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Abstract An air water surface sampler device was

developed and used to evaluate the atmosphere deposition

due to the urban traffic air pollution in the business center

of a mid-sized city. The indicator adopted to assess the

cumulative air pollutant deposition in the surface of the

device was the electric conductivity that was measured on a

regular basis during the experiment. Additionally, a digital

camera was used to count the passing traffic in the road of

the study site. Water samples were also taken from the

device reservoir, and dissolved metal concentrations

(copper, iron and zinc) and acidity/alkalinity were deter-

mined in the laboratory. The obtained results were com-

piled and analyzed in order to evaluate the performance of

the device and the relation between the atmospheric

deposition and the traffic activity under different meteo-

rological conditions. The research successfully proved that

the device was able to evaluate the impact of pollutant

emissions related to city traffic. It was also proved that

electric conductivity can be used as an indicator to evaluate

the cumulative deposition of air pollutants from road traf-

fic. A significant correlation (Spearman’s rank) between

the accumulated traffic and electric conductivity (dry per-

iod: . = 0.991626 and wet period: . = 0.810526) was

observed.

Keywords Air pollution � Monitoring device � Urban

pollution � Urban traffic

Introduction

Environmental impact of transport and mobility within

urban areas is becoming a major social concern for plan-

ners and cities managers. Air quality deterioration is fre-

quently related to traffic emissions, and actually,

alternative mobility solutions are considered in order to

decrease air pollution. Quantifying the environmental

impact of transport and mobility solutions became an

important issue assessing those traffic solutions.

Motorized traffic is nowadays recognized as the major

contributor to air pollution in urban areas. Efficient trans-

port systems are an important part of the world’s economic

growth and human life quality. Nevertheless, the traffic is

also one of the main negative factors regarding air quality.

A series of substances emitted by motor vehicles have been

qualified as toxic. Some traditional gases (SO2, NOx, CO2

and CO), HAPs, PM and several metals (Cu, Fe and Zn) are

associated with automobile activity (Fenger 1999; Fierro

2000; EMEP/EEA 2013).

This environment problem is being studied using a

holistic approach to understand the influence of land use on

transportation emissions in urban and suburban areas

(Hong and Goodchild 2014; Monzón et al. 2007). Urban

transport solutions, behind the inherent efficiency requi-

sites, must be improved to raise the quality of life and the

cities environment (Yigitcanlar et al. 2010). In this context,

quantifying and monitoring impact of urban transport has

become an important issue during decision making and

planning for more livable and sustainable cities (Liu et al.

2014; Vanhulsel et al. 2014).

There are many pathways of transport and behaviors of

pollutants after its release. One of them is called atmo-

spheric deposition. This deposition is defined as the process

by which pollutants are transferred to any terrestrial and
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aquatic surfaces (Valigura et al. 1996; Chu et al. 2007).

The deposition of pollutants takes place by two main

mechanisms, wet deposition and dry deposition, which

together are called bulk deposition or total atmospheric

fallout (Park 1995; Chu et al. 2007).

A wide range of emission and deposition of pollutants

has been monitored, either in the form of exhaust partic-

ulate matter, fluid losses, drips, spills or wear and tear of

products until the re-suspension processes resulting from

the movement of vehicles (Pitt et al. 2004; Silva and

Mendes 2012).

Vehicles burning off gasoline and diesel are responsible

for exhaust emissions of CO, NOx, NMVOC, CH4, CO2,

N2O, NH3, SOx, exhaust PM, PAHs and POPs, dioxins

and furans, and heavy metals contained in the fuel (lead,

arsenic, cadmium, copper, chromium, mercury, nickel,

selenium and zinc) (EMEP/EEA 2013).

Sulfur dioxide and nitrogen oxides are strong acidic

gases. Even in small concentrations, these gases can be

responsible for the formation of acid rain. Once in the

atmosphere, NOx and SO2 are transformed into nitric acid

and sulfuric acid and fall back to earth through wet depo-

sition such as rain, snow, fog, cloud water, and dry depo-

sition of acids attached to particles, gases and aerosols.

Rain and snow are somewhat naturally acidic due to the

combining of carbon dioxide and water vapor in the air,

which forms weak carbonic acid (DEC 2012).

Carbon monoxide (CO) results from incomplete com-

bustion of fuel. It is a colorless, odorless and tasteless gas

that is slightly lighter than air. Based on atmospheric

behavior, once emitted to the atmosphere CO is oxidized to

CO2 (Butterwick et al. 1991).

Metals result mainly from vehicular activities such as

tire wear (Zn, Pb, Cr and Ni) and wear of brake linings (Ni,

Cr and Pb) (Adekola et al. 2002), wear of studded tires

(Fe,Ni, Mo, Cr, Co, Cd, Ti and Cu), corrosion of bushings,

brake wires and radiators (Cu, Fe, Ni, Cr and Co), and the

various types of de-icing chemicals and friction materials

used on road surfaces for slipperiness control especially in

temperate climate countries (Adekola et al. 2002).

Pb is commonly found in exhaust emissions from the

tailpipe. This metallic element has been used as an additive

in gasoline to the present day, particularly in developing

countries. Due to the increasing awareness of environ-

mental pollution, the rates of Pb emissions have strongly

decreased in Western and Central Europe since the late

1970s (Ruhling and Tyler 1984; Berg and Steinnes 1997;

Ballach et al. 2001; Massadeh and Snook 2002). This is

why Pb can no longer be taken as an indicator for traffic-

induced water pollution in Europe.

Urban streets sediments have limited residence times.

The intensity of vehicle activity, together with wind action

will determine the transport patterns of deposited particles.

Pitt et al. (2004) concluded that airborne particle concen-

trations during downwind roadside events were about 10 %

greater than during upwind conditions. About 80 % of the

particles are in the 0.5–1.0 lm size range. However, about

90 % of the weight of the particles is associated with

particle sizes greater than 10 lm. It was also found that the

rate of particles re-suspension from street surfaces increa-

ses when the streets are dirty (infrequently cleaned) and

varied widely for different street and traffic conditions. The

re-suspension rates were calculated based upon observed

long-term accumulation conditions on street surfaces for

many different study area conditions and varied from about

0.30 to 3.6 kg per km of street per day. In a similar study,

Cowherd et al. (1977) reported a wind erosion threshold

value of about 5.8 m/s. At this wind speed or greater,

significant dust and dirt losses from the road surface could

result, even in the absence of traffic-induced turbulence.

Dry deposition is the transfer of airborne gases and

particles to the earth’s surface, including soil, water and

vegetation (Seinfeld and Pandis 1997; Odabasi et al. 1999).

The removal rate by dry deposition is a function of the

physical and chemical properties of the pollutant, meteo-

rological conditions (temperature, wind velocity, atmo-

spheric stability) and surface characteristics (Odabasi et al.

1999).

Direct measurements of dry deposition using surrogate

techniques were largely taken in the past (Yi et al. 1997,

2001; Shahin et al. 1999, 2002; Odabasi et al. 1999; Cakan

1999; Franz et al. 1998; Tasdemir 1997; Holsen and Noll

1992). One of these works refers to the use of the air–water

surface sampler, AWSS, which is a device used as an

approach to measure the dry deposition process in surface

water. The main principle was to use water that flows on

the surface of a plate with known area to capture dry

deposition. In other research, AWSS has been widely used

for various purposes. For example, Sakata and Marumoto

(2004) used AWSS to measure dry deposition fluxes and

deposition velocities of trace metals in Tokyo metropolitan

area. Odabasi et al. (1999) used AWSS to measure the dry

deposition and air–water exchange of polycyclic aromatic

hydrocarbons. And Shahin et al. (2002) compared the use

of AWSS and modeling results.

In this work, an air–water surface sampler (AWSS) was

used to enable capturing and storing emissions from road

traffic. This device acts as a simplification of the process of

local deposition from the atmosphere in exposed surfaces.

The water surface, on the one hand, acts as an infinite sink

for non-volatile species, such as trace metals and highly

soluble gases and, on the other hand, does not allow sed-

iments to fly away by wind and/or turbulence. The sampler

has a plate that is continuously replenished with water,

evenly spread across its surface, and the water flow is

poured back into the tank. During the flow in the plate
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surface, the water catches and traps the particles that

deposit from the air. In the tank, the caught substances have

enough time to be dissolved and homogeneously mixed as

a result of the continuous circulation. The surface of the

sampler is representative of a surface of water in an aquatic

environment under low energetic conditions. The parame-

ters used to assess air pollution deposition were pH, EC and

dissolved metals such as copper (Cu2?), iron (Fe2?) and

zinc (Zn2?).

This research aims to assess the efficiency of a low cost

device to measure, in a short-term time scale, the pollutant

loads resulting from urban traffic.

The field work takes place at Viana do Castelo (NW

Portuguese city) and was carried out during two different

periods: the first period from May 29, 2012 to May 31,

2012, and the second one during June 5, 2012 and June 6,

2012. In both periods, the continuous measurements and

water samples collection occurred between 8 am until

8 pm.

Materials and methods

In this section, a brief description of the sampling site,

monitoring program and procedures, and meteorological

data collection are presented. More details are available in

Nurusman (2012).

Sampling site location

The experimental work was carried out in Viana do

Castelo, Portugal. This city is located in the border of

the estuary of river Lima. Air pollution concentration

was taken on the side of the monitored street, next to

the sources of pollution from vehicle traffic. The sam-

pler was placed 3.5 m from the edge of the Av. dos

Combatentes road and increased 1.2 m from the pave-

ment. Figure 1a, b shows the sampling device position

for this study.

Sampling procedure

The field experiment was developed during two periods

under different rain conditions: one dry period at the end of

May 2012 and one wet period at early June 2012. The

traffic data collected allowed the subsequent relation with

the atmospheric deposition.

The AWSS was used as a catcher or trap for air pollu-

tants, which are scattered in the atmosphere as a result of

urban traffic on Av. dos Combatentes da Grande Guerra.

The AWSS unit was placed on the side of the street, free

from obstructions and able to interact directly with the

activity of vehicles/traffic. The AWSS reservoir was filled

with a water volume of 7.5 L and was kept in continuous

circulation during the monitoring period. During the night,

the sampler was covered and stored in an enclosed space.

During the monitoring periods (wet and dry), the volume of

water in the reservoir was kept constant by adding water to

compensate losses due to evaporation and samples collec-

tion. On the wet period, less water was added to the device

reservoir.

Measurements of water properties were taken in two

stages. The first stage was a field measurement of electric

conductivity (EC) using a portable EC meter. These

Fig. 1 Air–water surface sampler location: a front view, b aerial view
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measurements were taken periodically, every hour

throughout the monitoring periods.

The second stage consisted in the characterization of

dissolved metals (Cu, Fe and Zn) from samples collected

from the AWSS. The laboratory analyses were carried out

at the Hydraulics Laboratory, of the Department of Civil

Engineering of the University of Minho. The samples were

conditioned in a sterilized bottle and kept in a cooler box.

Within less than 48 h, the laboratory characterization was

carried out. Characterization included the measurement of

pH and of concentrations of dissolved Cu2?, Fe2? and

Zn2?.

Traffic counting campaign

Vehicle counts were made in Avenida dos Combatentes da

Grande Guerra simultaneously with the AWSS sampling.

Using a digital camera, all vehicles and traffic activity were

recorded during the working hours (08:00–18:00). In each

day, the counting campaign was continuously for 10 h. The

vehicles were classified as light or heavy vehicles. The

accumulated number of vehicles used for the analysis was

obtained from the sum of the equivalent number of vehi-

cles. The conversion to equivalent number of vehicles was

made through the emission factors of PM10 of light and

heavy vehicles. According to Silva et al. (2010), the

emission factors of PM10 calculated to the city of Viana do

Castelo were 0.20997 gr PM10/km and 0.01823 gr PM10/

km, for light and heavy vehicles, respectively, and the

equivalence factor of heavy vehicles was 11.518.

Air–water surface sampler

The AWSS unit was designed and developed for this study,

based on the one proposed by Sakata and Marumoto (2004)

and Chu et al. (2007) with some modifications. Some

improvements of the sampler were made to measure the

wet and dry deposition and to enable the continuous

monitoring during sampling periods. The probe of a por-

table EC meter was used inside the reservoir allowing the

continuous monitoring of EC. The cover was removed

favoring this way pollutants deposition, the reservoir water

level is maintained just 6 cm below the depositional plate

reducing the hydraulic head, and consequently the pump

power requisites to maintain the closed hydraulic circuit.

The probe with automatic temperature compensation

guarantees also corrections due to temperature variations.

The constant water depth in the reservoir ensures a constant

Fig. 2 Air–water surface sampler: a top view, b front view, c EC meter, d water spread on the AWSS plate. *Dimensions in mm
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debit of pumped water and therefore a constant retention

time at the AWSS plate.

This AWSS (Fig. 2a, b, c and d) unit has three principal

parts: (1) a bucket with 200 mm of height and top inner

diameter of 410 mm. The purpose of this bucket is to serve

as the plate holder and water reservoir; (2) a circular plate

with 350 mm diameter; (3) a water pump with maximum

debit of approximately 30 L/h.

An inlet cap was put on the center hole of the plate,

which was intended to even the pressure, so that the water

can be easily distributed horizontally in the entire surface

of the plate.

The plate was placed horizontally at the top of the

bucket. When the AWSS is operating, pumped water enters

the AWSS plate from the center hole and flows to its

border. It is needed some time to get the water to cover the

whole plate. The surface-water depth is 3 mm and has the

same height as the top edge of the bucket. The retention

time at the plate of AWSS was 2 min and 18 s. This way

the water in the plate does not experience saturation. The

AWSS reservoir is continuously replenished with water to

maintain a constant water volume in the device (Tasdemir

1997; Odabasi et al. 1999; Shahin et al. 2002).

Analysis methods

A field measurement of EC was taken using a portable EC

meter (Fig. 2c, d). Laboratory analysis focused on mea-

suring and characterizing several dissolved substances in

the collected water samples of the AWSS unit. Analyzed

parameters include the acidity (pH), electrical conductivity

(EC) and dissolved metals such as copper (Cu2?), iron

(Fe2?) and zinc (Zn2?). Several instruments were used

(Table 1), and the detailed principles of operation and the

characteristics of the analyzers can be found in the web

page of Hanna Instruments (www.hannainst.com).

Meteorological data collection

Temperature, wind speed, wind direction and relative

humidity were measured at an automatic meteorological

station located at Chafé, Viana do Castelo, the nearest

meteorological station with available data (about 7 km

from the study site). Hourly averages of registered data

are processed and are available at the Portuguese

Meteorological Agency Services. The instruments used

at the automatic meteorological station are listed in

Table 1.

Blank test and detection limit

The blank test can be used to determine the water con-

tamination used in the sampling process. Background

water contamination was monitored using operational

blanks (unexposed water) which were analyzed together

with field samples. In this study, the water contamination

is insignificant and can be ignored. The concentrations of

the background contamination are 0.063, 0.051 and

0.001 lg m-3 for Cu2?, Fe2? and Zn2?, respectively, and

92.5 lS cm-1 for electric conductivity. Detection limit

was used to determine the lowest concentration value that

can be obtained and considered statistically different

from a blank. The detection limits of the elements in this

study were 0.01, 0.01 and 0.03 mg/L for Fe2?, Cu2? and

Zn2?, respectively, and 0.05 lS cm-1 for electric

conductivity.

Results and discussion

It was expected that the AWSS device effectively cap-

ture emissions produced by vehicles on the road, espe-

cially metals (Cu2?, Fe2? and Zn2?) since, at this

Atlantic coastal city location, the prevailing winds blow

from the ocean and no other air emissions are expected

at the site.

The obtained results were compiled and analyzed in

order to assess the relation between atmospheric deposi-

tion, traffic activity and meteorological conditions. The

effectiveness of the AWSS in monitoring the occurrence

and the exposure level of pollution in urban streets envi-

ronments were also assessed.

Table 1 Measuring methods

Parameters Method

Temperature and relative

humidity

Thermo-hygrometry. Air

temperature at 1.5 m height,

average from the last 10 min of

each hour (�C)

Humidity Relative humidity at 1.5 m height,

average from the last 10 min of

each hour (%)

Precipitation Udometry. Precipitation at 1.5 m

height, value accumulated for

each hour (mm)

Wind speed and direction Ultrasonic anemometry 2D. Wind

speed (m/s) and direction (�),

average from the last 10 min of

each hour

EC (electric conductivity) and

TDS (total dissolved Solids)

Probe with 4-Ring potentiometric

probe EC-TDS-NaCl meter, HI

9835

pH and temperature Portable pH/ORP Meter

HI 7662 stainless steel temperatures

probe

Dissolved Cu2?, Fe2? and

Zn2?
Photometric analyzer, HI 83 200
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Traffic counting campaign

The hourly recorded number of vehicles in both directions

is presented in Table 2. Since it was not possible to record

the traffic during the period between 13:00 and 15:00 and

considering that the traffic pattern of third day was quite

similar to the registered one during the two other days; it

was assumed equal values during that period.

The traffic characteristics for both periods were similar.

The number of heavy vehicles represents about 4 %, on

average, of the number of light vehicles which results from

access limitations to this type of vehicles to the business

center of the city. The conversion to equivalent number of

vehicles was made (11.518), and the accumulated number

of vehicles used for the correlation analysis was obtained

from the sum of the equivalent number of vehicles. The

hourly average total number of vehicles for the dry period

was slight lower (531 ± 60) than the one registered during

the wet period (536 ± 79). Along the monitoring days, the

traffic fluctuations were not remarkable. This traffic results

are consistent with the frequency of water sampling col-

lection adopted during the field work.

Meteorological data

The temperature, relative humidity, wind speed and wind

direction during the monitoring periods are presented in

Table 3.

Besides the rain conditions that distinguish the two

analyzed monitoring periods, some differences concerning

weather conditions can be inferred from the presented

results. The average daily temperature was around 19 �C

for all the monitored days except for the last day of the dry

period (31st May) that presented an average temperature of

26 �C. For this day, the humidity also presents the lowest

value. These conditions favor evaporation which implies

on the volume of water that was added in order to maintain

the volume in the AWSS device. The average wind speed

was situated in the range between 10 and 14 km/h

revealing calm conditions in both monitoring periods.

However, the prevailing wind direction was from NW

quadrant during the dry period and from SW in the wet

period.

Field monitoring

Results of electric conductivity and temperature at an

hourly basis during the monitoring periods are presented in

Table 4.

The hourly EC for the dry period was slight higher

(134.8 lS/cm, concentration of the last sample) than the

one registered during the wet period (93.9 lS/cm, con-

centration of the last sample). Along the monitoring days,

the cumulative value of EC increases during the dry period;

however, slower growth during the wet period was

observed.

Table 2 Number of vehicles

08:00

09:00

09:00

10:00

10:00

11:00

11:00

12:00

12:00

13:00

13:00

14:00

14:00

15:00

15:00

16:00

16:00

17:00

17:00

18:00

Dry period

Light vehicle 334 310 321 328 339 392a 404a 311 351 438 29-May

Heavy vehicle 14 11 22 16 10 17a 20a 14 13 11

Total equivalent vehicle 495 437 574 512 454 588a 634a 472 501 565

Light vehicle 331 311 355 325 391 392a 404a 363 342 459 30-May

Heavy vehicle 14 8 18 16 13 17a 20a 12 15 10

Total equivalent vehicle 492 403 562 509 541 588a 634a 501 515 574

Light vehicle 337 294 338 327 365 392 404 252 411 458 31-May

Heavy vehicle 14 11 20 16 12 17 20 22 15 9

Total equivalent vehicle 498 421 568 511 503 588 643 505 584 562

Wet period

Light vehicle 326 328 343 368 386 325 486 400 387 516 05-Jun

Heavy vehicle 10 14 18 26 13 12 22 11 15 10

Total equivalent vehicle 441 489 550 667 536 463 739 527 560 631

Light vehicle 349 260 280 278 305 375 426 368 451 586 06-Jun

Heavy vehicle 10 18 16 20 14 9 14 14 5 5

Total equivalent vehicle 464 467 464 508 466 479 587 529 509 644

a Data not available were assumed the same data of 31st May at the same time period
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Laboratory sampling characterization

The sampling characterization involved characterizing of

dissolved metals (Cu2?, Fe2? and Zn2?) from samples

collected from the AWSS. Table 5 presents the results of

the laboratory work.

The concentration of Zn2? during the monitoring period

was null or very low. During the dry period, the cumulative

concentration of Cu2? and Fe2? increased. As for dry

deposition of this two ionic species, by using ASSW

indicated that the concentration at the end of the first day

was 86 and 71 lg/L, respectively, at the end of the second

day was 144.0 and 159.0 lg/L, respectively, and at the end

of the third day was 152.0 and 114.0 lg/L.

During the wet period, this did not occur. As for wet

deposition the ionic species Cu2? and Fe2?, by using

AWSS indicated that the concentration at the end of the

first day was 77 and 30 lg/L, respectively, and at the end

of the second day was 74.0 and 17.0 lg/L, respectively.

Discussion

Obtained results for correlation between hourly instanta-

neous EC measurements during the monitoring periods and

the accumulated traffic, using hourly data, until the mea-

surement instant at the same periods are shown in Fig. 3a,

b. In general, the cumulative value of EC in the AWSS unit

increases. A significant correlation (Spearman’s rank)

between the accumulated traffic and EC (dry period:

. = 0.991626; wet period: . = 0.810526) was observed.

However, and despite fluctuations, the increase of EC in

the dry period was more intense than that observed during

the wet period. Probably, it was influenced by modification

due to pollutants spreading under rain conditions.

Figures 4 and 5 present the obtained correlation between

accumulated Cu2? and Fe2? and the accumulated traffic for

each period.

The concentration of Zn2? in wet and dry periods was

null or very low, below the detection limit value of the

Table 4 AWSS field monitoring results

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Dry period

EC (lS/cm) 92.5 – 92.1 92.3 93.8 96.5 98.9 99.0 100.2 104.3 102.2 29-May

T-sample (�C) 18.2 – 18.5 19.9 21.2 21.2 21.4 21.6 23.2 22.2 18.5

EC (lS/cm) – 99.4 100.0 104.3 106.2 107.9 109.1 110.8 112.8 112.8 114.8 30-May

T-sample (�C) – 17.4 19.7 20.9 23.2 22.7 22.7 22.5 22.0 20.9 19.3

EC (lS/cm) – 112.8 116.5 118.6 119.9 122 125.1 128.2 131.6 132.8 134.8 31-May

T-sample (�C) – 19.0 22.2 26.0 27.2 27.3 27.5 28.0 27.8 25.7 23.2

Wet period

EC (lS/cm) 89.6 90.5 91.4 92.5 92.2 91.9 92.2 92.4 91.7 91.1 89.6 05-Jun

T-sample (�C) 21.8 19.8 19.3 19.5 19.4 19.3 19.1 19.2 19.2 19.1 21.8

EC (lS/cm) 93.9 92.2 92.6 92.8 93.5 94.0 94.7 95.1 95.3 95.5 93.9 06-Jun

T-sample (�C) 21.0 20.3 20.7 20.3 21.4 20.8 21.3 21.1 20.6 20.4 21.0

Table 5 AWSS water sample results

Parameters 8:00 10:00 12:00 15:00 17:00 18:00

Dry period

29-May

Cu2? (lg/L) 63.0 69.0 20.0 107.0 53.0 86.0

Fe2? (lg/L) 51.0 81.0 67.0 73.0 56.0 71.0

Zn2? (mg/L) 0 0 0 0 0 0

pH 6.6 7.0 7.1 7.2 7.3 7.3

30-May

Cu2? (lg/L) – – 5.0 – – 144.0

Fe2? (lg/L) – – 82.0 – – 159.0

Zn2? (mg/L) – – 0 – – 0

pH – – 7.3 – – 7.3

31-May

Cu2? (lg/L) – – 42.0 – – 152.0

Fe2? (lg/L) – – 96.0 – – 114.0

Zn2? (mg/L) – – 0 – – 0

pH – – 7.4 – – 7.5

Wet period

05-Jun

Cu2? (lg/L) – 97.0 – – 77.0 –

Fe2? (lg/L) – 9.0 – – 30.0 –

Zn2? (mg/L) – 0 – – 0 –

pH – 7.3 – – 7.2 –

06-Jun

Cu2? (lg/L) – 39.0 – – 74.0 –

Fe2? (lg/L) – 18.0 – – 17.0 –

Zn2? (mg/L) – 0 – – 0 –

pH – 7.1 – – 7.0 –
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photometric analyzer (0.03 mg/L). The low concentration

of Zn2? in the AWSS may be attributed to the low emis-

sion rate and to the subsequent expected low air concen-

tration. The measurement of this pollutant using this

method would necessarily require longer sampling periods.

During the dry period, the cumulative concentration of

Cu2? and Fe2? increased, despite considerable fluctuation.

However, during the wet period, this did not occur, prob-

ably due to inhibition of pollutants re-suspension during

the wet period.

Spearman’s rank correlation was calculated for the

concentrations of various elements and the accumulated

traffic. A significant correlation (Spearman’s rank) between

the accumulated traffic and Fe2? (. = 0.700) was

observed, but the Spearman rank for the correlation

between the accumulated traffic and Cu2? was low

(. = 0.300). On the other hand, during the wet period, the

Spearman rank obtained, for the same correlation, was

. = 0.200 and . = -0.800, respectively.

Copper appears mainly as a result of brake wear and the

mineral filler materials in asphalt road surfaces (Yan et al.

2013). Most iron and copper particles are generated through

the direct release of vehicle components rather than in

exhaust gas, which deposit in the topsoil near the road edge.

From the obtained laboratory results, it is also notorious

a consistent drop in concentrations in the reservoir water

during the night period. This happens because chemical

reactions were not inhibited during night, in this experi-

mental work.

As previously noted, in addition of traffic activity,

there were several circumstances that may influence the

obtained results. Wind can transport particles, making it

impossible to capture them with the sampler, at least as

reported by Cowherd et al. (1977), for wind speeds

above 5.8 m/s. During the monitoring periods, the

average wind speed was 3.07 m/s in the dry period,

while on average in the wet period, it was 3.60 m/s.

Other natural events can also influence the obtained

results, namely the evaporation and water addition

during the wet/rain period. These events influence the

molarity of the water solution inside the AWSS. The

evaporation rate during the dry period was estimated at

0.061 L L/h, while additional rain water on the wet

period was about 0.011 L/h.

Previous investigations (e.g., Watson et al. 2000; Visk-

ari et al. 1997; Veranth et al. 2003) showed that wind

direction (upwind and downwind) has an influence on road

traffic-related deposition. During the dry period, the wind
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direction was predominantly lateral from NW and upwind

from SW, while in the wet period, the wind direction was

upwind from SW.

Traditional methods for urban air quality monitoring

are either based on fixed or based on mobile stations that

actually measure gaseous emissions concentrations and

the mass fraction of particulate matter without chemical

speciation (Rakha and Ahn 2004). On the other hand,

there are no generally accepted methods to directly

measure or estimate dry and wet deposition (Chu et al.

2007). Some attempts to measure deposition were devel-

oped for long periods of capture followed by intensive

laboratory analyses work. The AWSS method revealed to

be efficient for a short-term monitoring period making

possible to estimate heavy metals deposition through the

EC measurements. It is evident that the correlation of EC

and heavy metals concentration can be used since a more

comprehensive data base are available and more robust

correlations are derived.

Conclusion

Pollutant emissions by vehicles in urban roads are a major

environmental concern. Various approaches and many

measurements were performed to determine the level of

emissions that can affect humans and the environment.

This study aimed to characterize the traffic emission and

tracking of several metals, which dispersed through the

atmosphere of an urban area by deposition, using an AWSS.

This study is quite important for some reasons. Firstly,

the concept of using AWSS is relatively new in air pollu-

tion assessment in urban environments. Secondly, this

AWSS was developed to capture local deposition, in a

small area and was correlated with traffic, which was

simultaneously registered.

The AWSS device was specially developed for this

research study. It was demonstrated that it is capable of

capturing and collecting pollutants resulting from urban

traffic. Atmosphere deposition into the water surface is

accumulated, and samples can be taken for posterior

laboratory analysis. In general, a good Spearman’s rank

correlation (dry period: . = 0.991626 and wet period:

. = 0.810526) between atmosphere deposition and

accumulated traffic was found. The presence of depo-

sition was indicated by the increase of the EC of the

water. This parameter can be used as the main param-

eter in urban traffic deposition assessment. Several

dissolved metals were successfully identified in the

AWSS water samples, such as dissolved Cu2? and Fe2?.

Meanwhile, the degree of acidity (pH) of the water

inside the AWSS was used as a parameter to charac-

terize the nature of the deposit.

The AWSS device results showed the effect of

accumulation of deposited pollutants in aquatic envi-

ronments located near urban roads. With this capability,

it can be used as a tool to monitor the deposition of

soluble particles.

The particle size plays an important role in air

composition and its spatial distribution. The smaller the

particles (PM2.5 and PM10), the more likely is their

origin from the exhausting process. Smaller particles

tend to spread over large distances. Larger particles

result mainly from abrasion processes, and the deposi-

tion of these particles is local (Kleeman et al. 2000;

Zechmeister et al. 2005). It must be assumed that the

sampling method of this study characterizes mainly

larger particles. It cannot take into account particles

emitted to increased atmospheric levels, which might be

transported and deposited many kilometers away from

their release location (Zechmeister et al. 2005). Further

studies will be needed (e.g., using longer monitoring

periods, analyzing other pollutants or areas with higher

traffic flow) to identify the correlation of pollutant

deposition with traffic-related sources using the AWSS

method.

Acknowledgments The authors gratefully acknowledge to Erasmus

Mundus ECW EUROASIA—lot 12 (REF. 2009-1797) for the

0

50

100

150

200

0 5000 10000 15000

C
u

 2
+(

µ
g

/l)

Cumulative number of equivalent vehicles

0

50

100

150

200

0 5000 10000 15000

F
e 

2+
(µ

g
/l)

Cumulative number of equivalent vehicles

(a)

(b)

Fig. 5 Cumulative equivalent traffic versus Cu2? and Fe2?, wet

period

2316 Int. J. Environ. Sci. Technol. (2014) 11:2307–2318

123



financial support granted through a scholarship for the Urban Engi-

neering Master Course, to the Territory Environment and Construc-

tion Research Centre of University of Minho for the use of laboratory

facilities, and to the school staff of the study site for their cooperation

during the installation of equipment for this research. The authors

gratefully acknowledge to anonymous reviewers for their important

contributions to the final version of the paper.

References

Adekola FA, Eletta OA, Atanda SA (2002) Determination of the

levels of some heavy metals in Urban run-off sediments in Ilorin

and Lagos, Nigeria. J Appl Sci Environ Manage 6(2):23–26

Ballach HJ, Wittig R, Wulff S (2001) Twenty-five years of

biomonitoring lead in the Frankfurt/Main area. Environ Sci

Pollut Res 8:136–142

Berg T, Steinnes E (1997) Use of mosses (Hylocomium splendens

and Pleurozium schreberi) as biomonitors of heavy metal

deposition: from relative to absolute deposition values. Environ

Pollut 98:61–71

Butterwick L, Harrison R, Merrit Q (1991) Handbook for Urban air

improvement. Commission of the European Communities,

Cambridge

Cakan A (1999) The direct measurement of the dry deposition of

organochlorine pesticides and polychlorinated naphthalenes.

Ph.D. Thesis, Illinois Institute of Technology, Chicago, IL

Chu CC, Fang GC, Chen JC, Yang IL (2007) Dry deposition study by

using dry deposition plate and water surface sampler in Shalu,

Central Taiwan. Environ Monit Assess—Springer Science

Cowherd CJ, Maxwell CM, Nelson DW (1977) Quantification of

dust entrainment from paved roadways. EPA-450 3-77-027.

U.S. Environmental Protection Agency. Research Triangle

Park, NC

DEC (2012) Department of Environmental Conservation. www.dec.

ny.gov/chemical/69687.html. Retrieve 28 June 2012

EMEP/EEA (2013) Air pollutant emission inventory guidebook 2013.

European Environment Agency, Luxembourg: Publications

Office of the European Union

Fenger J (1999) Urban air quality. Atmos Environ 33:4877–4900

Fierro M (2000) www.airinfonow.org. Retrieved Feb 2012

Franz TP, Eisenreich SJ, Holsen TM (1998) Dry deposition of

particulate polychlorinated biphenyls and polycyclic aromatic

hydrocarbons to lake Michigan. Environ Sci Technol

32:3681–3688

Holsen TM, Noll KE (1992) Dry deposition of atmospheric particles:

application of current models to ambient data. Environ Sci

Technol 26:1802–1814

Hong J, Goodchild A (2014) Land use policies and transport

emissions: modeling the impact of trip speed, vehicle character-

istics and residential location. Transp Res Part D 26:47–51

Kleeman MJ, Schauer JJ, Cass GR (2000) Size and composition

distribution of fine particulate matter emitted from motor

vehicles. Environ Sci Technol 34:1132–1142

Liu YL, Ge YE, Gao HO (2014) Improving estimates of transpor-

tation emissions: modeling hourly truck traffic using period-

based car volume data. Transp Res Part D 26:32–41

Massadeh AM, Snook RD (2002) Determination of Pb and Cd in road

dusts over the period in which Pb was removed from petrol in the

UK. J Environ Monit 4:567–572

Monzón A, Pardeiro A, Vega L (2007) Reducing car trip and

pollutant emissions through strategic transport planning in

Madrid, Spain. Highway and Urban Environment, 81–90

Nurusman HA (2012) Atmospheric deposition characterization by

using water surface sampler correlated to traffic emission. MSc

thesis. University of Minho, Braga, Portugal

Odabasi M, Sofuoglu A, Vardar N, Tasdemir Y, Holsen TM (1999)

Measurement of dry deposition and air–water exchange of

polycyclic aromatic hydrocarbons with the water surface sam-

pler. Environ Sci Technol 33(3):426–434

Park SU (1995) The effect of dry deposition on the ground level

concentration. J Korean Meteorol Soc 31:97–115

Pitt R, Bannerman R, Clark S, Williamson D (2004) Sources of

pollutants in Urban areas (part 1)—older monitoring projects. In:

James W, Irvine K, McBean EA, Pitt R (eds) Effective modeling

of Urban water systems, monograph 13. CHI

Rakha H, Ahn K (2004) Integration modeling framework for

estimating mobile source emissions. J Transp Eng

130(2):183–193

Ruhling A, Tyler G (1984) Recent changes in the deposition of heavy

metals in northern Europe. Water Air Soil Pollut 22:173–180

Sakata M, Marumoto K (2004) Dry deposition fluxes and deposition

velocities of trace metals in the Tokyo metropolitan area

measured with a water surface sampler. Environ Sci Technol

38:2190–2197

Seinfeld JH, Pandis SN (1997) Atmospheric chemistry and physics

from air pollution to climate change. Wiley, New York

Shahin UM, Li YH, Holsen TM (1999) Dry deposition of gas phase

polycyclic aromatic hydrocarbons to greased surrogate surfaces.

Aerosol Sci Technol 31:446–455

Shahin UM, Holsen TM, Odabasi M (2002) Dry deposition measured

with a water surface sampler: a comparison to modeled results.

Atmos Environ 36:3267–3276

Silva LT, Mendes JFG (2012) City noise-air: an environmental

quality index for cities. Sustain Cities Soc. doi:10.1016/j.scs.

2012.03.001

Silva LT, Mendes JFG, Ramos RAR (2010) Urban air dispersion

model of a midsized city. Validation methodology. WSEAS

Trans Environ Dev 6(1):1–10

Tasdemir Y (1997) Modification and evaluation of a water surface

sampler to investigate the dry deposition and air–water exchange

of polychlorinated biphenyls (PCBs). Ph.D. Thesis of Illinois

Institute of Technology

Valigura RA, Winston TL, Artz RS, Hicks BB (1996) Atmospheric

nutrient input to coastal areas. Environ Monit Assess

146:441–451

Vanhulsel M, Degraeuwe B, Beck C, Vankerkom J, Vlieger I (2014)

Road transportation emission inventories and projections—case

study of Belgium: methodology and pitfalls. Transp Res Part D

27:41–45

Veranth JM, Pardyjak ER, Seshadri G (2003) Vehicle-generated

fugitive dust transport: analytic models and field study. Atmos

Environ 37:2295–2303

Viskari EL, Rekila R, Roy S, Lehto O, Ruuskanen J, Kärenlampi L
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