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Abstract

The Sistan region in southeast Iran is considered as one of the most active dust source regions
in South west Asia. The strong “Levar” winds in summer favor the uplift of large quantities of
dust from the Hamoun basin, which is located in the northern part of Sistan. After a dry
period at the end of the 1999s, and due to land-use change and desiccation of the Hamoun
lakes, the frequency and severity of dust storms have been significantly increased. Within this
framework, this study analyses the aerosol characteristics, dust loading and air quality over
the Sistan region. The dust loading was measured using dust traps up to four and eight meters
height (with a one meter distance between the traps) at two locations near the Hamoun basin
during the period August 2009 to July 2010. The results show large quantities of transported

dust that strongly dependent on the duration of the dust events, and secondarily, on the wind
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speed and distance from the source region. The grain size distribution of the dusts reveals that
the coarser calibers are found at the station nearer to Hamoun, while the large differences in
the grain-size distribution found between the two stations indicate significant spatio-temporal
variation in dust characteristics. Furthermore, to assess the air quality, Particulate Matter
(PM10) concentrations were measured over Zabol city during September 2010 to July 2011,
and the Air Quality Index (AQI) was obtained. Daily PMyq levels during intense dust storms
rise up to 2000 ugm, even reaching to 3094 pgm™, while the monthly mean PMy, variation
shows extreme values (>500 pgm™) for the period June to October. Analysis of the AQI
shows that 61% of the days are associated with a high health risk, while 30.1% are even

identified as hazardous.
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1. Introduction

Due to the significant impact of dust outbreaks on solar and thermal radiation, aerosols,
climate, human health and ecosystems, numerous studies have been conducted worldwide
using a variety of instrumentation and techniques to analysis dust storms and their affect on
air quality, land use, society and biodiversity (Goudie, 1983; Goudie and Middleton, 1992,
2006; Middleton and Goudie, 2001; Washington et al., 2003; Engelstaedter et al., 2006;
Kaskaoutis et al., 2010a and references therein). Dust storms, as a main source of mineral
aerosols, frequently occur in the arid and semi-arid regions over the globe, and are regarded as
a serious environmental hazard (Prospero et al., 2002). Each year, several billion tons of soil-
dust is entrained into the atmosphere playing a vital role in solar irradiance attenuation, and
affects marine environments, atmospheric dynamics and weather (Tegen and Fung, 1994,
Tegen et al., 1996; Dunion and Velden, 2004; Prasad et al., 2007; Singh et al., 2008; Patadia
et al., 2009). Moreover, several studies demonstrated that the inhalable airborne Particulate
Matter (PM) of dust storms has an adverse impact on human health, especially for children
and the elderly (e.g. Dockery and Pope, 1996; Nastos et al., 2010).

Desert dust is considered to be one of the major components of tropospheric aerosols over the



globe (Mishchenko and Geogdzhayev, 2007) with global flux estimations of 1500-2600
Tg.yr* (IPCC, 2007). Anthropogenic sources were previously considered as important dust
contributors IPCC, 2001), but more recently (IPCC, 2007) were estimated to contribute only
5-7% of total mineral dust giving major importance to natural sources. The impact of dust
aerosols in the Earth’s system depends mainly on particle characteristics such as size, shape
and mineralogy (Mahowald et al., 2005), which are initially determined by the terrestrial
sources from which the soil sediments are entrained and from their chemical composition
(Claquin et al., 1998). On the other hand, particle size distributions provide fundamental
information for rock characterization and geological process, including sedimentology,
stratigraphy, structural geology, pedology and volcanology (e.g. Kandler et al., 2009).
Although, during recent years, satellite remote sensing of dust has been increasingly available
with promising and reliable results, in-situ measurements for dust aerosol characteristics and
dust loading are still considered as absolutely essential. For this reason, several campaigns
have been conducted in the arid areas of the globe, mainly focusing over Sahara as the largest
and most active dust source region. Although the dust activity and plume exposures from the
Sahara to both Atlantic and Mediterranean ocean has been extensively investigated over the
years (see the aforementioned reviews), significantly fewer studies have been conducted over
the Middle East and south-west Asia.

The main dust source region in the Middle East and south-west Asia is the Arabian Peninsula
and the surrounding deserts, which are more active during the period April to July when dust
affects atmospheric aerosol loads and their properties over the region (Smirnov et al., 2002;
Kim et al., 2011; Maghrabi et al., 2011) as well as over the northern Arabian Sea (Kaskaoutis
et al., 2010b; Satheesh et al., 2010). The arid central Iranian Plateau may also be a source of
dust aerosols, especially during the summer season when thermal cyclones usually occur.
However, there is little emphasis on the strong influence from these dust events, indicating
that they are mainly limited to local scales (Bayat et al., 2010). Further to the east, the Thar
desert is the main source of dust aerosols affecting northern India and the Himalayas foothills
(El-Askary et al., 2006; Hegde et al., 2007; Gautam et al., 2009). Recent studies (Prasad et al.,
2009; Gautam et al., 2010) showed that the atmospheric effect of dust emitted from all these
regions play an important role in mid-troposphere warming, and therefore the melting of the
Himalayan glaciers. Although the Arabian and Thar deserts have been identified as two of the

major dust source regions of the globe (Middleton, 1986; Prospero et al., 2002), a small area



that constitutes a topographically low-lying basin with dried lakes (Hamoun basin) at the
borders of Iran, Afghanistan and Pakistan might also play a significant role, but has not yet
been studied so far. Very recently, Rashki et al. (2011) reported extremely high PMyy
concentrations (up to 400 pgm™) and severe pollution over periods of many days over the
nearby Sistan region, while Alam et al. (2011a) attributed the highest aerosol optical depth
(AODs) over Karachi, Pakistan to northwesterly winds and dust storms originated from
Hamoun and Sistan (Alam et al., 2011b).

This paper aims at defining the Hamoun basin as a major dust source region by focusing on
the assessment of dust loading at two nearby locations. The experimental campaign took place
from August 2009 to July 2010, a period where the dust loading at different altitudes during
major dust events from the Hamoun basin were measured. The grain size is used to provide
useful information regarding the status of Sistan’s dust storms, and the associated public
health concerns are analyzed at a nearby city (Zabol) by PM measurements. Such studies are
currently lacking from this region, and the work in this paper is the very first that examines

the evolution of dust sediments over the Sistan arid environment.

2. Study area

The Sistan region (30°5’' N - 31°28' N and 61°15" E - 61°50" E) is located close to the Iranian
border with Pakistan and Afghanistan, in the southeastern part of Iran (Fig. 1). The region has
four cities and 980 villages, with a population of more than 400,000. The climate is arid, with
an annual average precipitation of 55 mm occurring mainly in winter (December to February)
while evaporation exceeding ~4000 mm.year™ as a result of high temperatures (Moghadamnia
et al, 2009). During the summer season, the area is under the influence of a low pressure
system attributed to the Indian thermal low that extends further to the west as a consequence
of the south Asian monsoon system. The low pressure conditions are regarded as the trigger
for the development of the Levar northerly wind, commonly known as the “120-day wind”
(Hossenzadeh, 1997), causing frequent dust and sand storms, especially during the summer
(June to August) (Goudie and Middleton, 2000; Middleton, 1986) and contributing to the
deterioration of the air quality (Rashki et al., 2011). The Hirmand river (also known as the

Helmand river) is the longest river in Afghanistan, and is the main watershed for the Sistan
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basin since agricultural crop lands are irrigated from the river. This river finally drains into
the natural swamp of the Hamoun lake complex (e.g. Hamoun Saburi, Hamoun Puzak) that is
located to the north of the Sistan region (Fig. 1) and is the largest freshwater ecosystem in the
Iranian Plateau, and one of the first wetlands identified in the Ramsar Convention
(Moghadamnia et al, 2009). Severe droughts over the past decades, especially after 1999,
have caused desiccation of the Hamoun lakes, leaving a fine layer of sediment that is easily
lifted by the wind and therefore making the basin one of the most active sources of dust in
south-west Asia (Middleton, 1986; Goudie and Middleton, 2006). The strong winds,
especially during the summer season, blow fine sands off the exposed lake bed and deposit
this detritus within huge dune bed forms that may cover a hundred or more villages along the
former lakeshore. As a consequence, the wildlife around the lake has been negatively
impacted and fisheries have been brought to a halt, which also implies an impact on social
society.

3. Data set and experimental methods

3.1 Dust loading measurements and mass quantities

The amount of dust loadings during dust storms was measured using passive dust samplers
(Fig. 2a) fixed at two monitoring towers (four and eight meters above ground level in
altitude), with a one meter distance between the two traps (Fig. 2b). Measurements were done
over the period August 2009 to July 2010. The towers were erected at two open locations near
Hamoun (31.08°N, 61.54°E and 31.26° N, 61.76°E), which are sufficiently distant from any
obstacles which ensured that undisturbed wind flow could enter for taking representative dust
samples (station A and station B, denoted by red stars in Fig. 1). The dust sampler used in the
campaign was developed by the Agricultural and Natural Research Center of Sistan, and is a
modified version of the Siphon sand and dust sampler (Ekhtesasi et al., 2006). Although the
sampler was originally designed to collect airborne dust, it is also frequently used for soil and
sand measurements. At the observation sites, the samplers collect airborne dust sediment. The
traps were mounted on a stable parallel to the wind direction. The samplers consist of a tube
with a diameter of 12 cm. The sediment-laden air passes through a vertical 2.5 cm x 6 cm

sampler opening in the middle. Inside the sampler, air speed is reduced and the particles settle



in a collection pan at the bottom, while the air discharges through an outlet with a U shape.
After each measurement, the samplers were evacuated to make them ready for measuring the
following dust events. The collected samples were oven dried at 105 °C for 24 hours, and
then, dried samples were weighed using an electronic scale with 0.001 g precision in order to

obtain total mass quantities at each sampling height and for each dust storm.

3.2 Grain-size analysis

The grain-size distribution of the collected samples was determined with a Malvern
Mastersizer 2000 analyzer with a measurement range of 0.02 to 2000 pum at Lanzhou
University, China. The samples were pretreated with 10 to 20 ml of 30% H,O, to remove
organic matter and then with 10 ml of 10% Hydrochloric acid (HCI) to remove carbonates.
About 2000 ml of de-ionized water was added, and the sample solution was kept for about 24
h to rinse acidic ions. The residue sample was finally treated with 100 ml of 0.05 M (NaPO3)s
on an ultrasonic vibrator for 10 min to facilitate dispersion before grain-size analysis. The
Mastersizer 2000 automatically yields the median diameter and the percentages of the related
size fractions of a sample with a relative error of less than 1%.

3.3 PM3p measurements

Supplementary to the dust loading measurements, particles smaller than 10um in diameter
(PMyg) concentrations have been measured in the city of Zabol in order to provide
information about the air quality within the urban environment by using an automatic Met
One BAM 1020 beta gauge monitor (Met One, Inc.,) -. The instrument measures PMjg
concentrations (in pgm™) with a temporal resolution of one hour. The measurements were
carried out at the Environmental Institute in Sistan located at the outskirts of Zabol during the
period September 2010 to July 2011 (total of 316 days). The recording station is close to the
Hamoun basin and stations one and two were placed in the main pathway of the dust storms
of the Sistan region. The hourly measured PM;o data were daily averaged, from which the
monthly values and variations were obtained. For further assessing the air quality over Zabol,

the PMy, concentrations were used to calculate an Air Quality Index (AQI). Based on the



technological rules related to AQI, the following formula was used to derive the PMjq
concentration from AQI (Triantafyllou et al., 2006; Larissi et al., 2010a):

Thigh ~low

I= (C—C, )+I

low

1)

_ low
Chigh ~ Clow

Where | is the concentration of PMag, liow and lnigh are AQI grading limited values that are
lower and larger than | (AQI index), respectively, and Chigh and Ciow denote the PMyg

concentrations corresponding to Inigh and liow, respectively.

3.4 Ozone Monitoring Instrument aerosol index

For assessing the aerosol field over the region, the Aerosol Index (Al) values obtained from
the Ozone Monitoring Instrument (OMI) that is on board the NASA A-Train Aura satellite
were used on monthly basis over the area bounded from 20-34°N and 52-72°E. The Al
concern data via the Aura-OMI Level-2G ((OMTO3) with a spatial resolution of 0.25° x 0.25°
were obtained from Giovanni (http://disc.sci.gsfc.nasa.gov/giovanni). Due to its strong
reflection in the imaginary part of the refractive index in the Ultra Violet (UV) spectrum (De
Graaf et al., 2005), desert dust provides a clear signal of Al values. The main disadvantage is
the sensitivity of Al to dust-aerosol layer height, while any aerosol below ~1000 m above the
surface is unlikely to be detected (Hsu et al., 1999). Also, the uncertainties in Al are larger
over the swath overlap areas (see Kaskaoutis et al., 2010c), but these areas have been
automatically excluded from the analysis. Recently OMI instrument has gone through row
anomalies, therefore quantitative use of the data has been avoided in the study (see
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/index.shtml#info).

4. Results and discussion

4.1 Meteorology and climatology of Sistan

Before analyzing the aerosol field over the study region, some useful information of the

meteorology and climatology as obtained from the Zabol meteorological station



(http://www.irimo.ir/english/current/index.asp?station=40829) are provided. Fig. 3 presents

the annual variation of mean Temperature (T), Relative Humidity (RH) and atmospheric
Pressure (P) over Zabol over the period 1963 to 2010. The monthly mean T exhibits a clear
annual pattern with low values in the winter (9 to12 °C) and high (=35 °C) in summer,
following the common pattern found in the northern Mid-latitudes. During the summer period
the maximum T often goes up to 46 or 48 °C causing an extremely large diurnal variation
which is a characteristic of many arid environments. RH illustrates an inverse annual variation
with larger values in winter (50 to 57%) and very low values in summer (~25%), which are
about 10 to 15% during daytime. During the period October to April P values are generally
high in winter (1020 to 1024 hPa), which is above the standard mean sea level value of
1013.25 hPa. P values decrease during summer (~ 996 hPa in July). The latter is a
consequence of the Indian thermal low that develops over the entire south Asia during
summer monsoon months. This has a direct impact on the intensity of the winds over the
region, which has a monthly mean of as high as 12 m.s™ during June and July (Fig. 4) with
frequent gusts of above 20 to 25 m.s™. In contrast, during late autumn and winter months the
wind speed is confined to ~3 to 4 m.s™. The annual variation of visibility follows an inverse
pattern, with large values in winter, usually above 10 km, and very low in summer (< 4 km on
average). A power-decreasing curve relation associated with 93% of the variance is observed
between wind speed and visibility. This inverse relation indicates that the wind speed does not
act as a ventilation phenomenon over Zabol, as usually occurs in coastal urban environments
with local sea-breeze cells (Adamopoulos et al., 2007), but rather as a factor responsible for
the deterioration of visibility, since the intense Levar winds are the genesis cause for the dust
outbreaks over Sistan.

Although the visibility exhibits a clear annual pattern (Fig. 4), long-term data series over
Zabol shows that it contains considerable year-to-year variations (Fig. 5a). Focusing on recent
years, the days with visibility <= 2 km have been dramatically increased from about 20 during
1995 to 1999 to >100 during 2000 to 2001. This is attributed to a severe drought period that
dried the largest part of the Hamoun wetlands and favored alluvial uplift, as well as the
frequency and mass intensity of dust storms that affected the visibility over Sistan. However,
in the 2000s the days with very low visibility seem to have a decreasing trend, but remaining
above the standards of the climatological mean. Fig. 5b shows the flow chart of wind speed

and direction over Zabol during the period 1963 to 2009, and also provides the percentages
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for six wind-speed categories. In all seasons, the northwestern flow clearly dominates,
although more apparent in summer, while high percentages for intense winds are also
associated with a northwesterly flow. The probability for intense winds to blow from other
directions is low. As shown in Fig. 4, summer winds are much more intense with ~27% of
wind speeds above 11.1 m.s™, while calm conditions are limited to 2.9% against 18.8% and
19.6% for autumn and winter, respectively. The higher frequency and intensity of
northwestern winds is the reason for the frequent dust storms that affect Zabol. Zabol is
located at the downwind direction of dust storms that normally originate from Hamoun (Fig.
1). Fig. 1 (left panel) shows a severe dust storm over Sistan region as observed from the
Terra-MODIS satellite’s true color image on 15 June 2004. The intense dust plumes form a
giant U shape that extends from Sistan into southern Afghanistan and southwestern Pakistan,
and obscures the surface over much of the region. The pale color of this dust plume is
consistent with that of dried wetland soils. Furthermore, except of their intensity, the duration
of dust storms over Zabol exhibit a clear annual pattern with a higher duration in June - about
50 hours on average (Fig. 6). During the period October to April dust storms are characterized
by low frequency and duration, below 5 hours, although in some cases they might still be
intense.

4.2 Aerosol field over the region

The use of TOMS and OMI Al satellite data presents some promising results for the
identification of dust source regions, although they have a larger spatial resolution compared
to the MODIS satellite (Baddock et al., 2009). Therefore, the use of OMI-Al satellite data for
the identification of major dust sources over south-west Asia will enable us to focus on
critical regions and to characterize emission rates in response to environmental conditions.
The spatial distribution of the monthly mean Al values for the period August 2009 to July
2010 over the study region is shown in Fig. 7. The spatial distribution of Al values reveals a
considerable seasonal variation in aerosol load, in general, and in dust occurrence, in
particular. During the winter season (December to February) the Al is generally low, except
for some hotspot regions with values of above 1.5, e.g. Hamoun. From March onwards high
Al values start to spread over a wider area, covering southern Afghanistan (near to Hamoun),

as well as the Arabian and Thar deserts. From here Al values continuously increase until May,



with the highest increase over the Thar desert influencing the aerosol load in northern India
(Gautam et al., 2009; Dey and di Girolamo, 2010). During the monsoon period (June to
August) the Al significantly increases over northern Arabian Sea due to the large influence of
dust coming from Arabia as well as from Iran and Pakistan due to strong northern Levar
winds. This is also the period with the highest Al over Sistan which is closely associated with
a reduction in visibility and stronger winds (Fig. 4). From September to November the high
Al is limited over Sistan, as well as over some hotspots in Arabia and Pakistan. From the Al
spatial distribution one may put emphasis on the large regional differences between Zabol
(near to Hamoun basin) and the city of Zahedan, located about 200 km south. The Al at Zabol
is significantly higher during all months, suggesting a larger presence of dust compared to the
adjacent southern areas. This is consistent with the large differences in PM;o concentrations
found between Zabol and Zahedan (section 4.5).

In synopsis, the spatial distribution of Al during a whole year identified the Hamoun basin as
one of the most active dust source regions in South west Asia. In general, the dust sources,
regardless of size or wind strength, are usually associated with topographic lows in close
proximity to mountains and highlands with annual rainfall of less than 200 to 250 mm
(Prospero et al., 2002; Engelstaedter et al., 2006). The greatest dust activity takes place near a
system of salt lakes and dry lakes found in the lowlands of the Hamoun basin, which is
surrounded by arid-rocky mountains to its north and west. This region is associated with
drainage features and extensive alluvial deposits, exhibiting some similarities with the
lowlands south of the Atlas Mountains in northwest Sahara (Kahn et al., 2009) and Lake Eyre
in Australia (Baddock et al., 2009). The accumulation of recent and ancient sediments in such
areas, often with salt, which enhances the weathering of sediments, makes them good sources
of fine-grained mineral particles (Middleton, 1986) which might be transported potentially
thousands of kilometers downwind (see Fig. 1). Intense dust storms originated from Hamoun
are responsible for the dramatic increase in Aerosol Optical Depth (AOD) over the downwind
areas. Alam et al. (2011a) reported that such an event occurred on 21 July 2007 when an
intense dust plume originated from Hamoun and affected coastal Arabian Sea to such an
extent that the AOD increased in Karachi to 1.36. The transport pathway of this dust plume
was similar to the one shown in Fig. 1, indicating similarity in the source region and in
regional and synoptic meteorological fields that favors the outbreak and advection of dust.

Middleton (1986) used ground-based observations to explain the frequency and seasonality of

10



dust storms in south-west Asia where the borders between Iran, Pakistan and Afghanistan
were highlighted as an active dust source region with 81 dust storms that occurs annually.

Furthermore, more than 30 dust storms were reported over Sistan.

4.3 Dust loading measurements

Dust activity is a function of several parameters, such as topography, rainfall, soil moisture,
surface winds, regional meteorology, boundary layer height and convective activity.
(Middleton and Goudie, 2001; Knippertz et al., 2009). The dust loading measured at the two
stations that were located close to the Hamoun basin for several dust events during the period
August 2009 to July 2010 are plotted in Fig. 8. In the same graph, meteorological data from
the Zabol station that give information about the duration of dust events (for the examined
days as well as in the preceding or succeeding days, i.e. about 2-3 days before the peak-day of
the dust storm) and daily mean and maximum wind speeds, are also plotted.

The results of the average dust loading measured at eight heights at station B and at four
heights at station A reveals considerable variation, ranging from ~0.10 to ~2.5 kgm™?. The
average dust loadings for all the examined days were found to be 0.89 kgm™ (station A) and
0.93 kgm™ (station B), which do not exhibit a statistically significant difference. In general,
the highest dust loading is observed for dust events occurring in summer, but intense dust
storms can also take place in winter, since the Hamoun basin is located in an active dust
source region throughout the year. The dust loading is highly correlated with the duration of
the dust storms, as shown from their correlation, with the linear regressions being statistically
significant at the 0.99% confidence level (Fig. 9). Apart from the strong linkage to the
duration of dust storms, the dust loading at both stations also seems to have a dependence on
the daily mean and maximum wind speeds (not presented). However, this dependence was
found to be more obvious and statistically significant (at the 95% confidence level) at station
B, which is located closer to the dust source, whereas for station A the correlation was not
found to be statistically significant. This finding emphasizes the strong effect of the wind
speed on dust erosion and transportation, as well as on dust loading, at least for areas close to
dust sources. However, the results show that the main factor that controls the dust loading at

both stations is the duration of the dust storms, and secondly the wind speed. The role of the
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wind might have been more critical if measurements were taken at the sampler stations
instead of using the meteorological data from Zabol. The total amount of dust loading
represents large variation depending on intensity, duration and particle size distribution for
each dust event. The analysis showed that the total dust loading for the 19 events of
measurements at station A is 16.9 kg m? corresponding to 0.88 kg m™ per event, whereas at
station B is these measurements yielded 15.8 kg m? (17 events), corresponding to 0.93 kg m.
The larger dust loading at station B may be attributed to the smaller distance from the source
region; however, this may be not so true since these values were obtained by experimental

measurements with an unknown precision.

Fig. 10 illustrates the height variation in dust loading during the dust storms measured at
station A (19 days, up to 4m in height) and station B (17 days, up to 8m in height).
Contrasting height variations measured during intense dust storms occurred between the two
stations, while similar variations correspond to moderate and low storm events. More
specifically, the dust loading shows an increase (decrease) with height in station A (station B),
revealing a difference in the dust transport mechanisms. This finding can be explained by
considering the fact that station B is located closer to the Hamoun dust source region,
meaning that uplift and newly transported dust concentration is higher near the surface. On
the other hand, station A that is located about 20 km away the dust loading, presents larger
values up to 3 m since the near ground dust particles have already been deposited near the
source, and as the distance increases so does the dust-plume height. The diurnal variability of
the dust loading at the two stations (not presented) showed increased mass concentrations
during daytime that can be explained by enhanced convection and turbulent mixing in a
deepened boundary layer. Furthermore, the local winds are stronger during daytime due to

thermal convections.

4.4 Dust grain-size distribution

Supplementary to the dust loading measurements, the dust grain-size distribution was
analyzed for selected samples at stations A and B by means of a Malvern Mastersizer 2000
analyzer. More specifically, the dust grain size was analyzed for 31 samples collected on 12

days at four height levels at station A and for 44 samples corresponding to eight days (eight
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heights) at station B. The average grain sizes for the selected dust events at stations A and B
are summarized in Tables 1 and 2, respectively. The d(0.5) corresponds to the medium grain
size (measured in um) of the particle distribution, while the d(0.9) implies that 90% of the
grain size of particles is below this value. The percentages of PM,s and PM, indicate the

fraction of the particles that have diameters of below 2.5 and 10 um, respectively.

The results in both Tables 1 and 2 show considerable variation in all grain-sized parameters,
depending on the intensity of the dust storms as well as on other factors considering the soil
materials. In general, dust storms that occurred during summer present larger grain sizes. As a
consequence, a smaller fraction of particles is below 10 and 2.5 pm. However, more
measurements are needed for evaluating these results. The whole spectrum of grain-size
measurements at both stations is analyzed in Figs. 11a and b. These figures show box charts
for each parameter that allows for a direct comparison between the two stations.

The analysis of the dusts grain size reveals large differences between the two stations,
especially for the d(0.9). For this parameter, the mean, median as well as the distribution of
the dust diameters are much higher at station B, exhibiting a mean value of 126.2449.9 um
against that of 58.7+18.0 pum at station A. In general, the median grain size (d0.5)
distributions of settled desert dust in Sistan is in the range of ~10—118 pum for both stations,
with larger particle sizes and distribution of values at station B (Fig. 11a). For example, 50%
of the dusts are below 20.5+8.1 um at station A, while the same fraction is below 44.8+23.8
um at station B, implying considerable shift to larger dust particles at station B. This is also
clearly observed when plotting the frequency distribution of particle size (Fig. 12). In Fig 12
the maximum of the mean distribution is around 30 pum for station A, which is increasing to
~60-70 pum for station B. Note also the dominance for higher frequencies of dust particles
above 100 pum at station B, while the difference between the distributions are rather low for
the small particles. This is particularly valid for particles <2.5 um, for which the results show
fractions of 10.6+2.3% and 8.7+2.5% for stations A and B, respectively (Fig. 11b) - much
larger difference is shown for PMio, which is in the order of 10%. Station B, which is closer
to Hamoun, exhibits slightly higher dust loading and significantly higher fraction of large
particles than that observed at station A, which is 20 km from B and further from Hamoun.
This is indicative of significant spatio-temporal variation in dust sediment loadings and grain-

size distribution, which emphasizes the necessity for more systematic measurements, even at
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some new locations around the Hamoun basin in order to obtain an improve understanding of

dust characteristics round Hamoun.

Finally, Fig. 13 provides the mean height variation in grain size parameters at station B. The
profiles show a considerable decrease with height, mainly in d(0.9) and secondarily in d(0.5),
indicating a shifting of size-distribution curves towards lower particle sizes. This suggests that
the larger and heavier particles are found near the ground and that only the smaller particles
are lifted to elevated heights meaning that they are more likely to be transported over large
distances. As the particle size decreases, the height variability is gradually vanished, being
neutral for PM s, while for PM;q the percentage fraction profile indicates a larger probability

for occurrence at higher levels.

4.5 PM3y measurements

In order to provide a first in-situ analysis of the air quality and to compare the results with
those obtained at Zahedan (located about 200 km south of Zabol) PMj, concentration
measurements were obtained during the period September 2010 to July 2011 over Zabol,
which is the largest city in the Sistan region (Rashki et al., 2011). This paper provides only
some first results of the Zabol PM;o measurements which are still analyzed. For this purpose
the hourly PM;o concentrations were daily averaged and the monthly and seasonal mean

values are summarized in Table 3.

The results show extremely large PM3o concentrations at Zabol, although the instrumentation
used for the PM3o monitoring is different between Zabol and Zahedan. Even the mean values
are much higher than the most risky and dangerous maximum levels provided by the U.S.
Environmental Protection Agency (397 ugm™). During each month, and especially during the
period June to October, the area suffers from severe pollution since even the lower PM
values are above 100 ug m™, while the maximum ones are usually above 1000 pgm™. On the
other hand, extreme PM;, measurements associated with severe dust events may also occur in
other months, for example like December. Daily PMj, concentrations during major dust
storms are about 10 to 20 times above the standard levels, and are much higher (~1000 to
2000 pgm™®) than those measured for intense dust storms at Zahedan (~400-600 pgm™).

Regarding the monthly mean PMy, concentrations, the results show extremely large values
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(>500 ugm™) during the period June to October, reaching up to 743 pgm™ in July. The annual
variation of PMy, in Zabol is similar to that recorded at Zahedan (Rashki et al., 2011), but
with much higher values in at former site, in the order of ~160-170 pgm™ in winter and spring
and ~510 ugm™ in summer. These large differences in PMy, concentrations between the two
neighboring cities are attributed to severe dust storms that directly affect Zabol, which is
located along the main pathway of intense dust plumes (see Fig. 1), while Zahedan is usually
influenced by the wings of the dust storms originated from Hamoun. The “U” shape is nearly
similar for all the major dust events, so after influencing Zabol, the main dust plume is shifted

to the east without directly affecting Zahedan (see Fig. 7).

4.6 Air quality index

In order to identify the impact of air pollution on human health, air pollution indices are
commonly used, from which the AQI is the most well known index EPA, 1999; Mohan and
Kandya, 2007; Larissi et al., 2010b). The AQI is divided into six categories, varying from 0 to
500, with different health impacts as listed in Table 4. The AQI for Zabol was calculated for
the period September 2010 to July 2011 using the same technique as for Zahedan in a
previous study by Rashki et al. (2011). This will make comparisons of air quality between
the two cities possible.

Assessment of air quality in Zabol shows that 193 days out of 316 (61%) exhibit air pollution
levels of above the air quality standards (>155 ugm™), a fraction that is much higher than that
(21.5%) reported for Zahedan. The most exciting finding is the 95 days (30.1%) that are
characterized as hazardous (Table 4), which in combination with the human health adverse
effects, make it clear that environmental conditions in the Sistan region are rather poor for
human well-being. On the other hand, only 6.6% of the days are associated with low pollution
levels when the air quality is considered satisfactory and air pollution poses little or no risk.
Several studies have shown that ambient air pollution is highly correlated with respiratory
morbility, mainly amongst children (Bartzokas et al., 2004; Nastos et al., 2010; Samoli et al.,
2011). The results gathered from hospitals in the Sistan region showed that during dust storms
respiratory patients increased significantly, especially those affected by chronic obstructive

pulmonary disease and asthma. The percentage of these diseases increases in summer (June
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and July) because of more severe dust storms and a further deterioration of air quality (Miri et
al., 2007). Except of the dust storms, re-suspended dust within the urban environment is a
strong source of PMjo concentrations, while urban-anthropogenic and industrial activities are

considered to have a much lower effect on the air pollution over Zabol.

5. Conclusions

This paper provides analysis of the dust sediment loading and grain size distribution in the
Sistan region, southeast Iran, based on first time measurements conducted at two locations
that are located close to the Hamoun basin. Hamoun is considered to be one of the most active
dust source regions in South west Asia. Meteorological data of the nearby Zabol station
showed a dramatic increase in dust storm frequency and intensity, as well as a significant
reduction in visibility over the last decade, most probably because of a drought period in the
1990s. The drainage of the Hamoun wetlands, in association with the intense Levar winds in
summer, is the main factor responsible for the frequent and massive dust storms over the
region. The OMI-AI satellite values highlighted Hamoun as an intense dust source region
causing a dramatic increase in PMjo concentrations and a deterioration of air quality (61% of
the days were considered unhealthy for sensitive people and 31% as hazardous) in Zabol city.
Dust loading from the Hamoun basin appears to have a significant contributing influence on
the development of extreme dust storms, especially during the summer days. This influence
firstly seems to depend on the intensity and duration of dust storms, and secondarily, on the
distance from the source region, the wind speed and altitude. The grain-size distribution of the
dust loading was strongly influenced by the distance from the dust source, since grain sizes
shifted to larger values towards station B that is closer to the Hamoun basin. Furthermore, the
particle size distribution exhibited a shift towards lower values as the altitude increases, with
this feature to be more obvious amongst larger size particles, while the frequency of particles
below 2.5 um seemed not to be affected by altitude. In general, the analysis revealed
significant spatio-temporal variability of regional dust loading and characteristics. This
finding necessitate more systematic observations at as many locations as possible around the
Hamoun basin in order to improve the understanding of force dynamics, transport

mechanisms as well as to quantify the dust amounts emitted from the Hamoun basin.
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Table 1: Variation in average grain size during different dust storms at station A.

Date d©5) d@¢ PM25(% PM10 (¥
08/19/2009 24.1 61.0 8 24
08/25/2009 19.9 56.0 11.0 30.0
09/05/2009 26.1 64.5 9.5 24.0
09/09/2009 28.2 73.8 10.5 26.0
09/16/2009 14.3 46.9 8 38
10/09/2009 23.8 63.4 10.3 27.5
11/15/2009 10.1 36.2 15.3 50.7
01/07/2010 14.8 56.0 11.7 40.8
01/09/2010 12.6 42.6 11.0 51.3
01/23/2010 13.5 45.0 11.0 41.5
07/08/2010 29.9 77.2 9.5 26.0
08/23/2010 315 80.6 8.0 20.8

Table 2: Same as in Table 1, but for station B.

Date d(05 d(0.9) PM25(%) PM10 (%)
09/05/2009 | 63 163 7 18
09/09/2009 | 55 149 7 17
09/16/2009 | 37 115 9 23
10/09/2009 | 61 159 7 19
10/16/2009 | 36 102 8 24
11/15/2009 | 32 96 9 25
01/07/2010 | 14 54 13 41
07/08/2010 | 49 147 9 22
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Table 3: Monthly mean, daily maximum and daily minimum PM;, concentrations in Zabol
during the period September 2010 to July 2011.

Monthly Mean Daily minimum Daily maximurr
PM10 PM10 PM10
Season (ngm-3) (ngm-3) (ngm-3)

January 196 29 597
February 147 13 787
March 262 21 2698
April 224 97 515
May 322 71 1276
June 622 100 1875
July 743 102 1902
September 720 88 2045
October 531 100 2339
November 200 66 737
December 476 84 3094
Winter 273 13 3094
Spring 289 21 2698
Summer 683 102 1902
Autumn 484 66 2339

Table 4: Health quality as determined by the Air Quality Index (AQI), PM;o and number of
days with severe pollution in Zabol during the period September 2010 to July 2011.

Health Quality AQI PMyp (ng m™) | Days (%)
Good 0-50 0-54 21 6.6
Moderate 51-100 55-154 102 32.3
Unhealthy for sensitive people | 101-150 155-254 58 18.4
Unhealthy 151-200 254-354 31 9.8
Very unhealthy 201-300 355-424 9 2.8
Hazardous 301-500 425< 95 30.1
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Figure 1. Map of the Sistan region in southeastern Iran with the locations of the dust loading
measurements (station A and B) and the Zabol city (location of the PMj, observations). The
left image shows an intense dust storm that originated from the Hamoun basin on 15 June
2004 (Terra MODIS satellite image), while the right image zooms in on the Hamoun wetlands
on 24 October 2004.
[source:http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=42242]
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Figure 2. Schematic diagram of the dust sampler system (a) and photo of the 8m dust
monitoring tower (b).
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Figure 3. Monthly mean variation of air Temperature (T), Relative Humidity (RH) and
atmospheric Pressure (P) in Zabol during the period 1963 to 2010.
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Figure 4. Monthly mean variation of the visibility (km) and wind
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Figure 6. Annual variation of the average duration of dust storms (in hours) in Zabol during
the period 1999 to 20009.
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Figure 7. Monthly mean spatial distribution of OMI-Al satellite observations over south-west
Asia during the period August 2009 to July 2010.
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Figure 8. Average dust loading (kgm?) during various dust events in the Sistan region as
measured at the 4m (station A) and 8m (station B) monitoring towers. The duration of dust
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obtained from the Zabol meteorological station.
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at both stations A and B.
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Figure 12. Average and standard deviation of the particle size distribution at stations A and
B.
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Figure 13. Average height variation of the grain size measured over eight days at station B
for d(0.9) and (d0.5) (left panel) and PM, s and PMy, (right panel).
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