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Abstract: There is a paucity of comprehensive air quality data from urban areas in the Middle
East. In this study, portable instrumentation was used to measure size-fractioned aerosol number,
mass, and black carbon concentrations in Amman and Zarqa, Jordan. Submicron particle number
concentrations at stationary urban background sites in Amman and Zarqa exhibited a characteristic
diurnal pattern, with the highest concentrations during traffic rush hours (2–5 × 104 cm−3 in Amman
and 2–7 × 104 cm−3 in Zarqa). Super-micron particle number concentrations varied considerably
in Amman (1–10 cm−3 ). Mobile measurements identified spatial variations and local hotspots in
aerosol levels within both cities. Walking paths around the University of Jordan campus showed
increasing concentrations with proximity to main roads with mean values of 8 × 104 cm−3 , 87 µg/m3 ,
62 µg/m3 , and 7.7 µg/m3 for submicron, PM10 , PM2.5 , and black carbon (BC), respectively. Walking
paths in the Amman city center showed moderately high concentrations (mean 105 cm−3 , 120 µg/m3 ,
85 µg/m3 , and 8.1 µg/m3 for submicron aerosols, PM10 , PM2.5 , and black carbon, respectively). Similar
levels were found along walking paths in the Zarqa city center. On-road measurements showed
high submicron concentrations (>105 cm−3 ). The lowest submicron concentration (<104 cm−3 ) was
observed near a remote site outside of the cities.
Keywords: urban air quality; ultrafine particles; human exposure; urban aerosols; Middle East and
North Africa (MENA)

1. Introduction
Urban areas represent concentrations of humans and their activities; and therefore, cities exhibit the
highest levels of pollution leading to significant environmental impacts and adverse health effects [1].
Air pollution is not confined to a particular geographical location or where it was emitted, as it can be
transported by thousands of kilometers, impacting other areas. Thus far, more than three thousand
different anthropogenic air pollutants have been identified in urban areas. Many of them are related to
combustion sources, such as traffic activities and biomass burning. The complex nature of urban air
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pollution has prompted attempts to quantify the levels of air pollution in cities around the globe and
the associated impacts on human respiratory and cardiovascular health. Quantification can vary from
extensive short-term measurement campaigns to continuous long-term monitoring; each approach has
advantages and disadvantages.
Long-term monitoring is usually performed at a stationary and sustainable measurement
site, such as Global Atmospheric Watch (GAW) stations; Aerosol Robotic Network (AERONET)
stations; Integrated Carbon Observation System (ICOS); Aerosols, Clouds, and Trace Gases Research
Infrastructure (ACTRIS); Station for Measuring Ecosystem–Atmosphere Relations (SMEAR); and US
Environmental Protection Agency (EPA) monitoring sites. Short-term measurement campaigns are
usually performed over a period of several days to a few months and are typically arranged to sample
air pollution at a stationary location. In general, stationary monitoring stations are valuable for
assessing the local state of the environment, but the number of stations is a limiting factor to accurately
describe large-scale spatial distributions and their temporal trends. Recently, the global SMEAR
has emerged to establish more than a thousand monitoring stations following the SMEAR concept
developed in Finland [2].
Recently, the concept of mobile experimental setups has become increasingly common and useful
in quantifying air pollution with high spatiotemporal resolution. One of the first concepts of mobile
laboratories was introduced in 1990 by Aerodyne Research Inc. (ARI), in collaboration with Washington
State University (WSU) and the University of New Hampshire (UNH). This mobile laboratory was used
to quantify emissions of greenhouse gases from a variety of urban/industrial points and area emission
sources [3]. Since 2000, many variants of mobile laboratories have emerged such as the PSI, TRAKER,
SNIFFER, EMMA, AERO-TRAM, ML, PMetro, and TAPL, among others [4–7]. The TRAKER was
introduced in 2003 to measure road dust emissions; it was improved in the subsequent setups [8–12].
A modified TRAKER concept was later adopted by some research groups such as the SNIFFER in
Finland [13–18] and EMMA in Sweden [19,20]. In Germany, the AERO-TRAM is a mobile laboratory
setup assembled onboard of a tram [21]. In Italy, the PMetro is another mobile setup assembled on the
roof of a metro carriage [22]. These mobile laboratory concepts varied in instrument setup according
to application.
In practice, the mobile laboratory setup has become less expensive, more compact, more widespread,
and follows advances in air quality instrument technology and development of low-cost portable
instruments. For example, the mobile laboratory concept was adopted in light-weight airplanes,
passenger cars, on bikes, on baby strollers, and even inside backpacks [23–30]. Setups have
become even more affordable and compact after introducing low-cost sensors, advanced data
management, novel modelling tools, and fast communication networks [31]. This recent advancement
in technology offers a promising future for air quality monitoring in cities, such as that outlined by the
MegaSense concept [32].
In the Middle East and North Africa (MENA) region, quantification of air pollution has been
given very little attention. Most of the literature on aerosols (particulate matter, PM) in the MENA has
been focused on chemical characterization, with a special focus on long-range transport and sand dust
storms [33]. In particular, there is very little published data on aerosol number concentrations and
number size distributions down to the ultrafine regime (particles smaller than 100 nm) in urban areas
of the MENA [23,33–42]. Studies have shown that the smallest particle size fractions, which are best
represented by aerosol number size distribution measurements, can adversely affect health [43–45].
There has been a continuous need to perform urban air pollution measurement campaigns
in the MENA, and especially in Jordan. In this study, we aim to investigate concentrations of
size-fractionated aerosols (10 nm–10 µm) and black carbon in the urban atmosphere in Jordan.
The measurements included a mobile setup (portable instruments, driving and walking) preceded
by stationary measurement campaigns at two urban background sites (one in Amman and one in
Zarqa). This study is an extension of our previous one by Hussein et al. [23] focusing on the two most
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populated cities, Amman and Zarqa. The outcomes of this study are to be utilized to assess human
exposure in urban areas in Jordan.
2. Materials and Methods
2.1. Country and City Descriptions
Jordan is a developing country located in the Eastern Mediterranean region of MENA (Figure S1).
It has a population of approximately 9.8 million (by end of year 2016) and has an area ~89 thousand
km2 . The country has a vast range of terrain, from high mountains in the west, agricultural activities
in various regions, and a large area of desert/arid terrain in the southeastern part. Jordan has one of
the world’s lowest points at about 420 m bsl in the Jordan valley and has a small access to the Red Sea
(Aqaba) in the south.
Amman and Zarqa are the most populated cities in Jordan (Figure S1), which emphasizes
the importance of this study from the perspective of population exposure to urban air pollution.
Amman, Zarqa, and inter-city populated areas are nearly contiguous due to the urbanization and an
ever-increasing population. They are located in the northwestern part of Jordan and they accommodate
more than 60% of the country’s population. While Amman is the economic and political center of
the country, Zarqa is one of the industrial centers. Therefore, air pollution originates from a vast
range of sources; mainly emissions from traffic and industrial activities, in addition to local-scale
household activities (e.g., heating in the winter). Airborne dust (super-micron aerosol > 1 µm) is
also a major problem, not only in Jordan, but in the entirety of the MENA region [33]. In Jordan,
long-range transport of airborne dust in the form of frequent sand and dust storms originates from
three main regions: North Africa, the Arabian Peninsula, and the Levant during the spring and early
summer. Local dust resuspension is mainly due to the expanding construction activities and the effect
is observable during the autumn.
2.2. Aerosol Measurements
Aerosol measurements included both stationary measurement campaigns and mobile
measurement campaigns (driving/walking/standing). Stationary measurements consisted of one
parallel campaign, which was simultaneous with the mobile measurement campaigns, and three
pre-campaigns. Table 1 lists all measurement campaigns and the following subsections provide
additional details. The Supplementary Material also includes the routes of the mobile measurements
2.2.1. Stationary Aerosol Measurement Campaigns
Pre-campaigns Ia and Ib. Two pre-campaigns (6–18 March and 14–30 April 2014) were performed
at the Department of Physics, which is located at the middle of the campus of the University of Jordan
(JU). The campus (32.0129◦ N, 35.8738◦ E) is a mixture of forest (pine and spruce trees) and educational
buildings (3–4 floors). It can be classified as an urban background site. It is ~10 km north of the city
center in Amman. The surroundings of the campus are primarily a populated residential area and
small streets. One of the main highways is parallel to the western side of the campus. During these
campaigns, aerosol measurements consisted of submicron particle number concentrations performed
with a Condensation Particle Counter (CPC, 3007-2, TSI). The sampling was with a ~1 m copper tube
(6 mm outer diameter) through the window of an office on the second floor; the sampling height was
~6 m from the ground. The sampling time resolution was 1 s. The data obtained from this campaign
was used to calculate the diurnal pattern in submicron particle number concentrations and to provide
reference data to interpret the mobile measurements performed in Amman city.
Pre-campaign II. This pre-campaign took place during 12–18 May 2014 on the roof-top of a
building located in Ma’asom (32.0653◦ N, 36.0782◦ E), which is in the northern part of Zarqa. This site
can be classified as an urban background. The surrounding is mainly a populated residential area
and small streets. Aerosol measurements consisted of the same sensors used in Pre-campaign Ia.
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The sampling was conducted with a ~1 m copper tube (6 mm outer diameter); the sampling height
was ~6 meters from the ground. The sampling time resolution was 1 s. The data obtained from this
campaign was used to calculate the diurnal pattern in submicron particle number concentrations and
to provide reference data to interpret the mobile measurements performed in Zarqa city.
Table 1. Summary of stationary and mobile measurement campaigns.
Type

Campaign

Date

Time Period

Distance

Location

City

Classification 1

Stationary

Pre-campaign Ia
March 6–18
Pre-campaign Ib
April 14–30
Pre-campaign II
May 12–18
Parallel-campaign May 29–June 4

continuous
continuous
continuous
continuous

-

JU campus 2
JU campus 2
Ma’asom
JU campus

Amman
Amman
Zarqa
Amman

UB
UB
UB
UB

Mobile

Walking Ia
Walking Ib
Walking Ic
Walking II
Walking III

May 29
June 1
June 1
May 29
June 3

15:00–17:39
17:29–18:45
11:21–13:03
21:45–00:18
17:55–19:28

~7 km
~7 km
~7 km
~4 km
~5 km

JU campus
JU campus
JU campus
City center
City center

Amman
Amman
Amman
Amman
Zarqa

UB 3 + T 4
UB 3 + T 4
UB 3 + T 4
U+T
U+T

Driving Ia
Driving Ib
Driving IIa
Driving IIb
Driving IIc
Driving III
Driving IV
Remote Ia
Remote Ia

May 29
May 30
June 1
June 1
June 1
June 2
June 4
May 30
May 30

21:11–21:44
00:19–00:36
19:45–20:21
21:21–21:14
21:14–21:27
16:51–20:00
11:01–11:52
00:36–00:51
01:14–01:24

~17 km
~15 km
~18 km
~4 km
~11 km
~67 km
~2.3 km
~9 km
~9 km

Main roads
Main roads
Main roads
City center
Main roads
Main roads
Repair shop
Beren
Beren

Amman
Amman
Amman
Amman
Amman
Amman/Zarqa
Amman
Amman/Zarqa
Amman/Zarqa

Remote Ib

May 30

00:52–01:13

-

Beren

Amman + Zarqa

Standing
1

Classification: U (Urban), UB (Urban Background), SU (Suburban), T (Traffic), R (Remote).
“University of Jordan”. 3 On-campus walking. 4 Off-campus walking.

2

U/SU + T
U/SU + T
U/SU + T
U+T
U/SU + T
U/SU/R + T
U+T
R
R
R

JU stands for

Parallel campaign. This campaign took place during 29 May to 4 June 2014 at the same site
of pre-campaigns Ia and Ib and occurred concurrently with the mobile measurement campaigns.
The aerosol measurements consisted of size fractionated particle number concentrations made with
a handheld optical particle counter (AeroTrak, TSI model 9306-V2). The sampling was with a ~1 m
copper tube (6 mm outer diameter) through the window of an office on the third floor; the sampling
height was ~10 m from the ground. The sampling time resolution was 10 s. The aerosol data measured
with the AeroTrak was mainly used to compare the concentrations of super-micron particles between
this reference site and those made the mobile campaigns.
2.2.2. Mobile Aerosol Measurement Campaigns—Driving/Walking/Standing
The mobile aerosol measurements were conducted during both driving or walking periods.
In total, we drove and walked more than 200 km. The experimental setup consisted of two portable
Condensation Particle Counters (CPC, 3007-2 and P-Trak 8525, TSI), a laser photometer (DustTrak DRX
8533, TSI), a handheld optical particle counter (AeroTrak 9306-V2, TSI), and a portable aethalometer
(microAeth, AethLabs model AE51). We used a Garmin GPS (eTrex 20) to record the speed and location
of the mobile instruments with a 1 s time-resolution. We also monitored the temperature and relative
humidity with a 10 s time resolution (Onset Computer Co. HOBO U12-012). All instrument clocks
were synchronized each day. These instruments were setup for driving and walking sessions.
During the mobile-driving measurement campaigns, all instruments were situated on the back
seat of a sedan car (Suzuki Kizashi, 2012) that had an overhead opening. While driving, we kept the
overhead opening and the front windows fully opened, whereas the back windows were half opened.
This ensured that cabinet indoor air was nearly fully mixed and had a high exchange rate with the
outdoor air such that the aerosol measurements represented the outdoor air [23]. Therefore, we did
not need special inlets for the aerosol instruments in this simple “mobile setup”.
During the mobile-walking measurement campaigns, the portable instruments were put inside
two textile shopping bags. Each bag was carried by a researcher while walking. The height of the bags
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was ~1 m from the ground. The CPC and the P-Trak were carried in one bag, whereas the DustTrak
and the AeroTrak were carried in the other bag. We used short sampling inlets (conductive silicon
tubes, inner diameter 4 mm, ~5 cm length) that penetrated through the bag to sample the aerosols.
The aethalometer, GPS logger, and the HOBO sensor (temperature and relative humidity) hung outside
a backpack carried by one of the researchers.
We performed four main driving measurement campaigns to cover a vast range of Amman streets
and roads in different areas (Table 1 and Figure S2). One short driving campaign was made in the
vicinity of car repair shops in Amman. One driving scenario covered a large road network (~66 km)
connecting Amman and Zarqa. We also made a measurement campaign by driving and standing
still (i.e., stationary) in a remote region (Beren) outside Amman and Zarqa. We had three walking
scenarios (Table 1, Figure S3). The first one was repeated three times and it was around the campus of
the University of Jordan. The second walking scenario was in Amman city center, whereas the third
one was in Zarqa city center.
2.2.3. Portable Aerosol Instruments
The CPC 3007-2 has a cutoff size of 10 nm and it is capable of measuring total submicron particle
number concentrations with diameters up to 1 µm. The maximum detectable concentration is 105 cm−3
with 20% accuracy. The sampling flow rate in this type of CPC is 0.1 lpm (inlet flow rate 0.7 lpm).
The P-Trak 8525 is a similar particle counter with minor differences; according to the manufacturer,
the cutoff size is 20 nm and the maximum concentration is 5 × 105 cm−3 . The P-Trak was also operated
with a 1 s time-resolution. The sampling flow rate in this type of P-Trak is 0.1 lpm (inlet flow rate
0.7 lpm). We previously validated the cutoff size and the maximum detectable concentration in both
the CPC and the P-Trak [23]; the measured cutoff electrical mobility diameter was found to be 9 nm
and 22 nm for the CPC and the P-Trak, respectively (this agrees well with the nominal cutoffs provided
by the manufacturer as 10 nm and 20 nm, respectively). However, the measured maximum detectable
concentration with both the CPC and the P-Trak was about 4 × 105 cm−3 .
The AeroTrak 9306-V2 measures size-specific particle number concentrations within the optical
diameter range of 0.3–25 µm divided into 6-channels (user defined). We setup these channels as 0.3,
0.5, 1, 2.5, 10, and 25 µm. The sampling time-resolution was 10 s at a flow rate of 2.83 lpm.
The DustTrak DRX 8533 measures PM mass concentrations in the diameter range of 0.1–15 µm
with a maximum concentration limit of 150 mg/m3 [46]. It displays size segregated mass fractions for
PM1 , PM2.5 , respirable, PM10 , and total. The sampling flow rate in this type of DustTrak was 3 lpm.
We set the time-resolution at 10 s. The DustTrak’s zero test was calibrated prior to the beginning of
each mobile track using an external HEPA filter. The DustTrak was factory-calibrated with Arizona
Road Dust (ARD, ISO 12103-1, A1 Dust, [46]). As such, differences in the optical (refractive index) and
morphological properties between the ARD and the sample aerosol will affect the mass concentrations
reported in this study.
The microAeth monitors black carbon (BC) mass concentrations based on changes in light
attenuation at a wavelength of 880 nm, as particles are collected on a disposable filter. The sample
flow rate was 0.1 lpm and a 2.5 µm size selective inlet was used. We set the time-resolution at
30 s. The filter was replaced each day prior to the measurements. The BC data were post-processed
to remove any spurious spikes in the concentration (e.g., >1000 µg/m3 ) that were associated with
sudden vibration of the instrument. This type of monitor (i.e., microAeth AE51) was tested against
a reliable type (AE31) and also for real-time performance in field measurements [47]. According to
Cheng and Lin [47], negative BC levels may be present using AE51 at low actual BC levels or at a
high time-resolution. Negative values can be eliminated very effectively by adopting the optimized
noise-reduction averaging (ONA) algorithm.
Recently, the use of portable aerosol instruments has been growing. Some researchers have
tested their performance in the laboratory, in the field, or by side-by-side comparison to more reliable
instruments [46–52].

Atmosphere 2019, 10, 323

6 of 23

2.3. Data Handling and Harmony
The raw GPS data, aerosol database, and weather conditions were first checked for correctness and
quality. We then converted the mobile databases to 1 min averages and harmonized it to a universal
time-stamp. The 1 min processed database was then used to calculate the average concentrations
during certain time periods related to specific walking/driving sessions. These concentrations were then
compared to the corresponding concentrations measured at the reference site (JU campus). The CPC
database measured at the stationary site was used to calculate the average diurnal patterns separately
for workdays and weekends. These average diurnal patterns were used as our reference for the
submicron particle number concentrations (PN1–0.01 ) obtained from the mobile measurements.
Using several portable instruments that cover a wide size range and with different cutoff diameters
makes it possible to derive particle number and mass concentrations in several size fractions. Therefore,
we focused on the following size fractions: super-micron (1–10 µm) particle number and mass
concentrations and submicron (0.01–1 µm) particle number concentrations with three fractions in the
following particle diameter ranges: 10–25 nm, 25–300 nm, and 0.3–1 µm. Specifically, the DustTrak
recorded PM1 , PM2.5 , and PM10 from which we could calculate PM10–1 . Likewise, we calculated
PN0.025 –0.01 from the difference between the concentrations measured with the CPC and the P-Trak.
The PN1–0.3 was then calculated from the AeroTrak and the P-Trak measurements. Finally, the PN10–1
was obtained from the AeroTrak.
3. Results
3.1. Average Concentrations at the Reference Sites—Urban Background
3.1.1. Submicron Aerosols
Based on the pre-campaigns Ia and Ib, which were performed at the urban background site in
Amman (JU campus), the workday diurnal pattern (Figure 1a) of submicron particle number (PN1–0.01 )
concentrations was characterized by the highest concentrations (2 × 104 –5 × 104 cm−3 ) during the
morning traffic rush hours (6:00–10:00). The lowest concentrations (~1 × 104 cm−3 ) were observed
during 2:00–5:00, which was after midnight and before the morning traffic rush hours. The daytime
concentrations started to decrease around 11:00 from ~3.8 × 104 cm−3 reaching ~2.5 × 103 cm−3
at midnight.
The diurnal pattern of PN1–0.01 at the urban background site in Zarqa (Ma’asom) was derived from
the pre-campaign II. The workday diurnal pattern (Figure 1b) was also characterized by the highest
concentrations (as high as 7 × 104 cm−3 ) during the morning traffic rush hours (06:00–09:00). A daytime
peak was observed (4.2 × 104 cm−3 ) for the PN1–0.01 concentrations during 12:00–15:00 and a third peak
(as high as 4 × 104 cm−3 ) was observed after 18:00. The lowest concentrations (~1 × 104 cm−3 ) were
observed during 02:00–05:00, which was the same period of the day observed for the lowest number
concentrations at the urban background site in Amman (JU campus). In general, the concentrations at
the Ma’asom urban background site was characterized by higher concentrations of submicron aerosols
during the daytime. A reason for that would be the population density and traffic activity, which are
generally higher at Ma’asom than the surroundings of the JU campus.
3.1.2. Super-Micron Aerosols
At the urban background site in Amman (JU campus) and based on the parallel measurement
campaign, the super-micron particle number (PN10–1 ) concentrations varied considerably from day to
day (Figure 2). It was the lowest (~0.3 cm−3 ) during the early morning of June 3rd, but the highest
(exceeding 10 cm−3 ) during the last day (June 4th). During the first five days (29 May to 2 June),
the super-micron particle number concentrations varied between 1 cm−3 and 10 cm−3 . In one of our
previous investigations based on a long-term analysis at an urban background site, the super-micron
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3.3. Exposure as an Urban Pedestrian
3.3. Exposure as an Urban Pedestrian
The mobile measurement campaign enabled evaluation of spatial variations in urban air
The exposure
mobile measurement
campaignThe
enabled
evaluation
spatial
variations
air
pollution
among pedestrians.
JU campus
was of
taken
as an
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higher
pollution
exposure
among
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The
JU
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was
taken
as
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higher
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more than
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administration
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centerregistered,
in Amman and
is anmore
example
of a location where the local public and tourists spend the evening and enjoy the old town and
historical heritage attractions. Another example for public exposure was the city center in Zarqa,
which includes narrow street canyons with high population density and trade activities. In the
following subsections, we present and discuss the air pollution exposure assessment for pedestrians in
these three interesting setups.
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3.3.1. Educational Campus and Its Surroundings
The walking scenario at the JU campus and its surroundings was repeated three times (Figure S3a).
We started walking from the Department of Physics, which was located in the middle of the campus,
towards the main road, which was parallel to western side of the campus. We then walked south
on the main road parallel to the western side of the campus, then entered the campus through the
gate nearby the medical faculties and continued walking east towards the internal main street inside
the
campus.
that,
weREVIEW
walked south towards the south gate and walked on the external10roads
Atmosphere
2019,After
10, x FOR
PEER
of 23
counterclockwise parallel to the campus fence reaching the north gate. We finally entered the campus
a part ofthe
Zarqa
and
used
be an important
siteDepartment
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wasconcentrations
observed in Amman
the
is shown
in Figure
whereas those
thewhat
PN1–0.01
are foundcity
in
−3
−3 (Table S1), which
center.
The
mean
PN
10–1
concentration
measured
in
Zarqa
city
center
was
~4
cm
Figures 3 and 4. The overall mean PN10–1 concentration was ~2.5 cm (Table S1), which was slightly
was also
lesswhat
thanwas
what
could beatexpected
in Amman
city
center(Table
(TableS3).
S1).The
Theoverall
mean PM
10 and
2.5
higher
than
observed
the stationary
site on
campus
mean
PNPM
1–0.01
3, respectively (Table S2). The mean BC concentration
concentrationswas
were
62 µg/m
concentration
~8 ~113
× 104 µg/m
cm−33. and
The overall
mean
PM10 and PM2.5 concentrations were 87 µg/m3 and
3 , respectively
was
about
5.3 µg/m3 (Table
62
µg/m
(TableS2).
S2). The mean BC concentration was approximately 7.7 µg/m3 (Table S2).
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Jordan).

As expected,
the PN1–0.01 , PM
, and
BC concentrations showed a spatial variation inside the
3.4. In-Vehicle
Exposure—Driving
on 2.5
Main
Roads
campus with increasing concentrations while approaching the campus fence from inside. The main
Jordan does not have an efficient public transport network. For example, the public buses and
reason was due to the closer proximity to the on-road traffic emissions. Interestingly, the BC mass
the service-car network barely cover the main roads in the well-built areas; the network is not
updated to cover newly built areas in cities. Consequently, a large fraction of the population prefers
to use their personal cars. This leads to traffic congestion on many streets in cities during different
times of the day, contributing to elevated levels of air pollution and associated exposures. We
completed several mobile scenarios to assess public exposure to air pollution on main roads in order
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fraction was more than 10% of the PM2.5 . When compared to the diurnal pattern observed at the
stationary site on the campus, the PN1–0.01 concentrations while walking inside the campus were
generally within the quartiles of the PN1–0.01 diurnal pattern. However, most of the time the PN1–0.01
concentrations exceeded 105 cm−3 while walking outside the campus. From an exposure point of view,
the students, faculty, and staff are most likely to be exposed to high concentrations of air pollution.
The matter becomes more concerning when commuting between the outside and inside of the campus.
3.3.2. Leisure Time—Amman and Zarqa City Centers
Walking in Amman city center and its neighborhood is a joy, not only for tourists, but also for locals.
We selected the heart of the downtown, which is the lowest point between seven hills. The height
difference can be more than 300 m in most of the cases. This makes it difficult for the ventilation of air
pollution over the city center. The traffic congestion during daytime rush hours and late-night public
activities exacerbates the air quality problem. The Amman city center is also a place for restaurants,
which usually use intense cooking and grilling styles, and coffee shops, which usually offer water
pipe smoking that requires special facilities for preparation and intensive coal burning. We spent a
night walking in Amman city center (Figure S2a) and observed that the mean PN1–0.01 concentrations
measured during walking in Amman city center exceeded 105 cm−3 (Figure 3 and Table S1). The mean
PN10–1 concentration was ~5 cm−3 (Table S1), which was about the same at the urban background
site (JU campus) during the same time of the walking session in the city center (Table S3). The mean
PM10 and PM2.5 concentrations were ~120 µg/m3 and 85 µg/m3 , respectively (Table S2). The mean BC
3 (Table S2).
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Driving on the main roads inside Amman and around the main roads connecting Amman and
Zarqa had almost the same particle number concentrations (Figures 3 and 4 and Table S1); the mean
PN1–0.01 and PN10–1 concentrations were ~1.7 × 105 cm−3 and ~3.6 cm−3, respectively. These were
significantly higher than what was recorded during the same time periods at the urban background
site in Amman (JU campus). As for the PM10, PM2.5, and BC, the mean concentrations were,
3

3

3
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3.4. In-Vehicle Exposure—Driving on Main Roads
Jordan does not have an efficient public transport network. For example, the public buses and the
service-car network barely cover the main roads in the well-built areas; the network is not updated to
cover newly built areas in cities. Consequently, a large fraction of the population prefers to use their
personal cars. This leads to traffic congestion on many streets in cities during different times of the day,
contributing to elevated levels of air pollution and associated exposures. We completed several mobile
scenarios to assess public exposure to air pollution on main roads in order to cover a large area across
Amman and Zarqa (Figure S2).
The mean PN1–0.01 and PN10–1 concentrations measured during driving in Amman city center
were ~1.1 × 105 cm−3 and ~2.7 cm−3 (Figure 4a and Table S1), whereas the mean PM10 , PM2.5 , and BC
concentrations were ~71 µg/m3 , 51 µg/m3 , and 8.2 µg/m3 , respectively (Table S2). In the vicinity of car
repair shops, the mean PN1–0.01 and PN10–1 concentrations measured were ~105 cm−3 and ~13.5 cm−3
(Figure 4a and Table S1), whereas the mean PM10 , PM2.5 , and BC concentrations were ~238 µg/m3 ,
126 µg/m3 , and 11.8 µg/m3 , respectively (Table S2). Interestingly, the mean submicron particle number
concentration in Amman city center was more than that observed at the car repair shop area, whereas
the mean PM2.5 concentration behaved vice versa. A possible reason could be the density of emitted
particulate matter was higher in the vicinity car repair shops when compared to traffic combustion
emissions in the city center. At the car repair shops, the emitted particulate matter usually consisted of
heavy metals and a wide range of organic compounds. Besides that, it appears the car repair shop
area has high potential for local dust resuspension, as could be seen from the higher concentrations
of the super-micron aerosol fraction when compared to the city center or the urban background site
in Amman.
Driving on the main roads inside Amman and around the main roads connecting Amman and
Zarqa had almost the same particle number concentrations (Figures 3 and 4 and Table S1); the mean
PN1–0.01 and PN10–1 concentrations were ~1.7 × 105 cm−3 and ~3.6 cm−3 , respectively. These were
significantly higher than what was recorded during the same time periods at the urban background site
in Amman (JU campus). As for the PM10 , PM2.5 , and BC, the mean concentrations were, respectively,
89 µg/m3 , 60 µg/m3 , and 15.98 µg/m3 on Amman main roads, whereas they were slightly higher
(108 µg/m3 , 71 µg/m3 , and 22.4 µg/m3 , respectively) on the main roads connecting Amman and Zarqa.
4. Discussion
In urban areas, the diurnal pattern of PN1–0.01 is closely related to emissions from traffic and
industrial activities. Usually, the traffic activity is characterized by two main rush hours (morning
and afternoon) on workdays [53–57]. Such diurnal patterns have not only been reported in Jordan,
but also in many other urban environments worldwide [35,53,58–66]; differences might be due to the
variations related to traffic activities and vehicle type mix [6,16,18,25]. For instance, Rahman et al. [53]
reported a workday PN1–0.01 diurnal pattern at an urban site in Brisbane (Australia); the concentrations
were close to 9 × 103 cm−3 during the morning and afternoon rush hours. In Sao Paulo (Brazil),
Backmann et al. [60] showed that the workday PN1–0.01 can be as high as 3.5 × 104 cm−3 during the
daytime. In Helsinki (Finland), the PN1–0.01 was less than 1.5 × 104 cm−3 during the daytime and less
than 5 × 103 cm−3 before the morning hours [55]. In a street canyon in Stockholm (Sweden), where air
pollution is usually accumulated from traffic emissions, the PN1–0.01 was less than 9 × 104 cm−3 during
the daytime [64]. In Copenhagen (Denmark), the PN1–0.01 was around 4 × 103 cm−3 during the
morning traffic rush hours [67]. In Basel (Switzerland), the ultrafine particle (UFP, diameter < 100 nm)
was around 1.9 × 104 cm−3 during the morning traffic rush hours [68]. In megacities, the PN1–0.01
concentrations are expected to be more than these numbers due to the high population density and a
much greater number of vehicles driven in the city.
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It is important to mention that the area in front of the main gate of the university campus is
a place for public bus stations and a stopover for commuting transportation. Therefore, this can
be considered as a hot spot for exposure to high concentrations of PN1–0.01 , PM2.5 , and BC [69–71].
For example, Velasco and Tan [69] reported that exposure at a bus stop can be, on average, 1500 times
higher than that at ambient levels reported by the local authorities. In the same study, they illustrated
that, on average, 60% of fine particles corresponded to BC, in addition to a significant presence of
particle-bound polycyclic aromatics. In another study by Cheng et al. [70], UFP number concentrations
at bus terminals were more than 105 cm−3 , which is about 10 times higher than what can be found in
the urban background. Based on such observations, they also concluded that the effects of UFPs on the
health of passengers and workers must be addressed carefully at bus stops and terminals.
High exposure at bus stops is understood because of the commuters’ close proximity to fresh
fumes rich in particles emitted by passing, idling, and accelerating buses and motor vehicles [69,71].
This fact is not only limited to the specific area in front of the university main gate (as reported here in
this study), but also can be generalized to central bus stations and bus stops on busy roads [70,71].
A concerning element of the exposure in the vicinity of bus terminals and stations is the magnitude of
the particles being reported in the nucleation mode (i.e., diameter < 30 nm), which is related to harmful
health effects due to its high contents of freshly formed toxic air pollutants. The habit of smoking at
bus stops amplifies the exposure limit [71].
The PM10 , PM2.5 , and BC on the main roads connecting Amman and Zarqa were slightly higher
than that was observed on Amman main roads. That was mainly due to in the traffic fleet mixture,
which was more dominated by lorries and big trucks on the main roads connecting Amman and Zarqa.
Those lorries and big trucks were operated on diesel as a fuel. The Jordanian diesel grade is known for
its high contents of sulfur and the diesel engine cars are not well maintained with respect to emission
regulations [72]. This leads to excessive PM and BC emissions.
To help put our mobile measurement results in context, the following section summarizes selected
prior studies that reported mobile measurements of aerosol number and mass concentrations and
evaluated associated pedestrian and in-vehicle exposures. In the first place, it is worth noting that
in-vehicle measurement can be representative for outdoor exposure if the setup is made such that the
outdoor air penetrates efficiently into the car cabin. Recall that in our setup, we kept all windows and
the rooftop open during driving, ensuring a high air exchange rate and maximum penetration factor.
We verified that by comparing co-located measurements in-car and on-road [23]. This issue was also
investigated in several previous studies focusing the indoor-to-outdoor relationship of aerosols [73–84];
here, indoor refers to “in-vehicle”, whereas outdoor refers to “on-road”. The studies agree on the fact
that the indoor-to-outdoor ratio (I/O) of UFPs and concentrations is affected by the car speed and fan
mode (low, medium, and full), as well as the type of air filter installed in the air-exchange system for
the car cabin. In general, the I/O is also enhanced when the windows are opened.
In the literature, mobile measurements were performed in many different setups and scenarios:
walking, biking, babies prams, in/out-vehicle, and different commuters and public transportation [85–
115]; see also Tables 2–4. In general, BC concentrations reported in this study were similar to those
reported along mobile routes in Europe and North America, while being lower than what was measured
in New Delhi, India. In general, fine particle concentrations are highly variable in the urban atmosphere
because they are associated with traffic, proximate built environment characteristics, meteorological
factors, time of day, and location [85,95,96].
It is true that in urban areas people spend a short time in commuting microenvironments (when
compared to other environments indoors and outdoors [103,104]). However, the exposure levels
in commuting microenvironments, in many cases, are significantly higher than what can be found
in ambient conditions (e.g., as could be clearly seen from the comprehensive literature review and
discussion presented in this study). To confirm this, Knibbs et al. [105] presented a systematic review
of UFP exposures in commuting microenvironments accounting for all possible modes (trips): ferry
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(13), rail (49) modes, bus (505), walking (524), cycling (599), automobile tunnel (333), and automobile
non-tunnel (977).
Table 2. Summary of selected literature about mobile measurements of black carbon (µg/m3 ).

Nazelle et al. [90]

Country

City

Mobile Setup

BC

Spain

Barcelona

Walking, biking, car/bus

6–17

1

Okokon et al. [89]

Greece

Thessaloniki

Okokon et al. [89]

Finland

Helsinki

Bike, bus, and car

3–8

Dons et al. [92]

Belgium

Flanders

In train

2.4

Biking/walking

3.6

car/bus/metro

6–7

Targino et al. [25]

Ham et al. [94]

Brazil

USA

Mid-sized city

Sacramento, California

In-car

11

On-bike

2

~8

On-bike

3

6

Car

0.5

Bus

0.95

Light-rail

0.25

Train

2.54

Bike
Hankey and Marshall [96]
MacNaughton et al. [87]

USA

Minneapolis, Minnesota

USA

Boston

On-bike

0.71
4

~2.5 (0.7)

Bike lanes

5

2.4

Bike paths

6

1.7

Background
Apte et al. [97]

India

Li et al. [86]

1

China

2

3

New Delhi

Xuhui, Shanghai

0.6

Auto-rickshaw

7

42

Auto-rickshaw

8

85

Taxi

8.6

Bus

7.3

Subway

9.4

Cycling

6.6

Walking

5.6

4

Open windows.
Near traffic.
Flat terrain.
Values were reported for a certain time, such as morning
(afternoon).5 Bike lanes adjacent to traffic. 6 Bike paths separated from vehicle traffic. 7 This value was higher
than ambient concentrations by 3.6×. 8 These were short-duration peak concentrations, which were attributable to
exhaust plumes of nearby vehicles.

According Knibbs et al. [105], the trip-weighted UFP exposure levels were 33.5 × 103 , 42.4 × 103 ,
45.1 × 103 , 46.9 × 103 , 48.7 × 103 , and 56.9 × 103 cm−3 for bicycle, bus, automobile non-tunnel, rail, walk,
and ferry. Exposures in an automobile tunnel reached as high as 3 × 105 cm−3 . The UFP exposure levels
for different modes of buses were also considered in that systematic review; the mean trip-weighted
UFP exposure was as high as 50 × 103 cm−3 for buses running on diesel or diesel with crankcase
filtration system (CFS). The exposure levels were lower (within the range 17 × 103 –28.6 × 103 cm−3 ) for
buses running on biodiesel, compressed natural gas (CNG), electric, diesel with oxidation catalyst
(DOC), diesel with diesel particulate filter (DPF), and diesel with crankcase filtration system (CFS).
The UFP exposure in buses shows a large variation among different urban environments worldwide,
as illustrated by Lim et al. [106], who also updated the systematic review made by Knibbs et al. [105].
According to this updated review, the mean trip-weighted UFP exposure was in the range 7.4 ×
103 –117.6 × 103 cm−3 (in general proportion to the population density) in many cities in Europe,
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USA, and Oceania. Jakarta (Indonesia), which is a megacity, exhibited very high UFP exposure levels
reaching 4 × 105 cm−3 [106,107]. On-bus exposure has been focused on public transportation, but school
buses were rarely considered [108–110].
Table 3. Summary of selected literature about mobile measurements of particle number concentrations
(×103 cm−3 ).
Country

City

Mobile Setup

UFP

Fine

Nazelle et al. [90]

Spain

Barcelona

Walking, biking,
car/bus

51–120

-

Okokon et al. [89]

Greece

Thessaloniki

On-bus

-

50

In-car

1

-

-

In-car

2

-

80

Okokon et al. [89]

Finland

Helsinki

Bike, bus, and car

-

10–40

Kumar et al. [88]

UK

Surrey

Babies prams

-

up to 10

Ragettli et al. [68]

Switzerland

Basel

In-car

32

-

On-bike

23

-

Walking

19

-

Public transportation

14–19

-

Brussels 3

On-bike/in-car

-

~30

Wallonia 4

On-bike/in-car

-

~12

Flanders 5

On-bike/in-car

-

10

Panis et al. [91]

Belgium

Pattinson et al. [85]

N. Zealand

S. Auckland

On-bike

5–40

-

Quiros et al. [93]

USA

S. Monica,
California

Walking 6

12–28

-

Ham et al. [94]

USA

Sacramento,
California

Car

7.9

-

Bus

13

-

Light-rail

5.5

-

Train

42

-

Bike

22

-

-

~3.3
(~1.7)

Hankey and
Marshall [96]

USA

Minneapolis
Minnesota

On-bike 7

Apte et al. [97]

India

New Delhi

Auto-rickshaw 8

280

-

9

650

-

Auto-rickshaw
1

Open windows. 2 Closed windows. 3 Urban. 4 Louvain-la-Neuve (university town). 5 Mol (small rural town).
6 Lowest in evening and highest in morning. 7 Values were reported for a certain time, such as morning (afternoon).
8 This value was higher than ambient concentrations by 8.4×. 9 These were short-duration peak concentrations,
which were attributable to exhaust plumes of nearby vehicles.

It is also interesting to notice from this study, and also from the results reported in other studies,
that exposure should not rely on a single metric, i.e., particulate mass and number concentrations,
in addition to gaseous and specific types of aerosols, such as BC, volatile organic compounds (VOCs),
heavy metals, etc. For example, the geometric mean (arithmetic mean) PM2.5 concentrations were
27.3 (35.8), 29.6 (33.4), 22.6 (27.3), and 28.0 (58.3) µg/m3 in train, bus, automobile, and ferry modes,
respectively [111]. The corresponding UFP concentrations were 2.8 (4.6), 8.4 (10.5), 7.5 (8.9), and 3.7
(5.5) ×104 cm−3 for the train, bus, automobile, and ferry modes, respectively.
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Megacities exhibit the highest concentrations of air pollution. For instance, Apte et al. [97]
measured real-time measurements of PM2.5 , BC, and UFP concentrations inside a common vehicle
(auto-rickshaw) in New Delhi (India). They reported exposure concentrations that were higher
than what can be found in other transportation microenvironments in other megacities; average
concentrations were about 190 µg/m3 , 42 µg/m3 , and 2.8 × 105 cm−3 for PM2.5 , BC, and UFP, respectively.
These values were 1.5×, 3.6×, and 8.4× higher than ambient concentrations, respectively. Short-duration
peak concentrations, attributable to exhaust plumes from nearby vehicles, were greater than 300 µg/m3 ,
85 µg/m3 , and 6.5 × 105 cm−3 , respectively. In another study in Delhi, Goel et al. [98] reported exposure
in different transportation modes and commuters; the on-road PM2.5 concentrations exceeded the
ambient concentrations (ranging 130–250 µg/m3 ) by about 40% for walking; 30% for underground
metro station, motorized two wheeler, open-windowed car, and auto rickshaw; 20% for air-conditioned
open-windowed bus and bus stop; and 10% for bicycle. Interestingly, the PM2.5 concentrations were
lower by 50% inside an air-conditioned car and 20% inside a metro rail carriage.
Table 4. Summary of selected literature about mobile measurements of particle mass concentrations (µg/m3 ).
Country

City

Mobile Setup

PM10

PM2.5

-

38–93

1

Abi-Esber and El-Fadel [81]

Lebanon

Beirut

Nazelle et al. [90]

Spain

Barcelona

Walking, biking,
car/bus

-

21–35

Okokon et al. [89]

Greece

Thessaloniki

On-bus

131

85

Okokon et al. [89]

Finland

Helsinki

Bike, bus, and car

40

30

Kumar et al. [88]

UK

Surrey

Panis et al. [91]

Pattinson et al. [85]

Belgium

N. Zealand

In-car

Babies prams

~40

~18

Brussels

4

On-bike/in-car

62/35

-

Wallonia

5

On-bike/in-car

48/32

-

Flanders

6

On-bike/in-car

72/75

-

On-bike

10–30

-

-

~8.5

Auckland

On-bike

9

Quiros et al. [91]

USA

S. Monica,
California

Walking 10

-

6–11

Ham et al. [94]

USA

Sacramento,
California

Car

-

7.1

Bus

-

7.5

Light-rail

-

5.7

Train

-

32.5

Bike

-

9.6

Boarnet et al. [95]

USA

Los Angeles

Commuters 11

-

20–70

Hankey and Marshall [96]

USA

Minneapolis,
Minnesota

On-bike 12

-

~8.7 (8.3)

Apte et al. [97]

India

New Delhi

Auto-rickshaw 15

-

190

-

300

Auto-rickshaw 16
1

4

5

6

Depending on the in-cabin ventilation mode. Urban. Louvain-la-Neuve (university town). Mol (small rural
town). 9 Overall mean. 10 Lowest in evening and highest in morning. 11 Different commuting types in different
urban conditions. 12 Values were reported for a certain time, such as morning (afternoon). 15 This value was higher
than ambient concentrations by 1.5×. 16 These were short-duration peak concentrations, which were attributable to
exhaust plumes from nearby vehicles.

Qiu et al. [99] reported PM concentrations on four types of urban roads in the highly populated
metropolitan area Xi’an (China). The mean PM10 concentrations ranged from ~145 µg/m3 at an
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expressway to ~68 µg/m3 at a local road, whereas the PM2.5 concentrations ranged from ~61 µg/m3 to
~41 µg/m3 , respectively. In the same city, Qiu et al. [100] reported that the average PM10 concentration
was 4.5–348 µg/m3 , whereas the average PM10 personal exposure concentrations were 75, 12, 123,
and 127 µg/m3 , when commuting by subway, car, bus, and walking, respectively. As for PM2.5 ,
the average personal concentration was 10–72 µg/m3 by the four commuting modes in the morning,
with mean personal exposure concentration the highest when commuting by walking (72 µg/m3 ),
followed by commuting by car (67 µg/m3 ), bus (54 µg/m3 ), and subway (43 µg/m3 ). In Beijing (China),
Huang et al. [101] reported overall mean PM2.5 personal concentrations of 9–113 µg/m3 , with exposure
ranges (mean) of 9–99 µg/m3 (32 µg/m3 ), 13–102 µg/m3 (42 µg/m3 ), and 19–113 µg/m3 (49 µg/m3 ) when
commuting by taxi, bus, and bicycle, respectively.
In Bogota (Colombia), Betancourt et al. [102] showed that the average BC concentrations were
in the range 20–120 µg/m3 with commuters in motorized modes experienced significantly higher
exposure concentrations than pedestrians and bicyclists. The highest average concentrations of PM2.5
(186 µg/m3 ), BC (120 µg/m3 ), and fine particle number concentrations (2 × 105 cm−3 ) were observed
inside the city’s Bus Rapid Transit system vehicles, whereas pedestrians and bicycle users in an open
street configuration were exposed to the lowest average concentrations.
One of the most comprehensive studies was performed by Costabile et al. [112] to measure
carbonaceous aerosols and their toxicity within a selected area in Rome, Italy. The study included a
combination of: (1) fixed-site measurements (equipped with an extensive setup to monitor aerosol
physiochemical properties), (2) mobile measurements with two TROPOS backpacks, which are a
well-designed setup for mobile measurements with portable instruments [113], and (3) ten sites of road
dust sampling. The air quality data was utilized for in-depth analysis of the toxicity of aerosols by
including aerosol dosimetry, biomonitoring of polycyclic aromatic compounds (PAHs), and oxidative
potential. An important objective and useful application of performing mobile measurement campaigns
is to map air quality from a spatiotemporal prospective [114,115]. Indeed, this requires advanced
data handling and modelling tools [32]. For instance, Hankey et al. [108] utilized on-bike mobile
measurements (particle number and black carbon) as their air quality information portal and combined
their data with an empirical model to create hourly air-quality maps for a small town in rural
Appalachia, Virginia, USA. Their results were consistent with fixed-site and short-term sampling
studies. Messier et al. [115] illustrated that air quality can be also mapped (with high spatial resolution)
by utilizing Google Street View Cars (equipped with low-cost sensors for NO and black carbon),
land use regression, and Monte Carlo analysis to map air quality in Oakland, California, USA. As such,
a combination of information technology, computer science, geoscience, and environmental science
can benefit from utilizing a combination of medium/low-cost sensing technology and novel modelling
tools to provide valuable air quality information for the public [32].
5. Conclusions
In this study, we presented size-fractionated particulate matter concentrations (number, mass,
and black carbon (BC)) measured with portable instruments in Amman and Zarqa, which are the two
most populated cities in Jordan. The measurement scenarios included both stationary and mobile
(driving and walking) sessions.
Number concentrations of ultrafine particles (UFPs, diameter < 100 nm) were found to be
spatiotemporally variant, with concentrations often exceeding 105 cm−3 along mobile paths in
Amman and Zarqa and increasing with proximity to main roadways and bus stations. The number
concentrations in the 10–25 nm fraction were often within the range 2–5 × 104 cm−3 . The mobile
measurements demonstrate that pedestrian and in-vehicle UFP exposures in urban areas of Jordan
were much greater than what would be predicted based on ambient air quality monitoring at stationary
sites (University of Jordan campus in Amman and Ma’asom in Zarqa). In general, the levels of
UFPs were found to be greater than those reported by mobile measurements made in European and
North American cities, while similar to those reported for cities in India (New Delhi) and Colombia
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(Bogota). However, direct comparisons are difficult due to the differences in mobile sampling setups
and durations, proximity to local sources, and measured size ranges.
The PM10 , PM2.5 , and BC concentrations exhibited similar spatiotemporal trends as UFP number
concentrations, with levels greater near roads, bus stops, and industrial areas (e.g., car repair shops).
The on-road observation revealed that PM10 and PM2.5 concentrations often exceeded 100 µg/m3 and
50 µg/m3 , respectively. The BC concentrations were typically in the range of 5–15 µg/m3 , with the
highest levels (22.4 µg/m3 , mean) measured while driving on roads between Amman and Zarqa.
This investigation provides valuable new data to advance our understanding of urban air pollution
and associated human exposures in urban areas of Jordan, and more broadly, the MENA region.
In Jordan, the population is exposed to a complex mixture of aerosols emitted from a vast range of
sources, with the majority related to traffic and industrial activities. In order to improve urban air
quality planning in Jordan, it is important to perform a combination of short-term and long-term (i.e.,
continuous) measurement campaigns.
According to the Jordanian E—AQ—AAQS (Environment—Air Quality—Ambient Air Quality
Standards), the 24 h limit value for PM10 and PM2.5 are 120 µg/m3 and 65 µg/m3 , respectively. According
to our observations here, the PM10 concentrations in Amman touched their allowed limit, whereas the
PM2.5 concentrations were often higher than their allowed limit. By all means, these concentrations are
definitely alarming and they require more comprehensive investigations in the future. Nevertheless,
a large fraction of the Jordanian population, especially in cities, is still breathing polluted air that has
levels exceeding the World Health Organization (WHO) Air Quality Guidelines (AQG).
Supplementary Materials: Maps, driving routes, and statistical tables of particulate matter are available online at
http://www.mdpi.com/2073-4433/10/6/323/s1.
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