal variables as well. For example, geopotential (GP, “the potential energy
of a unit mass relative to sea level” [American Meteorological Society
2017]) and its derivative—geopotential height—can be used to locate
troughs and ridges at various atmospheric-pressure levels. Lower levels of
GP are indicative of lower mean temperatures between the surface and the
chosen pressure level. The geopotential height usually decreases from south
to north in the northern hemisphere, reflecting the latitudinal variation of
mean temperature within the troposphere (the lowest layer of the atmos-
phere). Regions where relatively low GP dips south are called troughs and
are often associated with cyclonic wind flow and unsettled weather in the
midlatitudes. On the other hand, higher levels of GP that bulge northward
are called ridges and are often associated with broad regions of sinking air
in the troposphere and quiescent weather at the surface.

At the 500 hPa pressure level, a prominent area of higher GP was situated
over northwestern Africa (with a ridge to the north of it), and an elongated
area of lower GP was present over eastern Europe (with a trough to the
south of it). Higher in the atmosphere, relatively zonal flow (no large
south—north fluctuations) and generally westerly winds were evident at
200 hPa.
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Figure 8. “Control” atmospheric conditions over Southwest Asia and its
surroundings at 0000 UTC on 18 July 2018, 8 days before the initiation of the
dust storm. Left column, various atmospheric variables. 7op to bottonr. Mean

sea-level pressure (MSLP), air temperature at the 850 hPa pressure level,
relative humidity at the 700 hPa pressure level, and geopotential (GP) at the 500
hPa pressure level. Right column, wind speed at various vertical levels. 7op to
bottorm:. the surface (10 m above ground level), 850 hPa, 700 hPa, and 200 hPa.
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4.2.1.2 Trough appears

At about 1200 UTC on 21 July, the meteorological situation began to
change: an upper-air trough entered western Europe, which is visible in the
wind field for 200 hPa and in an area of lower GP at 500 hPa (Figure 9).
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Figure 9. Atmospheric conditions over Southwest Asia and its surroundings at
1200 UTC on 21 July 2018. (This figure and Fig. 10-16, 18, and 19 have similar
figure layouts and caption information to Fig. 8.)
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4.2.1.3 Jet streak emerges

As the trough propagated eastward, its associated area of lower GP at

500 hPa edged closer to the aforementioned area of lower GP over eastern
Europe (Figure 10). Simultaneously, a ribbon of higher wind speeds be-
came evident at 850 and 700 hPa over the Mediterranean Sea at around
0000 UTC on 23 July. This ribbon of higher wind speeds is associated
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with a broader ribbon of strong winds in the upper troposphere (200 hPa)
that is referred to as the jet stream. The local peak of higher winds at lower
levels may therefore be considered to be a low-level jet streak. Jet streaks
are often precursors to cyclogenesis (cyclone development) at midlati-
tudes; and as the following subsections illustrate, the appearance of this jet
streak portends the development of a cyclone within this domain.

Figure 10. Atmospheric conditions over Southwest Asia and its surroundings at
0000 UTC on 23 July 2018. The white X's in the bottom-left panel of this figure
and the next two figures denote minima of GP that merge over time.
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4.2.1.4 Trough deepens

A day later (at 0000 UTC on 24 July), the trough had deepened and tilted
in a slightly less positive direction, which is evident in the 200 hPa wind
field (Figure 11). The two previously distinct areas of lower GP at 500 hPa
also began to merge. As this process unfolded, the jet streak over the Medi-
terranean Sea extended upstream into eastern Europe and increased in
magnitude at 850 hPa. Furthermore, the jet streak extended downward to-
ward the surface, manifesting as a coherent area of stronger surface winds
over the central Mediterranean Sea.

4.2.1.5 Arrival at Southwest Asia

By 0000 UTC on 25 July, the two previously distinct areas of lower GP at
500 hPa had merged, and the trough at 200 hPa had switched from a posi-
tive to a negative tilt, indicating maturity of the associated weather system
(Figure 12). Indeed, at 700 hPa, winds were rotating in a counterclockwise
fashion in the same region, which likely indicates that a mature cyclone
had formed. At this time, the jet streak had arrived at the eastern end of
the Mediterranean Sea, about to enter Southwest Asia. Additionally, a re-
gion of colder air at 850 hPa emerged just to the west of the area of lower
GP, and a ribbon of drier air at 700 hPa became evident near the area of
stronger winds over the Mediterranean Sea.

4.2.1.6 Dust-storm initiation

However, around the time of the initiation of the dust storm (0600 UTC
on 26 July), an interesting meteorological development occurred: a ridge
at 200 hPa slightly amplified and shifted westward over the Caspian Sea
(Figure 13). This is likely associated with an area of higher GP that devel-
oped in western Iran, blocking the eastward propagation of both the
trough and the merged area of lower GP. Thus, the upper-tropospheric dy-
namics stalled out. However, several lower-tropospheric trends continued
unabated: the jet streak at 850 and 700 hPa continued to propagate from
the Mediterranean coast into Mesopotamia, colder air at 850 hPa contin-
ued to edge into the Syrian Desert, and a front of dry air at 700 hPa propa-
gated into Iraq off the Mediterranean Sea. Finally, moderately strong
winds emerged at the surface in a broad area from Iraq to the southern
Arabian Peninsula.
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Figure 11. Atmospheric conditions over Southwest Asia and its surroundings at
0000 UTC on 24 July 2018.
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Figure 12. Atmospheric conditions over Southwest Asia and its surroundings at
0000 UTC on 25 July 2018.
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Figure 13. Atmospheric conditions over Southwest Asia and its surroundings at
0600 UTC on 26 July 2018.
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Interestingly, surface winds near the meeting point of Iraq, Kuwait, and
Saudi Arabia (close to the origin of the dust storm) had actually peaked the
day before the initiation of the dust storm (at 1200 UTC on 25 July; not
shown). Therefore, one might wonder why the dust storm did not begin a
day earlier. One potential reason for this is that after dust is lofted by sur-
face winds, it likely requires strong winds higher in the atmosphere to
transport it longer distances. Winds at 850 hPa over Mesopotamia were
weaker on 25 July than on 26 July (see Figures 12 and 13); so even if dust
had been lofted from the surface on 25 July, it may not have stayed aloft as
long or propagated as far as it did on 26 July. There may have been other
contributing factors as well, but elucidating them likely requires additional
analyses beyond the scope of this study.

In summary, upper-tropospheric dynamics had seemed favorable for a
well-developed cyclone to enter Southwest Asia shortly before the initia-
tion of the dust storm. However, after an upper-tropospheric ridge blocked
the eastward progression of the cyclone, it seems that the energy that it
harbored may have propagated lower into the troposphere before continu-
ing into Southwest Asia.

4.2.2 During the dust storm
4.2.2.1 Sweep

During the sweep phase, as the upper-tropospheric dynamics continued to
stall, lower-tropospheric dynamics remained favorable for rapid dust
propagation. For example, the jet streak at 850 hPa in Mesopotamia actu-
ally strengthened and extended southward into the Arabian Peninsula, and
the area of moderately strong winds at the surface became narrower but
retained its intensity (Figure 14). Additionally, MSLP began to decrease
across the Persian Gulf, perhaps in response to some energy from the cy-
clone that propagated to the southeast of Iraq. Finally, moderately strong
winds at 700 hPa pushed southward into the Arabian Peninsula, carrying
drier air from both the Syrian Desert and Iran. The dry air aloft likely con-
tributed to the lack of precipitation near the origin of the dust storm (see
the precipitation analyses in Section 5.1).
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Figure 14. Atmospheric conditions over Southwest Asia and its surroundings at
0600 UTC on 27 July 2018.
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4.2.2.2 Spread

During the spread phase, westerly to northerly winds at 850 hPa remained
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strong over the northern portion of the Arabian Peninsula, but westerly

winds over the southeastern portion of the Arabian Peninsula slightly

strengthened (Figure 15). This is important because without the stronger
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westerly winds, most (if not all) of the dust from the dust storm would
have likely propagated off the southern end of the Arabian Peninsula into
the Arabian Sea. The slight strengthening in westerly winds may have been
influenced by the Somali Jet, a low-level jet originating near Somalia and
blowing northeastward across the Arabian Sea. The combination of
stronger westerly winds and the topography of the Al-Hajar Mountains
(see Section 3.3) likely contributed to the dust cloud propagating toward
and remaining over the southeastern end of the Arabian Peninsula.

Meanwhile, surface winds weakened over the Arabian Peninsula (likely
due to diurnal cooling), and values of MSLP over the Persian Gulf contin-
ued to decrease (Figure 15). By this time, the stalled area of lower GP had
also begun to weaken over eastern Europe.

4.2.2.3 Spin

During the spin phase, a small low-pressure area developed over the
southeastern end of the Arabian Peninsula, which is evident in the map of
MSLP (Figure 16). Additionally, some counterclockwise spin was present
in wind fields at the surface and at 850 and 700 hPa. The dust cloud also
followed this small-scale circulation pattern, wrapping around the area of
lower pressure (see Figure 5). One source suggests that this low-pressure
area was a thermal low, in which intense heating of the surface reduces
the density of the air, causing upward vertical motion in the lower tropo-
sphere (Roesli 2018). Another source suggests that this low-pressure area
formed as a result of radiative differences caused by the dust cloud over
the Arabian Peninsula (Francis et al. 2021). Regardless of the cause, this
low-pressure area may be evident as a slight warm anomaly at 850 hPa lo-
cated over the southeastern end of the Arabian Peninsula (Figure 16).

An interesting meteorological development paralleled the formation of this
low-pressure area. In maps of surface temperature at 0000 UTC, a weak
warm anomaly developed over Mesopotamia on 26 July and propagated to
the south-southeast across the Arabian Peninsula, closely following the
dust cloud (Figure 17). By 29 July, this warm anomaly seemed to break
apart, with one portion drifting to south-central Saudi Arabia and another
portion propagating eastward to the southeastern quadrant of the Arabian
Peninsula. By 30 July, two adjacent warm anomalies remained over the
southeastern quadrant of the Arabian Peninsula in the vicinity of the low-
pressure center.
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Figure 15. Atmospheric conditions over Southwest Asia and its surroundings at
1800 UTC on 27 July 2018.
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Figure 16. Atmospheric conditions over Southwest Asia and its surroundings at

1200 UTC on 29 July 2018. The white Xin the upper-left panel of this figure
denotes the small low-pressure area mentioned in the previous paragraph.
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Figure 17. Left, air temperature at the surface (2 m above ground level, in degrees Celsius);
middle and right, anomalies of air temperature at the surface and at 850 hPa, respectively.
The anomalies are calculated with respect to the “control” conditions (0000 UTC on 18 July
2018). 7Top to bottonr Snapshots at 0000 UTC from 23 to 30 July. Black arrows in the Jeft
and midd/e columns show the locations of the warm anomalies discussed in the main text.
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Figure 17 (cont.). Left, air temperature at the surface (2 m above ground level, in degrees
Celsius); middle and right, anomalies of air temperature at the surface and at 850 hPa,
respectively. The anomalies are calculated with respect to the “control” conditions (0000 UTC
on 18 July 2018). 7op to bottom: Snapshots at 0000 UTC from 23 to 30 July. Black arrowsin
the /eft and middle columns show the locations of the warm anomalies discussed in the main
text.
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This warm anomaly seems to have been influenced by larger-scale meteoro-
logical mechanisms that preceded the initiation of the dust storm. In Figure
17, anomalies of air temperature at the surface and at 850 hPa show a
“pulse” of warmer air traversing the Mediterranean Sea on 23 July (i.e.,
warm air advection). Two days later, on 25 July, this warm pulse had split
into two pockets of warmer air at 850 hPa to the south and east-northeast
of a cooler anomaly in the eastern Mediterranean Sea. By 26 July, just be-
fore the initiation of the dust storm, a sweeping arc of warm surface tem-
perature anomalies had formed in the region, extending from eastern
Algeria to the northern coast of the Black Sea, with the Mesopotamian
warm anomaly located in the southeastern portion of the arc. Over the next
several days, the arc of warm anomalies (and the Mesopotamian warm
anomaly) expanded to the south-southeast over the Arabian Peninsula until
reaching a “critical” latitude of about 20° N, at which the arc stopped its
southward progression and slowly disintegrated. While this expanding arc
of warm anomalies was not as evident at 850 hPa, warm anomalies still ex-
panded over the Persian Gulf during a similar time frame.

The above evidence seems to indicate that the warm anomaly that propa-
gated over the Arabian Peninsula originated with the synoptic-scale sys-
tem that traversed the Mediterranean Sea. As the system injected energy
into the lower troposphere over a broad arc in Southwest Asia and its sur-
roundings, it seems to have generated the warm anomaly in Mesopotamia,
which may have served as a trigger for the dust storm. This warm anomaly
may have also guided the trajectory of the dust storm across Southwest
Asia and, perhaps, the development of the aforementioned low-pressure
area in the southeastern quadrant of the Arabian Peninsula.

4.2.2.4 Drift

The area of low pressure over the southeastern portion of the Arabian Pen-
insula weakened during the drift phase, and lower-tropospheric winds in
the region became slightly stronger, shifting to a more northerly pattern at
850 and 700 hPa (Figure 18). Additionally, winds at 500 hPa shifted to a
more northeasterly pattern. Especially in the absence of other major
changes in the upper troposphere (the previous area of lower GP had al-
most completely eroded by this point), these shifts in wind likely guided
the dust cloud slowly over the rest of the southern Arabian Peninsula until
its exit into the Arabian Sea.
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Figure 18. Atmospheric conditions over Southwest Asia and its surroundings at
1800 UTC on 31 July 2018.
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4.2.3 End of the dust storm

By about 0600 UTC on 3 August, the last major portions of dust exited the

peninsula, and the atmosphere over Southwest Asia returned to a state
similar to that of the “control” conditions 8 days before the dust storm
(Figure 19).
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Figure 19. Atmospheric conditions over Southwest Asia and its surroundings at
0000 UTC on 3 August 2018. The horizontal and vertical black lines in the Jower-
left panel are transects over which vertical cross sections are taken in Figs. 20
and 21, respectively.
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4.3

Vertical cross sections

While Figures 8—19 are helpful for illustrating the spatial patterns of sev-
eral atmospheric variables across the geographic domain, they are gener-
ally limited to individual time steps and vertical levels. Therefore, to
expand the temporal and vertical coverage of our analyses, we also created
time-phased vertical cross sections of wind speed, temperature, and rela-
tive humidity (Figures 20 and 21). Similar to Figure 17, the vertical cross
sections depict anomalies in atmospheric variables (relative to the “con-
trol” conditions at 0000 UTC on 18 July 2018) to better illustrate changes
from the “control” pattern of the atmosphere at each location. Note that
the plots in Figures 20 and 21 use data from ERA-Interim only; the surface
values from ERA5 are not included.

Figure 20 shows vertical cross sections for a transect over 33° N (the black
line oriented west—east in the lower-left panel of Figure 19), which begins
in the south-central Mediterranean Sea and ends at the eastern border of
Iran. This cross section is most relevant for the “jet streak emerges” mile-
stone (Section 4.2.1.3) through the end of the spread phase (Section
4.2.2.2), and the main pattern of interest is the synoptic-scale cyclone that
affects the Mediterranean coast. On 24 July, the cyclone entered the do-
main as strong winds aloft; and by 25 July, the cyclone was vertically
stacked at the eastern end of the Mediterranean Sea. At this time, anoma-
lies of warm and dry air also appeared at lower levels over Southwest Asia
ahead of the cyclone. However, on 26 July, the strong winds aloft began to
split into two distinct maxima: one at upper levels that backtracked
slightly westward and one at lower-to-mid levels that shifted eastward into
Southwest Asia. The lower-level warm anomaly also shifted eastward at
this time. By 27 July, the lower-to-mid level wind maxima seemed to
transfer momentum downward and eastward into a narrow jet of strong
winds at about 850 hPa, around the longitude of Baghdad (44°-45° E).
This was accompanied by a congealing of the warm anomaly into a narrow
plume a bit farther east. Finally, the wind jet lifted upward over the next
couple of days, while the plume of warm air remained in the same region.
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Figure 20. Vertical cross sections of different atmospheric variables at 33° N
(see the west-east transect in the bottom-left panel of Fig. 19): anomalies of
(/ef®) wind speed (in m s71), (midd/e) air temperature (in degrees Celsius), and
(righ?) relative humidity (in percentage points). The anomalies are calculated with
respect to the “control” conditions (0000 UTC on 18 July 2018). The dotted blue
vertical line represents the eastern coast of the Mediterranean Sea, and the
dotted red vertical line represents the longitude of the cross section shown in
Fig. 21. Top to bottom. Snapshots at 0000 UTC from 22 to 29 July.
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These plumes reappear in Figure 21, which shows vertical cross sections
for a transect over 47° E (the black line oriented north—south in the lower-
left panel of Figure 19). This transect begins just west of the Caspian Sea,
crosses the Arabian Peninsula, and ends in Somalia (south of the Gulf of
Aden). This cross section is most relevant for the “arrival at Southwest
Asia” milestone (Section 4.2.1.5) through the beginning of the drift phase
(Section 4.2.2.4). The first plume to appear in these vertical cross sections
is that of temperature: a warm anomaly emerged on 26 July near the sur-
face at about 32° N. On the following day (27 July), a strong low-level
pulse of wind appeared between 20° and 30° N, and the plume of warm air
expanded southward to 25° N, rising slightly to midlevels of the atmos-
phere. On 28 July, the core of the wind jet reached its maximum extent,
with positive anomalies greater than 10 m s, extending almost the entire
aforementioned latitudinal range. By this date, another interesting phe-
nomenon emerged: a plume of dry air emerged at about 30° N and steadily
extended southward (to about 23° N) and upward (to about 600 hPa). This
plume of dry air was nearly collocated with the plume of warm air, and
both patterns seemed to “override” the wind jet, perhaps forcing it to the
south. Aside from the wind jet moving slightly southward, these dry,
warm, and windy anomalies persisted at roughly the same locations and
slowly waned in intensity over the next several days.

The meteorological mechanisms behind this dust storm—including the
dry, warm, and windy anomalies mentioned above—are a bit unclear. One
potential explanation for these anomalies is that they are associated with
occlusion, in which warm, dry air is lifted above cooler near-surface air,
perhaps near the low-pressure area over the southeastern Arabian Penin-
sula. It is also possible that the Somali Jet (defined in Section 4.2.2.2) in-
fluenced atmospheric dynamics and, therefore, the dust storm over the
Arabian Peninsula. Additionally, though Southwest Asia frequently expe-
riences shamal wind patterns, the synoptic-scale setup for shamal occur-
rence at this time of year typically involves a high-pressure system over
the eastern Mediterranean Sea and a low-pressure system over Iran (Yu
et al. 2016), neither of which is readily evident for this case study. Finally,
some of the authors of this study who have operational forecasting experi-
ence in Southwest Asia note that upper-level flow is often cut off or stalls
due to downstream blocking, most often resulting in cold air deposition to
lower levels and cold air advection near the surface, potentially initiating
dust storms.
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Figure 21. Same as Fig. 20, except taken over 47° E (see the
north-south transect shown in the bottom-left panel of Fig. 19). The
dotted red vertical line represents the latitude of the cross section
shown in Fig. 20, and the dotted blue vertical line represents the
northern coast of the Gulf of Aden. 7op to bottorm: Snapshots at

0000 UTC from 25 July to 1 August.
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Though upper-level flow did stall before the initiation of this dust storm,
the resulting temperature anomalies at lower levels seemed to be warmer
than usual, which contrasts this common forecasting scenario. Thus, the
dust storm analyzed in this report may be a bit of an edge case. Though it
began with a common synoptic-scale setup and encountered typical, sha-
mal-like winds, some of the developments over the course of its evolution
were rather unusual when paired with the other large-scale meteorological
conditions.
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5 Mesoscale Meteorological Analyses

5.1 Precipitation

An important meteorological question regarding this dust storm is
whether it was influenced more by synoptic-scale factors (described in pre-
vious sections) or by convective activity on mesoscales (i.e., length scales
between 2 and 2,000 km). To better determine the influence of mesoscale
features on the evolution of the dust storm, this section begins with an in-
vestigation of precipitation, since convective storms can serve as triggers
for dust storms (e.g., Nickling and Brazel 1984). Precipitation data are
drawn from two sources—daily data from the CPC Global Unified Gauge-
Based Analysis of Daily Precipitation and 3-hourly analyses of precipita-
tion observations assimilated by LIS (see Section 2.2.5 for details).

According to the CPC data, the only dates on which precipitation greater
than 1 kg m~2 (approximately 1 mm) was detected over the southeastern
portion of the Arabian Peninsula were 30—31 July (Figure 22) and 2—

3 August. Similarly, the LIS data show notable precipitation in this re-
gion on only 31 July (Figure 23) and 1—3 August. For both CPC and LIS,
the precipitation was somewhat scattered on these dates and mainly oc-
curred after the dust storm had already traversed the peninsula for mul-
tiple days. Thus, it seems unlikely that precipitation in the Arabian
Peninsula was a driving factor for this particular dust storm.

Figure 22. An analysis of daily precipitation from the CPC dataset for (/ef) 30 July
2018 and (righ?) 31 July 2018.
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5.2

Figure 23. An analysis of precipitation from the LIS dataset for (/ef?) 30 July 2018
and (right) 31 July 2018. LIS precipitation is accumulated over a 3-hour period
ending at 1800 UTC on each of the analyzed days. Note that the scale bar differs
between this figure and Fig. 22.
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Convection

Two competing factors dominated the convective environment while the
dust cloud was over the southeastern portion of the Arabian Peninsula. On
one hand, the atmosphere in the area was primed for precipitation. For ex-
ample, radiosonde data from Abu Dhabi International Airport in the
United Arab Emirates indicated extremely high values of convective avail-
able potential energy (CAPE; above 2,500 J kg-1) from 1200 UTC on

31 July to 1200 UTC on 2 August, with an extraordinarily high maximum
value of 6,835 J kgt at 1200 UTC on 1 August. On the other hand, convec-
tive inhibition (CIN, also known as the cap) was also quite strong during
these times, ranging from 385 to 567 J kg-1, which generally prevented the
occurrence of deep convective events in the area.

This dichotomy in convective parameters is a result of the extreme differ-
ence in meteorological characteristics between the moist, near-surface cool
air that originates from the Persian Gulf and the hot, dry air higher in the
atmosphere that is characteristic of the Arabian Peninsula. This manifests
as a sharp temperature inversion and a similarly sharp drop-off in moisture
less than 1 km above the ground. For example, at 0000 UTC on 1 August at
Abu Dhabi International Airport, air temperature actually increased from
32.2°C at the surface to 36.2°C at 925 hPa (643 m above ground level), and
the dewpoint temperature plummeted from 28.3°C at the surface to 5.2°C
at 925 hPa (Figure 24). In particular, the pronounced temperature inver-
sion created a very strong cap for convection at this location, producing a
CIN value of 517 J kg-1. Thus, even though the convective environment
near the surface was ideal for moist convection, the unfavorable convective
environment above the surface prevented most of it from actualizing.
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Figure 24. A Skew-T plot produced from a radiosonde launch at 0000 UTC on 1 August 2018
at Abu Dhabi International Airport in the United Arab Emirates (the orange squarein Fig. 1).
(Image created at University of Wyoming, n.d.)
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However, some convective activity did occur in the southeastern portion of
the Arabian Peninsula at the same time as the dust cloud. Looking at a
composite satellite image using the Dust RGB filter from EUMETSAT
(Roesli 2018), the dust cloud is visible in purple, pink, and magenta wrap-
ping around the thermal low over the southeastern portion of the Arabian
Peninsula (Figure 25). As the day progressed on 30 July, four distinct ar-
eas of convective clouds and precipitation popped up along the boundaries
of the dust cloud.

While the convection to the northeast of the dust cloud was likely influ-
enced by the Al-Hajar Mountains, sea-breeze dynamics (caused by the in-
teraction of land-based and oceanic air masses), or both, the other areas of
convection may have been initiated by either the boundary of the dust
cloud itself or the low-pressure area around which it was spinning. If the
low-pressure area was the main trigger for convection, then the rising air
near its center likely caused enough uplift to generate convective activity.
On the other hand, it is possible that temperature or moisture gradients or
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both along the boundary of the dust cloud itself served as a “front” to cause
uplift and convective activity.

Figure 25. A composite satellite image taken at 1345 UTC on 30 July 2018 using the Dust
RGB filter from EUMETSAT (adapted from Roesli 2018). The legend represents categories
described in Fuell (2020). Note the areas of convective activity around the dust cloud, which

is located over the southeastern portion of the Arabian Peninsula.
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However, the intensity of these convective areas seems to be rather muted,
especially compared to the strong convection taking place over the moun-
tains along the western coast of the Arabian Peninsula (Figure 25). Possi-
ble reasons include (1) the radiosonde launch at Abu Dhabi from just
before this satellite image (Figure 26) indicates far less CAPE than was evi-
dent at the later time of Figure 24 (356 vs. 5,569 J kg-1), which would have
greatly reduced the potential for strong convective activity, and (2) the lo-
cations of the nonorographic convective areas are further inland from the
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Persian Gulf and the Arabian Sea (Figure 25), which likely reduced near-
surface moisture and, subsequently, values of CAPE.

Figure 26. A Skew-T plot produced from a radiosonde launch at 1200 UTC on 30 July 2018 at
Abu Dhabi International Airport in the United Arab Emirates (the orange squarein Fig. 1).
(Image created at University of Wyoming, n.d.)
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6 Discussion

Given the results described above, it seems unlikely that the initiation, tra-
jectory, and intensity of the dust cloud was influenced by mesoscale con-
vective activity over the Arabian Peninsula. First, the dust cloud had
already propagated from Mesopotamia to the southeastern end of the Ara-
bian Peninsula before precipitation even materialized. Second, convection
in the area was rather limited while the dust cloud was present, and it may
have even been initiated in part by feedbacks related to the dust storm it-
self (Francis et al. 2021). Therefore, convective activity (e.g., thunder-
storms) was likely not the cause of this particular event.

Instead, synoptic-scale activity seems to have played a major role in the
development of the dust storm. It is likely that the synoptic-scale system
that entered Southwest Asia created a mesoscale warm anomaly over Mes-
opotamia that may have triggered the dust storm, guided its trajectory
over the Arabian Peninsula, and potentially catalyzed the development of a
small low-pressure area over the southeastern corner of the peninsula.

Another meteorological mechanism that seems to have played an im-
portant role in the dust-storm evolution is cyclogenesis, the process by
which cyclones develop in the atmosphere. In particular, the synoptic sys-
tem that arrived at Southwest Asia was likely associated with a mature cy-
clone (mentioned in Section 4.2.1.5), and cyclogenesis also occurred over
the southeastern end of the Arabian Peninsula while the dust storm was
present. The cyclone over the Arabian Peninsula may have been caused in
part by radiative effects from the dust storm itself (Francis et al. 2021),
which adds a degree of complexity to the interactions of the dust storm
with its environment.

In fact, the complex interactions between the dust storm and the cyclone
over the Arabian Peninsula imply that there are likely multiple scales, di-
rect effects, and indirect effects that are important regarding the dust
storm’s development. While Francis et al. (2021) describe many of these
interactions in detail, it was difficult to diagnose interscale, direct, and in-
direct interactions in this study because of the lack of atmospheric sound-
ings in the region and the generally coarser resolutions of the products
that we analyzed. This provides an opportunity for future studies to inves-
tigate these interlinking scales and radiative effects, not only for this dust
storm but also for others in Southwest Asia.
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7 Conclusions and Recommendations

This report analyzed meteorological conditions that preceded and coin-
cided with the evolution of a major dust storm in Southwest Asia during
July—August 2018. After analyzing data from a variety of observation-
based sources, this report concludes that the dust storm was initially
caused by a synoptic-scale—rather than mesoscale—meteorological system
(i.e., a cyclone). However, cascading effects from this synoptic-scale sys-
tem to the lower troposphere seem to have produced a mesoscale warm
anomaly that may have guided the evolution of the dust storm. Addition-
ally, it is likely that other complex interactions between the dust storm and
its environment over the Arabian Peninsula contributed to the develop-
ment of a smaller cyclone in the area, which may have triggered limited
convective activity.

This analysis has complicated implications for numerical modeling of this
dust storm in Southwest Asia. Because convective activity does not seem to
be substantially linked to the initiation or progression of this dust storm,
one might initially think that future model simulations of this event need
not incorporate nested domains with convection-permitting horizontal
resolutions (<4 km). However, the transition of the synoptic system to a
mesoscale pulse upon entering Southwest Asia, along with the radiative ef-
fects and mesoscale cyclogenesis associated with the dust storm over the
southeastern Arabian Peninsula (Francis et al. 2021), indicate that finer-
scale radiative effects and interactions across length scales can be im-
portant factors for dust storms in this area. That said, the products we
used in this study were generally too coarse of a horizontal resolution to
accurately identify these complex meteorological phenomena. Therefore,
while most of the effects covered in this report may be resolvable using
coarser-resolution model domains, it may be important that future model
simulations of this storm and others in the region use convection-permit-
ting horizontal resolutions to ensure that finer-scale meteorological phe-
nomena are not overlooked.

Future work with finer-resolution products and model simulations could
focus on untangling several areas of meteorological complexity:

1. Better understanding interactions between the Somali Jet, synoptic-scale
and mesoscale cyclogenesis, and the ridge over western Iran that blocked
the initial Mediterranean system from entering Southwest Asia



ERDC TR-22-22 43

2. Identifying whether there were effects on dust-storm development from
topographical features such as the Himalayas and Tibetan Plateau

3. Understanding the general interplay between larger-scale meteorological
forcings and smaller-scale radiative, convective, and dynamical features

Obtaining a better understanding of these larger-scale features and their
interactions with smaller-scale features may help to better inform fore-
casts of dust-storm (and thunderstorm) development. One possible appli-
cation of this information could be “adaptive” forecast systems, in which
meteorological model parameters are tuned and ensemble members are
weighted midforecast to adjust to changing meteorological forcings. Alter-
natively, it may be possible to use this information to parameterize mul-
tiscale approaches in coarser-resolution model simulations to allow for
greater computational efficiency. Either way, obtaining a better under-
standing of these complex meteorological interactions could ultimately in-
crease predictive capabilities for dust storms such as this one.

Though the results and conclusions presented above are specific to this
single dust storm, there is a possibility that they could shed light on other
dust storms that occurred in the past (especially during the summer) and
improve the prediction of those that will occur in the future.
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Abbreviations

AOD Aerosol optical depth

CAPE Convective available potential energy

CIN Convective inhibition

CPC Climate Prediction Center

ECMWF European Centre for Medium-Range Weather Forecasts

ERA-Interim ECMWF Reanalysis Interim

ERA5 ECMWEF Reanalysis version 5

EUMETSAT European Organisation for the Exploitation of
Meteorological Satellites

GP Geopotential

LIS Land Information System

MSLP Mean sea-level pressure

OMAA Abu Dhabi International Airport

SEVIRI Spinning Enhanced Visible and InfraRed Imager
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