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Abstract. Dust aerosols are analyzed for their optical andvalue of 0.2 K day*! at surface level, declined sharply at in-
physical properties during an episode of a dust storm thatreasing altitude and diminished at 4 km. Above 4 km long-
blew over Kuwait on 26 March 2003 when the military wave radiation started to cool the atmosphere slightly reach-
Operation Iraqi Freedom was in full swing. The intensity ing a maximum rate of-0.1 K day ! at 6 km.

of the dust storm was such that it left a thick suspension

of dust throughout the following day, 27 March. The syn-

optic sequence leading to the dust storm and the associ-

ated wind fields are discussed. Ground-based measurements Introduction

of aerosol optical thickness reached 3.617 and 4.17 on 26

and 27 March respectively while the Angstrom coefficient, On Wednesday 26 March 2003, amidst the military Opera-
g70/440, dropped to-0.0234 and-0.0318. Particulate mat- tion Iragi Freedom, Kuwait and the surrounding northeastern
ter concentration of 10 um diameter or less, gMpeaked region of the Arabian Peninsula was exposed to a dust storm.
at 4800 pug m3 during dust storm hours of 26 March. Mod- This dust storm that had already passed through Baghdad a
erate Resolution Imaging Spectroradiometer (MODIS) re-day earlier (25 March) caused a slowdown in the advance-
trieved aerosol optical depth (AOD) by Deep Blue algorithm ment of US Army and hampered all military operations for
and Total Ozone Mapping Spectrometer (TOMS) aerosol inthe following 24 h (Atkinson, 2004). It was reported that the
dex (Al) exhibited high values. Latitude—longitude maps of dust storm was so strong it blew over a 500 gallon fuel-tanker
AOD and Al were used to deduce source regions of dusi@nd injured one soldier. Dust and dust storms interfere with
transport over Kuwait. The vertical profile of the dust layer human life and function in various ways. They are known to
was simulated using the SKIRON atmospheric model. In-cause health problems, especially to the respiratory system,
stantaneous net direct radiative forcing is calculated at togéading to various forms of allergies (Wilson and Spengler,
of atmosphere (TOA) and surface level. The thick dust layer1996; Griffin and Kellogg, 2004; Griffin, 2007; Achudume
of 26 March resulted in cooling the TOA by60 Wn2 and Oladipo, 2009; Leski et al., 2011). Dust storms cause soll
and surface level by-175Wnt2 for a surface albedo of loss from dry lands and preferentially remove organic matter
0.35. Slightly higher values were obtained for 27 March and the nutrient-rich lightest particles, thereby reducing agri-
due to the increase in aerosol optical thickness. Radiativéultural productivity. Furthermore the abrasive effect of the
heating/cooling rates in the shortwave and longwave band§Uust storm damages young crop plants (Lyles, 1988; Simon-
were also examined. Shortwave heating rate reached a ma®9n. 1995; Stefanski and Sivakumar, 2009; Ravi et al., 2010).
imum value of 2K day?® between 3 and 5km, dropped to The reduced visibility associated with all forms of dust phe-
1.5K day ! at 6km and diminished at 8 km. Longwave ra- Nomena impacts the local economy by affecting aircraft avi-

diation initially heated the lower atmosphere by a maximumation and road transportation (De Villiers and Van Heerden,
2007). In certain occasions of severe dust storms it brings
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the whole locality to a stand still. However, dust can alsoat a critical time of a major military operation. This paper
have beneficial effects where it deposits. For example, Cenis a continuum of the Saeed and Al-Dashti (2010) article,
tral and South American rainforests get most of their min- which examined the optical and physical properties of an in-
eral nutrients from the Sahara dust fallout (Swap et al., 1992fense dust storm that blew over Kuwait on 19 March 2003.
Youlin et al., 2002); and the iron-poor ocean regions get theirThe synoptic sequence leading to the dust storm is discussed
iron from the deposited dust (Carbo et al., 2005; Herut et al.jn conjunction with local meteorological data. The instan-
2005; Jickells et al., 2005; Mahowald et al., 2005). taneous optical and physical properties of the dust aerosols
Data retrieved by Total Ozone Mapping Spectrometerthat engulfed Kuwait during the 26 March 2003 dust storm
(TOMS) revealed the Arabian Peninsula as one of the maand its subsidence over the following day, 27 March, are in-
jor sources of dust emissions around the world after thevestigated from both ground-based data and satellite-based
African sources (Prospero et al., 2002; Washington et al.data and consequently source regions are identified. The at-
2003; Goudie, 2009). The Mesopotamian source region idenmospheric model SKIRON is employed to model the ver-
tified by Wilkerson (1991) includes Syria, Iraq, western Iran tical profile of the dust column. Finally the Santa Barbara
and the northeastern Arabian Peninsula. Dust and dust storni3ISORT Atmospheric Radiative Transfer (SBDART) model
initiated in areas lying between the Tigris and Euphratesis used to calculate atmospheric fluxes, radiative forcing and
rivers in southern Iraqg, which expands over an area aroundheating/cooling rates at TOA and surface levels at both short-
32N, 3217 E, track their path southward over Kuwait wave and longwave bands of the electromagnetic spectrum.
and the southeastern parts of the Arabian Peninsula. Inves-
tigation of the physical and optical characteristics of dust
aerosols is crucial to quantifying their radiative impact on

the Earth radiation budget. Radiative forcing by dust part"Kuwait (2922 N, 48 E) is located at the northwestern tip

cles can lead to either heating or cooling of the climate SYS"of the Arabian (Persian) Gulf (Fig. 1). Kuwait is a small

tem depending on their single scattering albedo and the un_ountry that extends from 2B5 N to 30°1’ N and 466 E

derlying surface albedo (Tegen and Lacis, 1996; Haywoocfo 484 E. It lies between Saudi Arabia, Iraq, and the Ara-

low-level frontogenesis leading to a significant intensifica-%ian (Persian) Gulf. It has about 18 000%uf sandy desert
9 9 9 and coastal beaches with an estimated population of about

tion of dust storms (Chen et al., 1994). Furthermore, radia- o . . . .
. . . : two million. The climate of Kuwait and eastern Saudi Arabia
tive forcing by dust particles modulate the low-level jet re-

sulting in a diurnal variation of dust emission over arid and 's typical of an arid environment. It is characterized by long,

semi-arid regions (Alizadeh Choobari et al., 2013). A lot of hOt’ anq dry summers, it also has _short, warm, {;md some-
imes rainy winters, with a mean of 4 inches of rain in Kuwait

ground-based and airborne measurement campaigns mamh’nd 1 inch in coastal Saudi Arabia. The region is subject to

in the African, Mediterranean and Asian regions have been . . :

. . violent storms during the spring and summer seasons. Dust
conducted in recent years to analyze the optical and physétorms are prevalent 5% of the time all throughout the year
ical properties of dust aerosols (Sabbah et al., 2001; Ahn P 9 y

. 0 .
et al., 2007; Heinold et al., 2008; Kaskaoutis et al., 2008;In K_uwa|t, but .3'5 % of the dayt|.m.e from March to August.

) i During the spring season Kuwait is exposed to strong north-
McConnell et al., 2008; Osborne et al., 2008; Ansmann Eztwesterl shamal (meaning north in Arabic) winds that char-
al., 2011; Formenti et al., 2011; Haywood et al., 2011), the y 9

frequency of dust outbreaks (Goudie and Middleton, 1992;25:5:2(;;263(;]':%6;6 vaﬂgngctss L\len:iir;sdrglsrgtsse;sgr;I;rgr&-
Gao et al., 2003; Kutiel and Fruman 2003, Rezazadeh et al. ' P

2013) and their sources and transport range (Youlin et al.a‘llong the Tigris and Euphrates river basins. The natural fun-

L : ) heling of large air masses by high mountains in Turkey and
2002; El-Askary et al., 2003, Washington et al., 2003; Xuanalran, combined with the high plateaus in Saudi Arabia, help

et al.,, 2004; Tsolmon et al., 2008; Rashki et al., 2012; No_to funnel air across the Mediterranean into the Arabian (Per-
taro et al., 2013). Several case studies of dust outbreaks have

been conducted in which direct radiative forcing at the sur-S'an) Gulf (Perrone, 1979).

face and at top of the atmosphere (TOA) have been calculated

using ground-based and satellite-based data (Xu et al., 200¥ Synoptic description

Costa et al., 2006; Prasad et al., 2007; Di Sarra et al., 2008;

Markowicz et al., 2008; Pandithurai et al., 2008; Di Biagio The 26 March dust storm is a typical 24 h shamal dust storm
et al.,, 2010; Lemaitre et al., 2010; Park et al., 2010; Sharmdhat usually takes place at the spring—summer transition.
et al., 2012). The results are highly variable depending oriThe synoptic of this shamal dust storm is examined over
their regional and temporal scales. The study of a severe dushe extended period of 23-28 March 2003. A low-pressure
storm taking place in the Arabian Peninsula in terms of itssystem moved eastward from western Libya on 23 March
optical and physical characteristics and calculations of its(Fig. 2a) into Egypt (Fig. 2b), with an approximate velocity
radiative impact is quite scarce in literature. Therefore weof 17 ms™L. It stirred north African dust and sand and carried
present a case study of an intense dust storm that took pladealoft. This surface low was a reflection of an upper trough

2 Study site
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Fig. 1. Kuwait's geographical location within the Arabian Peninsula (red area, left panel), and an enlarged map of Kuwait (right panel).

centered over northern Turkey and the Black Sea (Fig. 3a)pver Kuwait and southern Iraq. The dust storm thus gener-
which then moved in the southeastern direction (Fig. 3b).ated on 26 March lasted for 7 h starting from 07:00 LT (local
By 25 March (Figs. 2c, 3c), the low-pressure system hadtime) (+ 3 UTC; Coordinated Universal Time). The duration
stretched from north of the Mediterranean to its central partsand severity of the dust storm over Kuwait was also exhib-
It resulted in a dust storm over Baghdad. The isotherms, suited in the horizontal distribution of the vertical motiom)(
perimposed over the contour lines, are also shown in Figs. 2t different geopotential heights (Fig. 5). The pressure gra-
and 3. It is wave shaped with the ridge of the wave centeredlient force was as steep a$.25 at surface level and went
over the depression. This steep isothermal gradient movedp to —0.4 at 500—600 hpa. The severity of this dust storm
along the depression over the whole period (23—28 March)and the high density of fine dust carried by the shamal and
A subtropical high pressure was generated behind the depreshe wind from south of Saudi Arabia had caused a thick sus-
sion leading to cold air advection on the west side of the depension of fine dust in the atmosphere that lasted for the fol-
pression on 26 March. Meanwhile warm air advection waslowing 24 h (27 March). The Kuwait Meteorology Depart-
generated from the southwest towards the eastern side of thment weather radar system, the METEOR 1600C, installed
depression generating a baroclinic zone. This zone, wherat Kuwait Airport, recorded the progress of the dust storm on
the contour lines intersect with the isotherms, continued its26 March 2003. Figure 6a shows the radar detection of the
movement with the depression in its mature stage on 27 andust storm at its early stage,07:30 LT. TheZ (reflectivity)

28 March. The warm advection caused south and southeastlisplay shows the dust engulfing Kuwait within the 60 km
erly winds, known locally ak aus to blow over Kuwait on  zone and extending to the north beyond the 120 km display
26 March. However the air stream set in west of the newrange of the radar. By about 09:30 LT (Fig. 6b) the dust had
surface low on 26 March created shamal winds reaching sureovered most of Kuwait and extended easterly to the Gulf.
face speeds of 11 n7$ on 26 March (Fig. 4). The depres- The radial velocity scan recorded an average speed of 11—
sion moved swiftly into Iran in the eastward direction by 27— 12ms! for the blowing dust storm from the northwestern
28 March (Fig. 2e, f). For the 500 hpa levels, Fig. 3d showsdirection.

that the depression had weakened as it moved into the east-

ward direction. By 27-28 March, Fig. 3e and f, the depres-

sion had stalled over the northern Arabian Peninsula. Thg; Ground-based versus satellite-based data and the

wind f|e_ld rglatmg to the 26 March dust storm over Kuwait is identification of source regions

shown in Fig. 4. The isotachs are plotted at different geopo-

tential heights. The plot shows an area of convergence taking 1  Ground-based measurements

place over central Saudi Arabia, the Arabian (Persian) Gulf

and Iran. The cold shamal wind blowing from the Mediter- AQT measurements were acquired in Kuwait City. A five-
ranean was intersected with warm air stream blowing fromchannel Microtops Sunphotometer (Solar Light Co.) was
southern Saudi Arabia resulting in a strong upward motion;sed to measure the daily AOT;,, at five optical channels:
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Fig. 2. Contour lines (solid lines) and isotherms (dotted lines) at 1000 mb for the period of 23-28 March. The ellipses and circles show the
low (L)- and high (H)- pressure zones. The star symbplr{dicates the location of Kuwait.

440, 675, 870, 936 and 1020 nm. The water vapor (WV) col-the AOT of the 675nm channetgzs, which is the most
umn was also measured simultaneously in units of length useomparable to the mean dust particle size is used to rep-
ing the channels 870, 936 and 1020 nm. The Angstrom ex+esent the AOT. However, particulate matter concentrations
ponentx was derived using the 440 and the 870 nm channelf 10 pm diameter or less, PM (ug n3), were acquired

according to the following equation (Stephens, 1994): by the Environmental Protection Agency (EPA) station lo-
cated in Jahra, 30 km west of Kuwait City. The station uses
ag7o/440 = — In(870/7440) / IN(870/440). (1) the BAM-1020 manufactured by Met One Instruments. The

The sunphotometer was calibrated by transferring calibra2AM-1020 (which stands for Beta Attenuation Mass Moni-

tion factors from a master sunphotometer. The master su tor) is one of several methods used to continuously monitor

photometer was calibrated using the method of Langley plotoart'cqlat? matter. The ar sampler_uses_ a10um f'.lter at the
performed at the Mauna Loa observatory in Hawaii, Thelnlet pipe in order to restrict the particle size of the air sample

calibration was performed at the beginning of the measurelC & maximum of 10pm. The BAM-1020 works with a reso-

. 3 0 . . .
ment period. The absolute accuracy of measurements is e)%gtlolnhof +2 “t:q =, ?jnd grg/accuracy ZEtS f;]ofénglcat;og ¢
pected to bet0.02 for the optical thickness, with a preci- or 1h operation modef2 % compared to the Federal Ref-

sion four times better. AOT measurements at the five Op_erence Method for 24 h operation mode. A complete descrip-

tical channels were highly correlated%0.99). Therefore tion of BAM-1020 operation is found at Gobeli et al. (2008).

Atmos. Chem. Phys., 14, 37513769 2014 www.atmos-chem-phys.net/14/3751/2014/
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a) 23 March 2003 500 hPa b) 24 March 2003 500 hPa
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Fig. 3. Contour lines (solid lines) and isotherms (dotted lines) at 500 mb for the period of 23—-28 March 2003. The star*)yimdicbfes
the location of Kuwait.

Finally, standard meteorological parameters were obtainedhem are those associated with the dust phenomena. Dust
from the Kuwait Meteorology Department, which are mea- storm (DS) is associated with strong wind exceeding s
sured according to standard meteorological procedures amnd poor horizontal visibility of 1 km or less, whereas ris-
proved by the World Meteorological Organization (WMO). ing dust (RD) is associated with moderate wind speed rang-
The meteorological data were acquired on an hourly basisng between 6 and 9 nT$ and horizontal visibility between
from a tower located at the vicinity of Kuwait International 1 and 5km. Suspended dust (S), however, arises when there
Airport, and rises 10 ma.g.l. (above ground level). The me-is a thick suspension of dust in the lower troposphere in
teorological parameters used in this work are wind speedthe absence of strong wind (WS6 ms™) whereby hori-

WS (ms1), wind direction, WD, horizontal visibility, HV ~ zontal visibility might deteriorate to 1km or less. Table 1
(km), expressed as the lowest horizontal visibility attainedstates the optical and physical measurements obtained on 26—
and weather phenomena (WP), which indicates the type o7 March at 11:30 LT together with the corresponding me-
weather taking place at a certain time. There are a nhumbeteorological parameters. Since both AOT measurements are
of weather phenomena used by the Meteorological Departacquired at 11:30 LT, the physical and meteorological param-
ment of Kuwait, which follows the definitions provided by eters were found as the average values of WS andV

the WMO (Aerodrome Reports and Forecast, 2005), amondetween 11:00 and 12:00 LT. Aerosol optical thicknesss,

www.atmos-chem-phys.net/14/3751/2014/ Atmos. Chem. Phys., 14, 37769 2014
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Fig. 4. Wind fields at different geopotential levels on 26 March 2003. The star sympiidicates the location of Kuwait.

reached 3.617 on 26 March and 4.17 on 27 March whereasontinued to hamper visibility all through the following day,
the Angstrom coefficientpgro/a40, dropped t0o—0.0234 27 March, whereby visibility reached a minimum value of
and —0.0318, respectively. The negative valuesxgfo/a4o 300 m between 14:00 and 16:00 LT. By then the wind had lost
reflects the dominance of coarse-sized dust particles. At th&s momentum and was blowing at a moderate speed of ap-
same time PN reached 1770 ugn¥ on 26 March and was  proximately 4 ms? from the north and northwestern direc-
increased to 2641 ugm the following day at the time that tions. The PMg measurement of dust concentration peaked
AOT was measured. Figure 7 shows the hourly variations ofat 4800 ug m? during dust storm hours on 26 March, and
meteorological parameters and Rj\toncentrations on 26— fluctuated with an average value of 1000 pgihthrough-

27 March. The strong southeasterly wind blew over Kuwait out the following day before the visibility improved after
with a maximum wind speed of 14m% at 00:00LT of  16:00LT on 27 March. The relative humidity increased when
26 March. As the day broke out it changed direction to north-the wind was southeasterly and decreased when the wind was
westerly shamal wind and continued to blow at an averagenortherly to northwesterly.

speed of 10m=s! thus causing the dust storm. The blow-

ing dust caused a severe reduction in visibility reaching a

minimum of 200 m during dust storm hours but 400 m at

the time AOT was measured. The associated suspended dust

Atmos. Chem. Phys., 14, 37513769 2014 www.atmos-chem-phys.net/14/3751/2014/



T. M. Saeed et al.: Aerosol’s optical and physical characteristics and direct radiative forcing 3757

a) 26 March 2003 1000 hPa b) 26 March 2003 925 hPa
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Fig. 5. Horizontal distribution of the vertical motionwj at different geopotential heights on 26 March. The star symboaindicates the
location of Kuwait.

Table 1. The dust storm’s optical and physical properties together4.2 Satellite-retrieved data and identification of source
with the average Ph and the corresponding meteorological pa- regions
rameters at 11:30 LTH 3 UTC).

Moderate Resolution Imaging Spectroradiometer (MODIS)-

26 March 27 March retrieved AOD by the Deep Blue algorithm is presented here
to complement the limited ground-based optical measure-
675 3.617 4.17 »
0g70/440 _00234 —0.0318 ments. MODIS s$ensors on board earth orbiting systems Aqua
PMyo (ugnm3) 1770 2641 (local Equator crossing time 13:30) and Terra (local Equa-
WS (ms1) 105 45 tor crossing time 10:30) are polar-orbiting sun-synchronized
HV (km) 0.4 1.25 satellites. They are flown at an altitude of 705 km and have
WD NW SW, W a wide swath of 2330km to ensure a daily coverage of the
WP DS S globe. They retrieve spectral information in 36 different spec-

tral bands ranging from 0.414 to 14.235um of which sev-
eral bands fall in the visual and near-infrared bands (0.47—
2.1um) that are suited for aerosol retrievals (Tanré et al.,

www.atmos-chem-phys.net/14/3751/2014/ Atmos. Chem. Phys., 14, 37769 2014
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Fig. 7. Hourly variation of visibility, V (km), wind speed, WS (nis}), PM;g (Ug m*?’), temperature T°C) and wind direction (top axis)
for 26—27 March 2003. The shaded area represents dust storm hours at Kuwait local 8td&C).

1997; Kaufman et al., 1997; King et al., 1999). Aerosol op- algorithm is an algorithm developed to overcome the prob-
tical depth at various optical wavelengths is retrieved fromlems associated with aerosol retrievals over bright-reflecting
measured radiances and processed through the applicatiGurfaces such as deserts and semiarid regions (Hsu et al.,
of various algorithms. The AOD products have been vali- 2004, 2006). It basically employs radiances from the blue
dated extensively throughout the literature mainly by com-channels, where surface reflectance over land is much lower
parisons with the ground-based AErosol Robotic NETworkthan that for longer wavelength channels, to infer the prop-
(AERONET) observations (Ichoku et al., 2002, 2005; Remererties of aerosol over bright surfaces. The RGB (red, green,
et al., 2005, 2008; Levy et al., 2005, 2010). The Deep Blueblue) image captured by the Terra-MODIS satellite (Fig. 8a),
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Fig. 8. Terra-MODIS RGB image captured on 26 March shows the dust front moving from the northwesterly direction into(uwWéaiée
27 March rising dust captured by Aqua MODIS shows clearly a thin layer of dust covering most of the Arabian (Persién) Gulf

depicts clearly the intensity of the dust storm that engulfedTable 2.MODIS Deep Blue AOR5q obtained over the Kuwait area
the eastern side of the Arabian Peninsula on 26 March(latitude 28.745-29.997 and longitude 46.8-47.7).

whereas its aftermath is shown as a thin layer of dust over
the Arabian (Persian) Gulf (Fig. 8b). AOD at the 550 nm 26 March 27 March

channel, AORso, was retrieved by the MODIS Deep Blue Terra Aqua Terra Aqua
algorithm, collection 5 level 3 quality controlled land only = AODss;  0.85+0.166 1.136:0.31 1.042+0.248 1.204-0.35

from both Terra and Aqua platforms. Table 2 presents the TOMSA 2.95+0.66 8.770.93

AODss50 data averaged over the Kuwait area. Both sensors

retrieved elevated values of AOD with the Aqua MODIS

sensor retrieving a slightly higher AOD than Terra MODIS. compared to other source regions in the Middle East. The
This is due to the different times that Terra and Aqua plat-southern hot spot is the Rub’al Khali (or the Empty Quarter)
forms passed over Kuwait and hence the different scenes th&ource region, which extends across the middle-southeastern
went into making the final product. Latitude—longitude maps Parts of the Arabian Peninsula covering an approximate area
of AODsg field over the Arabian Peninsula (Fig. 9a—d) re- of 650000k (Fig. 10). This vast land of prolific sand is
veal high AOD mostly concentrated along the eastern coas¢onsidered as one of the five major sources of dust com-
of the Arabian (Persian) Gulf. The TOMS-derived aerosol ing after the Bodélé Depression of the south-central Sahara
index (Al) is another indicator of dust loading in the atmo- and the western Sahara region of Mali and Mauritania with
spheric column (Torres et al., 1998), which has been used ex@ Maximum mean aerosol index above 2.1 (Washington et
tensively to identify source regions of dust around the globeal., 2003). These results are in total agreement with the re-
(Goudie and Middleton, 2001, 2006; Prospero et al., 2002;sults of a recent study conducted by Notaro et al. (2013),
Ginoux and Torres, 2003; Giles, 2005). TOMS Al for both who analyzed air parcel trajectories over Saudi Arabia and
days of interest is shown in Table 2. The slightly higher Al remotely sensed AOD associated with dust outbreaks. They
on 27 March is caused by the elevation of fine dust parti_identiﬁed the Rub’al Khali I’egion to be the prime source of
cles to the boundary layer. Furthermore, the TOMS-retrievecdust for the central and eastern parts of the Arabian Penin-
Al field over the Arabian Peninsula (Fig. 9e, f) shows two sula in addition to the Iraqi desert for the north and north-
regions of high dust activity or “hot spots” with an Al of e€astern parts of the Arabian Peninsula. Furthermore, Ginoux
around 3. One of them is located around Kuwait and the€t al. (2012) investigated source regions of dust with the dis-
southern parts of Iraq and the other one is located around thinction between natural and anthropogenic sources. They
central southeastern parts of the Arabian Peninsula. As thigentified three main source regions: the Mesopotamian re-
dust storm stalled on 27 March the fine dust particles weregdion, which encapsulates most of Iraq, the central to east-
elevated to the boundary |ayer, which caused the Al to ex-€rm region of Saudi Arabia and the Rub’al Khali region. For
ceed 4.5 (Fig. 9f). The northern hot spot is located in Kuwaitthis specific dust storm under consideration it thus becomes
within the vicinity of the lower Mesopotamian source region, apparent that the dust transport over Kuwait came from the
which extends from 467-4617 E and 32-32 N (Wilk- lower Mesopotamian and the Rub’al Khali regions.

erson, 1991). Middleton (1986) had demonstrated that this

source region has the highest number of dust storms per year
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Fig. 9. MODIS Deep Blue algorithm retrieval of AC{3q over the Arabian Peninsula on 26 March for Terra satgliijeAqua satellitgb),
and on 27 March for Terra satellite), Aqua satellited). TOMS Al field distribution across the Arabian Peninsula for the 26 March dust
storm(e) and 27 MarcH({).

5 \Vertical distribution of the dust layer the altitude of the dust layer but depends primarily on the
reflectivity of the underlying surface, aerosol’s optical thick-

The vertical profile of the variation of desert dust concen- ness and aerosol’s single scattering albedo. However the alti-
tration with height is important in implementing various tude of the dust layer influences the longwave radiative forc-
radiative transfer models and in the evaluation of radia-ing. As the dust layer increases in height its overall tem-
tive forcing and heating rates. According to Liao and Sein- perature decreases and therefore reduces longwave radiative
feld (1998), under cloud-free conditions, the shortwave ra-forcing at both TOA and surface level. In the absence of
diative forcing at surface level and TOA is not sensitive to

Atmos. Chem. Phys., 14, 37513769 2014 www.atmos-chem-phys.net/14/3751/2014/



T. M. Saeed et al.: Aerosol’s optical and physical characteristics and direct radiative forcing 3761

9 160200 ki of large sand-sized particles-@0 um in diameter) through
the process of saltation bombardment (Zender et al., 2003).
IRAN Clay and silt sized particles are produced when the latter

ones impact on the soil downwind of their saltation trajec-

tories (Gillette, 1977). These particles with radius 10 um

stay in the atmosphere long enough to be transported over
i large distances (Zender et al., 2003; Spyrou et al., 2010). The
dust particle size distribution follows a lognormal distribu-
tion with mass median diameter equal to 2.524 um and a geo-
metric standard deviation of 2. The transport mode uses eight
size bins with effective radiuses of 0.15, 0.25, 0.45, 0.78,
1.3, 2.2, 3.8, and 7.1 um, similar to the size bins selected
by Pérez et al. (2006). The dust particles that are mobilized
: through the process of saltation bombardment are deposited
Yemen via dry (diffusion, impaction, gravitational settling) and wet

(in-cloud and below-cloud removal) mechanisms. More de-

Fig. 10.Rub’al Khali (colored red) is one of the most prolific dust- tails on the specific characteristics of the atmospheric model
producing regions of the globe. It dominates the southern parts ofand dust module are provided in Spyrou et al. (2010).
the Arabian Peninsula.

Nerorel Saudi Arabia plert

CMAN
SUDAN

ATHISFIEN

5.2 SKIRON simulation of the dust vertical profile

in situ measurements of the vertical distribution of the dustin order to generate the vertical profile of dust over our pe-
layer, the SKIRON atmospheric model is used to simulate theriod of interest SKIRON was run over the geographical area

desert dust vertical profile. extending from 67.2to 21.3 E and 7.6 to 44.2 N, which
covers the Arabian Peninsula, parts of eastern Africa and
5.1 Model description western Asia for the time period of 25-29 March 2003. The

vertical profile of dust concentration was generated by in-
SKIRON is an atmospheric model developed at the Univer-tegrating over the designated area from the surface or near-
sity of Athens by the Atmospheric Modeling and Weather surface level up to 20kma.s.l. (above sea level) in 38 lev-
Forecasting Group (Kallos et al., 1997, 2006) in the els with a horizontal resolution of @ 0.2°. The ECMWF
framework of the nationally and European Union (EU) (European Centre for Medium-Range Weather Forecasts) re-
funded projects SKIRON, Mediterranean Dust Experimentanalysis fields were used to set the initial boundary con-
(MEDUSE), Atmospheric Deposition and Impact on the ditions with a spatial resolution of @5 0.5°. The lateral
Open Mediterranean Sea (ADIOS), and recently Climateboundary conditions were updated every 3h. The spin-up
Change and Impact Research (CIRCE) and Marine Renewtime for the model was 20 days in order to adequately ac-
able Integrated Application Platform (MARINA). The atmo- count for the background dust loading. Figure 11 shows an
spheric model is based on the ETA/NCEP (National Cen-example of the dust concentration profile over the region of
ters for Environmental Prediction) model, which was orig- interest generated for 26 March at two levels; near ground
inally developed by Mesinger (1984) and Janijic (1984) atlevel (Fig. 11a) and at an elevation of 1570 m from ground
the University of Belgrade, but is heavily modified to in- level (Fig. 11b). The aerial, integrated vertical distribution
clude state-of-the-art parameterization schemes for meteaosf dust concentration for the period of 25-29 March 2003 is
rological and desert dust processes (Spyrou et al., 2010shown in Fig. 12. The severity of the 26 March dust storm
The model includes a 16-category soil characteristics data sé$ clearly shown in Fig. 12 with two pockets of high dust
(Miller and White, 1998) that provides detailed information concentration exceeding 1000 ug#and extending slightly
of the soil’s physical properties, such as porosity and avail-above 2 km from surface level. The medium-sized particles
able water capacity. A high-resolution (30 s) global land useare elevated to approximately 3kma.s.l. and the finest dust
and cover database is used, which includes urban areas thparticles are raised up to 6 km from the surface level. A sim-
are classified according to the United States Geological Suriar profile was obtained by Alpert et al. (2004), who inves-
vey (USGS) into a 24-category land use/land cover systemigated the vertical profile of the Saharan dust at its source
(Anderson et al., 1976). SKIRON incorporates a modal rep-and as it gets transported to the eastern Mediterranean is-
resentation to describe the distribution of the aerosol mastand of Lampedusa and Sede Boker in Israel. Sede Boker,
over source areas. According to this method, the mass disheing located at the northwestern side of the Arabian Penin-
tribution is provided by the three-modal lognormal function sula, has similar climatological conditions to Kuwait and
of D’Almeida (1987), as described in detail by Zender et therefore the spring season witnesses the highest rate of
al. (2003). Dust production is initiated by the entrainment blowing dust. They found that the desert dust was elevated
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University of Athens (AMENFG) SKIHUN Forec cost University of Athens (AM&NWFG) SKLHUN Forecast
Du [ ’ 2 93 ot B4 UTC Dust Concentration at 1570.37 m at @4 UTC

......

S R S
0.1-10 18- 2-50 50-100 100-600 500-1000 >1000 0.1-10  10-25 25-50  50-100 100-500 500-1000  >1000

Fig. 11. Dust concentration (UT®) on 26 March for near-ground levéh), and at an elevation of 1570 m from ground legi). The *
indicates Kuwait’s location.

15000

6 Direct radiative forcing

12000

“ 6.1 Model description

9000

Shortwave (SW; 0.28-3.42um), longwave (LW; 3.42-
500 um) and net radiative flux from surface level up to the
TOA were calculated, in units of watts per square meter, us-
_ ing the atmospheric radiative transfer model SBDART (Ric-
o chiazzietal., 1998). The model is based on a number of well-
established radiative transfer models such as Discrete Ordi-
250303 26-03.03 27‘°;‘;fe 280303 29:03.03 nates Radiative Transfer (DISORT) (Stamnes et al., 1988),
LOWTRAN (Kneizys et al., 1983) and MODTRAN (Berk et
Fig. 12. The SKIRON atmospheric modeling of the dust’s aerial, al., 1989), which were developed by various atmospheric re-
integrated vertical profile for the period of 25-29 March 2003. search groups. The direct radiative forcing (DRF) at a certain
Two pockets of high dust concentration are generated around 26{evel is defined as the difference in net flux, flubetween
27 March. the dust laden, fluxs, and dust free, fluxe, atmosphere at
the specific level for SW or LW bands of the spectra. There-

to approximately 4—6 km above ground. Abdi Vishkaee etfore DRF at TOA or surface (surf) levels, DRgasurt, is
al. (2011) studied dust transport from the Syrian and Iragipg
deserts into the northwestern region of Iran using ground-

ba_tsed lidar measurements. They investig_atgd the dust IayeNet fluxes at either TOA or surface level, flyx. ., for SW
thickness and height through two dust emission cases, whicr Lw bands of the spectra were computed as the difference

were in response to strong shamal winds. For the first casesetween the net downwelling flux, flux, and the net up-
which took place in August 2007, the dust layer of a thick- welling flux, flux, 1.

ness of 2km and less was carried above a clean layer at a

height of 3.5 km. For the second case of dust emission, whichlux, aoT/surf = flux, | —flux, 1 3)

took place in September 2008, the dust layer which had a

thickness of 1-1.5 km was carried at a level below 3.5km. The SBDART model calculates radiative flux at certain level
based on the aerosol’s physical and optical properties, sur-
face characteristics, atmospheric characteristics and the solar
geometry of the geographic location. Among all these vari-
ables the most crucial is the surface reflectivity (or albedo),
Rs, AOT 7;, aerosol single scattering albedg and the
asymmetry parametey. The surface albedo is defined as
the ratio between reflected radiation and incident radiation.

Height (m)

6000

Dust Concentration Hg I

3000

Froasurt = (ﬂuxo,AOT/sun‘)a - (ﬂUXo,AOT/surf)d- 2
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Highly reflective surfaces such as snow have their surfacefable 3. The critical input parameters of the SBDART model.
albedo close to 1 whereas dark surfaces such as forests and

oceans have low surface albedo close to zero. The aerosol’'s 26 March 27 March
single scattering_albedo i_s_defined as the ratio betweer_1 the % (um) 0675 0675
aerosol’s scattering coefficient to the aerosol’s total extinc- . 3.617 417

tion coefficient. For high scattering aerosols such as min- w 0.984 0.984
eral dustw, would be close to 1, usually around 0.89, and g' 0.73 0.73

for low scattering aerosole, would be around 0.76. Low HV (km) 0.4 1.25

w, arises when aerosols absorption increases, a case usu- RH 0.25 0.39
ally associated with the presence of atmospheric pollutants CSZA 0.88 0.88

such as black carbon. The aerosol asymmetry parargeter
which is a parameter representing the aerosol’'s phase func-

tion is more complex in its evaluation as it cannot be mea-first author in Kuwait City under similar atmospheric con-
sured directly like the former variables. The paramete#p-  ditions of high dust loading and elevated AOT. The scatter-
resents the average cosine of the scattered radiation anglﬁ}]g coefficient was measured using an integrated nephelome-
It is proportional to the aerosol size; larger particles tendigr and absorption coefficient was measured using a mul-
to have largerg. The asymmetry parameter can have val- tiangle absorption photometer. Moreover, similar high val-
ues between 0 and 1 where 0 represents isotropic scattefres of single scattering albedo has also been reported in lit-
ing and 1 represents total forward scattering. However, moSgrature under high dust loading (Li et al., 2004; Mallet et
common values of fall between 0.6 and 0.88. Liao and Se- 3| 2009; Prasad et al., 2007; Markowicz et al., 2008). The
infeld (1998) had investigated the impact of some of theseasymmetry parameteris assigned a standard value of 0.73,
variables on the net radiative forcing (RF) at both surfaceynich is most commonly used for mineral dust (Sokolik and
level and TOA. They found that under clear sky conditions Toon, 1999: Quijano et al., 2000; Haywood et al., 2011; An-
the SW forcing at either level decreases as surface albedo ingrews et al., 2006). The HV and relative humidity (RH) were
creases by a factor of (1 Rs) whereas LW radiative forc-  gptained from the hourly meteorological data. The surface
ing is not sensitive to surface albedo and remains alwaygipedo R of the desert surface has been reported in liter-
positive at both levels. However, SW RF has a strong detyre to be in the range of 0.3-0.35 (Quijano et al., 2000;
pendence on AOT. Cooling of the TOA and surface level in- Andreae et al., 2002; Mallet et al., 2009). The first author
creases linearly as AOT increases. In contrast, LW RF is lesgad recently measured surface albedo at different locations
sensitive to AOT, it increases only slightly with the increase jn the Kuwaiti desert and at different times of the year and
in AOT. The RF dependence on single scattering albedo igound it to be 0.35 for most of the locations and times. The
more complex because it depends on the change in planetagyrface albedo was measured using an albedometer that was
albedo, which could vary due to the addition of a thin layer of ggssembled from two pyrometers fixed back-to-back in order
aerosols. There exists a critical single-scattering alb@glo, {0 measure the incoming solar flux and reflected solar flux.
above which cooling takes place and below which heatingsince radiative forcing is highly dependent on accurate as-
takes place. Thex is given by Chylek and Coakley (1974) sessment ok (Tegen et al., 2010) and sind® was not

and Seinfeld and Pandis (1998) as measured during the dust storm, radiative fluxes were cal-
2Rs culated for both values oRg; 0.3 and 0.35. The SBDART
wer (4)  model was executed for a midlatitude summer atmospheric

= 2 N

2Rs+ B(1— R profile using six streams for SW and LW DRF calculations.
whereg is the aerosol’s upscatter fraction. It has been shownThe total or net DRF were calculated as the sum of SW and
that 10 % of overestimation of can result in about 12 % LW forcing. The vertical distribution of dust aerosol concen-

reduction in RF (Marshal et al., 1995). tration was estimated from Fig. 12. The dust height was set
to 2 km and then dropped by a factor of 2 between 2 and 6 km
6.2 Input parameters and then by a factor of 500 between 6 and 10 km.

Here due to the limitation of our in situ measurements t06.3 Results

only AOT, we have taken the approach of assigning realis-

tic values to some of these variables. Table 3 lists the in-The DRF results for 26—27 March are stated in Table 4. The
put parameters of the SBDART model that were either mea-DRF of the atmosphere, DR{s, which is the difference be-
sured or estimated. The AOT has been measured and disween DRRroa and DRk is also stated. The DRF results
cussed and the associated cosine of the solar zenith angktated in Table 4 show clearly that mineral dust aerosols
(CSZA) is stated. The single scattering albedp, was as- had a major cooling effect on the TOA and surface level
signed a high value of 0.98 based on recent measurementirough the attenuation of incoming solar radiation and a mi-
of scattering and absorption coefficients conducted by thenor heating effect due to LW absorption. The total effect had
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Table 4. Instantaneous shortwave and longwave DRF estimation 26 March 2003
for 2627 March 2003 at two surface reflectances at 11:30LT 124 SWRemns
(+3UTC). o e W Recos
SW Rs=0.35
26 March 27 March e LW Rs=0.35
Rs=03 Rs=035  Rs=03 Rs=0.35 &1
SW DRFroa -95 -70 -119 -93 E 65'7
(Wm™2)  DRFgyr —204 -183 -218 -195 g
LW DRFroa 11 10 12 11 £ 4’
(Wm=2)  DRFgyf 9 8 10 9
Total DRF  DRF oA -84 —60 -107 -82 5
(Wm=2)  DRF, surf -195 -175 —208 -186
DRF., atm 111 115 107 104

-0.5 0.0 0.5 1.0 1.5 20 25
Heating Rate (K/day)

been cooling of TOA and surface levels but heating the at-rig. 13.SW and LW heating/cooling rate variations with altitude on
mosphere in between. On 26 March the SW DRF reachec6 March for surface reflectivity of 0.3 and 0.35. Most of the heating
—95Wm 2 at TOA and—204 W ni 2 at surface level for is well within the dust layer and drops sharply to zero above 6 km,
surface albedo of 0.3 and was reduced by 26 % at TOA andvhich is the upper boundary of the dust layer.

10% at surface level for surface albedo of 0.35 making it

—70and-183 W nT 2, respectively. The reductionin DRFat

both TOA and surface level as the surface albedo increases [ increase from-30 W ni2 for March to —84 W m—22 for

due to the enhancement of scattering with the surface (LiagUne whereas negRF at TOA increased frof2 W nt “ for

and Sienfeld, 1998). On 27 March the SW DRF increasedVarch to 43Wnt=for June {ps00~ 0.84-0.747500~ 0.55—
slightly, in the negative, due to the slight increase in AOT. 1-18)- Mallet et al. (2009) investigated the effect of dust
However the LW contribution to DRF was almost invariant @€rosols on the surface and TOA radiation budget as well as
to the changes in surface albedo and very similar for botHon Surface temperature over western Africa. They found that
days of interest with an average of 11 Wfnat TOA and during an intensive du_st episode the SW radlatlor_1 decreased
9W m2 at surface level. The negative forcing at both TOA at the surface by a regional mean-e£37 W i %, which led

and surface level had caused heating of the atmosphere b @ reduction in surface temperature BG4 This is quite in -
111 Wn12 for Rs=0.3 and 115W m? for Rs=0.35. agreement with our results except that the radiative forcing

calculated here is larger due to the instantaneous estimation
over a very small region. They also found that TOA SW cool-
ing dominated the net forcing and reached a regional mean of

—2
Quantification of radiative forcing over the Arabian (Per- —12wWm.
sian) Gulf has been quite scarce for regular dust load-

ing and almost none for extreme dust loading. One s’[udy6'5 Radiative heating rate

was conducted in the United Arab Emirates by Marl_<ow- Atmospheric heating/cooling rata,7/ Az (in K day~1), due
icz et al. (2008) to calculate the average aerosol diurnaly he interaction of SW and LW radiation by mineral dust

surface forcing during the summer months of August andnsyve peen simulated by SBDART following the equation
September 2004. They found the RF at surface level to

be —20W 2 when AOT was 0.45 and single scattering AT -1 A Fret
albedo was 0.93 at 500 nm. Some studies had quantified RFA; pair - Cp Az
caused by dust storms over the Indian subcontinent. For ex-

ample Sharma et al. (2012) calculated RF over Patiala invhere pqj is air density, which equals 1.17 kgth andCp

India for 6 days of high dust loadingspo=14+0.51) and is specific heat of dry air, which equals 1004.67 Jkg 1.
found the average RF to vary betweeB0 and—100 W n1? The factorA Fnet/ Az is calculated as the ratio between the
at surface level and-10 and—25Wm2 at TOA. In an-  net flux AF leaving a layer of atmosphere of thickness
other study Prasad et al. (2007) calculated RF over Kan-Az and the thickness of that layer (Carlson and Benjamin,
pur, India, and found the average RF at surface level to be1980; Quijano et al., 2000; Petty, 2006). Net heating/cooling
—57.5 and-13.5W nT2 at TOA during the months of April  rates were calculated in LW and SW bands as the differ-
and May wherersgg reached 1.44w500=0.924+-0.03 and  ence in heating/cooling between the dust-laden atmosphere
Rs=0.2-0.23. Similarly, Pandithurai et al. (2008) calculated of 26 March and a hypothetically dust-free atmosphere. Fig-
RF over New Delhi, India, during the dusty season of Marchure 13 plots the variation in heating/cooling with altitude
through June 2006 and found the net RF at surface levefor surface reflectivity of 0.3 and 0.35. The heating/cooling

6.4 Discussion

®)
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profile for 27 March is quite similar to that of 26 March and the following 24 h. Dust concentrations reached 4800 i m
hence omitted. The heating of the atmosphere within the dusbn 26 March and fluctuated around 1000 picPnthrough-
layer is associated primarily with SW absorption by mineral out the following day. Ground-based measurements of AOT
dust. However radiative flux adjustments in response to theeached 3.617 on 26 March and 4.17 on 27 March with
exerted radiative forcing can alter the heat distribution sub-the corresponding Angstrom coefficiemgro/440 dropping
stantially on a daily or even hourly timescale (Heinold et al., to —0.0234 and—0.0318 respectively reflecting the dom-
2008; Spyrou et al., 2013). The heating rate reached a maxinance of coarse-sized particles. MODIS-retrieved AOD
mum of 2K day~! at atmospheric layers of 3-5 km (Fig. 13). with the Deep Blue algorithm over the area of Kuwait ex-
Although heating rates are affected by the reflectivity of theceeded 0.8 on both days of interest. MODIS-retrieved AOD
underlying surface (Bierwirth et al., 2009) it is found here field and TOMS-retrieved Al over the Arabian Peninsula
that the difference in heating/cooling rates between the twaevealed two main source regions of dust transport over
surfaces is quite small. However, emission in the LW radia-Kuwait: the lower Mesopotamian region in the north and
tion caused a declining heating profile at the first 4 km with athe Rub’al Khali region in the south. Dust transport from
maximum of 0.2 K day?! at surface level. This slight heat- these two source regions added to the intensity of the fallen
ing is due to the abundance of coarse-sized dust particledust over Kuwait and expanded the resultant rising dust on
near the surface, which through a relatively small but yet sig-27 March to encompass the middle to eastern parts of the
nificant amount of absorption tend to heat the atmospheriArabian Peninsula. The atmospheric model SKIRON was
layers adjacent to the surface. Above 4 km the LW radia-employed to estimate the vertical profile of the dust layer. It
tive forcing switched to cooling due to the dominance of fine was found that the whole dust layer had reached about 6 km
dust particles and reached a maximum-di.1 K day ! at above surface level but the bulk of the coarse-sized dust parti-
6 km. Beyond 7 km both SW and LW heating/cooling rates cles were concentrated in the lower 3 km. The instantaneous
diminished. This profile of heating/cooling rate mirrors the impact of the dust layer on the radiative flux was calculated
SKIRON simulation of the dust vertical profile (Fig. 12) at TOA and surface level for both SW and LW components
whereby the coarse-sized dust particles are concentrated iof the electromagnetic spectrum using the atmospheric trans-
the first 3km and the fine dust particles are elevated to 6 kmfer model SBDART. The net RF was dominated by the SW
Comparable results were obtained by Mohalfi et al. (1998),cooling at TOA due to the backscattering of incoming solar
who investigated heating rates during dust outbreaks overadiation and cooling at surface level due to the attenuation
Saudi Arabia using the Florida State University limited areaof solar radiation by the dust layer. Radiative forcing was
model. They found that dust particles had a significant ef-calculated for two characteristic surface albedos of the desert
fect over the SW radiation, which caused the heating rate tenvironment,Rs=0.3 andRs=0.35. Net RF on 26 March
reach almost 2 K day* at about 6 km and 3K day at about  reached—60W ni2 at TOA and—175Wn12 at surface
8 km. Similarly Mallet et al. (2009) investigated the heating level for Rs=0.35; —84 W m 2 for TOA and —195 W nr 2
rate over western Africa and found that the maximum SWfor surface level forRs=0.3. Radiative forcing on 27 March
heating rate occurred within the dust layer with values be-was slightly higher due to the increase in AOT. Finally, the
tween 4 and 7K day! and LW heating rates betweenl heating/cooling rate in the SW and LW bands were investi-
and 0.2K day?. gated. Heating rate was dominant due to SW absorption by
dust aerosols and reached a peak value of 2 K Hayatmo-
spheric layers located between 3 and 5 km from ground level.
7 Summary and conclusion However it was found that the abundance of coarse-sized dust
particles enhanced LW absorption and added a small amount
The Arabian Peninsula is one of the five major sourcesof heating, maximum 0.2 K day, at the atmospheric lay-
of mineral dust around the globe. Yet only a few studiesers adjacent to ground level. This heating decreased rapidly
have been conducted on the characterization of dust propfor higher altitude as finer particles replaced coarser ones. At
erties of the Arabian Peninsula and virtually no study ex-4km LW heating switched to cooling and reached a maxi-
ists, to the best knowledge of the authors, on the radiativanum value of—0.1 K day ! at 6 km. Above 7 km both SW
impact of a dust storm in the Arabian Peninsula. In this and LW heating/cooling rates were reduced to zero. The heat-
case study we examine the optical, physical and radiativeng/cooling profile mirrored the SKIRON simulation of dust
properties of an extreme case of instantaneous loading gbrofiles.
the lower troposphere by dust aerosols caused by a shamal
dust storm. A low-pressure system moved from the northern
Mediterranean through northern Africa into northern Iraq, AcknowledgementsThis work was supported by PAAET funds
Baghdad and then reached Kuwait on 26 March 2003 agg 01_005, BE_10_45 and the Kuwait Foundation for the Ad-
a dust storm at 07:00LT. The severity of the dust stormyancement of Science (KFAS) fund 2009-1401-01.
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