
Introduction

The urban argument currently assumes an extreme 
level of relevance for governments and society in general, 
due to the exponential increase of people living in cities. 
This often enhances stresses on space, ecosystems, 
infrastructures, facilities, and lifestyles. Nevertheless, the 
uncontrolled growth of cities might lead to a decrease in 
quality of the urban environment [1].

According to Conserve Energy Future, pollution is 
the world’s most pressing environmental problem [2]. 
Countries try to take immediate measures against all kinds 
of pollution within their scopes. Similarly, air pollution is 
a major problem that has been recognized throughout the 
world for hundreds of years [3]. Civil and state authorities 
for the environment make continuous observations and 
produce periodic reports that give detailed information 
to those concerned. Almost all of them give the amounts 
or percentages of the pollutants and determine the most 
polluted places based on each pollutant threshold.

Several studies have been carried out that present 
various techniques to rank air quality results. For example, 
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Silva performed a study in Portugal that presents an 
urban environmental quality health index based on noise 
levels and air pollutant concentrations [1]. Dobrot et al. 
used a novel statistical approach, the I-distance method, 
to examine air pollution in European Union member 
countries [4]. The issue was measuring the air pollution of 
each country in terms of six criteria and ranking them. A 
study by Sheng and Tang provided a review and analysis 
of air pollution in China from city to regional scales based 
on monthly reports. The official air quality rankings of the 
74 cities were discussed from the aspects of geographical 
location, economic development mode, and regional air 
quality management [5].

This study develops an integrated point of view of 
the ranking process by taking all of the pollutants into 
consideration and combining them in one analysis. It is a 
novel study when considered from this point of view.

Air Pollutants

Air pollution is one of those kinds of pollution and 
authorities claim that it causes several health problems 
– from respiratory and heart problems to cancer. Other 
effects of air pollution can be counted as global warming, 
acid rain, depletion of the ozone layer, extinction of 
wildlife, etc. [2]. The most important causes of air 
pollution are reported to be fossil fuels, exhaust from 
factories and industries, mining operations, and some 
agricultural activities [2].

Seven main air pollutants have been accepted by 
all environmental authorities in the world: particulate 
matter (PM), sulfur dioxide (SO2), nitrogen oxides (NOX, 
including nitrogen monoxide (NO) and nitrogen dioxide 
(NO2)), carbon monoxide (CO) and ozone (O3). The 
European Environment Agency explains those pollutants, 
their causes, and effects as follows [6]:
–	 PM is a mixture of aerosol particles (solid and 

liquid) covering a wide range of sizes and chemical 
compositions. PM10 (PM2.5) refers to particles with 
a diameter of 10 (2.5) micrometers or less. PM is 
either directly emitted as primary particles or it forms 
in the atmosphere from emissions of SO2, NOX, 
NH3, and Non-methane volatile organic compounds 
(NMVOC). Important natural sources of PM are sea 
salt and natural re-suspended dust. PM can cause or 
aggravate cardiovascular and lung diseases, heart 
attacks, and arrhythmias. It can also affect the central 
nervous system and the reproductive system, and can 
cause cancer. One outcome of exposure to PM can be 
premature death. PM also acts as a greenhouse gas, 
mainly cooling the earth’s climate, although in some 
cases it can lead to warming. PM in the atmosphere 
can also alter rainfall patterns, and affect the surface 
albedo properties of snow (the extent to which the 
snow reflects light).

–	 SO2 is formed by oxidation of Sulphur (S), mainly 
through combustion of fuels containing S. The 
electricity generation sector is the most important 
source of SO2. SO2 also can contribute to the formation 

of secondary sulphate particles in the atmosphere. SO2 
aggravates asthma and can reduce lung function and 
inflame the respiratory tract. It can cause headache, 
general discomfort, and anxiety. SO2 contributes 
to acid deposition, the impacts of which can be 
significant, causing damage to forests and ecosystems 
in rivers and lakes.

–	 NOX is emitted during fuel combustion, e.g., from 
industrial facilities and the road transport sector. NOX 
is a group of gases comprising nitrogen monoxide 
(NO) and nitrogen dioxide (NO2). NO makes up the 
majority of NOX emissions. NOX contributes to the 
formation of ozone and particulate matter. NO2 is 
associated with adverse effects on health: it can affect 
the liver, lung, spleen, and blood. It can also aggravate 
lung diseases leading to respiratory symptoms and 
increased susceptibility to respiratory infection. As 
with SO2, NOX contributes to acid deposition but also 
to eutrophication of soil and water.

–	 CO is emitted due to incomplete combustion. 
Important sources of CO include road transport, 
businesses, households, and industry. CO reacts with 
other pollutants producing ground-level ozone. CO 
can lead to heart disease and damage to the nervous 
system. It can also cause headache, dizziness, and 
fatigue.

–	 Ground-level (tropospheric) ozone is not directly 
emitted into the atmosphere.  Instead, it forms in 
the atmosphere from a chain of chemical reactions 
following emissions of certain precursor gases: NOX, 
carbon monoxide (CO), NMVOCs, and methane 
(CH4). Elevated levels of ozone can cause respiratory 
health problems, including decreased lung function, 
aggravation of asthma, and other lung diseases. It 
can also lead to premature mortality. Ozone is also 
a greenhouse gas contributing to warming of the 
atmosphere.”
The U.S. Environmental Protection Agency (which is 

a global environmental authority) has accepted these ma-
terials as the main air pollutants internationally [7, 8, 9, 
10]. Similarly, they can be seen as the main air pollutants 
within academic studies on air pollution [11-18].

Such pollutants are also called “criteria pollutants,” 
which is used internationally to describe air pollutants that 
have been regulated and are used as indicators of air qual-
ity [8]. Just as all over the world, these pollutants are tak-
en into consideration as the major air pollutants by pub-
lic authorities and the academicians in Turkey in order to 
prepare environmental reports and take measures against 
pollution [19].

Stochastic Multi-Objective Acceptability 
Analysis 2

Real life multi-criteria decision-making problems are 
usually based on decision makers’ preferences. However, 
gathering such feedback might be very difficult or 
impossible in some cases because the decision makers 
might not be eager to reveal their preferences or the 
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alternatives might have imprecise or uncertain data.
The original stochastic multi-objective acceptability 

analysis (SMAA) was developed in 1998 [20]. Stochastic 
multi-objective acceptability analysis is a multiple-
criteria decision support technique for multiple decision 
makers based on exploring the weight space. Imprecise 
or uncertain input data can be represented as probability 
distributions. In SMAA, decision makers don’t need to 
express their preferences explicitly or implicitly; instead, 
the technique analyzes what kind of valuations would 
make each alternative the preferred one. Imprecise or 
uncertain criteria values are represented by probability 
distributions from which the method computes confidence 
factors describing the reliability of the analysis.

As mentioned before, SMAA is developed for the 
conditions when the criteria values and/or weights and other 
parameters are imprecise or uncertain. Such imprecise or 
uncertain values are represented by stochastic variables, 
ξij, with joint probability distribution and density function,    
f(ξ), in space X  [21, 22]. The lack of knowledge about 
weights is represented by uniform weight distribution in 
weight set W [23].

The main purpose of SMAA is to provide decision 
support by means of descriptive measurements like 
multiple integrals. The original SMAA defines three 
main measurements: rank acceptability index, central 
weight vector, and confidence factor. The descriptive 
measurements are calculated using Monte Carlo 
simulation.

Rank acceptability index (ai) of an alternative defines 
the values that make it the most preferred one. Central 
weight vector (w ci ) for alternative i is defined as the 
center of gravity of the polytope. Confidence factor (p ci )  
measures whether the criteria evaluations are efficient in 
discriminating the effective alternatives.

Several SMAA variations are used to solve multi-
criteria decision-making problems of choosing, ranking, 
and classifying. SMAA-2, SMAA-3, SMAA-TRI, 
Ref-SMAA, SMAA-O, and SMAA-D can be given as 
examples.

SMAA-2 is an extended version of the original SMAA 
method. The original SMAA needs to be extended because 
the rank acceptability index does not rank the alternatives 
and instead classifies [23].

Several studies carried out by SMAA-2 can be seen in 
the MCDA literature. For example, Hokkanen performed 
a multi-criteria decision analysis application to be used in 
a competition to clean polluted soil in Helsinki. Nine firms 
competed across five criteria. The finalists were chosen by 
the help of SMAA-2 [24]. Lahdelma and Salminen used 
the method with the data of a former decision problem of 
constructing a new cargo harbor in Helsinki, which was 
solved by utilizing another decision-making method [23], 
and Kangas et al. have shown how SMAA-2 works on 
strategic forest planning [25].

The method was also employed within a phase 
of the study of Lahdelma et al. that seeks to develop a 
new method for handling dependent uncertainties in 
stochastic multi-criteria group decision-making problems. 

The use of the method was demonstrated in the context 
of a strategic decision support model for an electricity 
retailer [26]. In a study performed in Morocco, different 
alternatives were evaluated using SMAA-2 to centralize 
multimodal cargo at a Moroccan airport hub in which 
significant uncertainty was present in both the criteria 
measurements and the preferences [27]. Aertsen et al. 
compared the performances of five modelling techniques 
for the prediction of a forest site index in two contrasting 
ecoregions in Belgium and Turkey [28]. SMAA-2 was 
found to be a suitable multi-criteria evaluation method 
to evaluate the performance of the modelling techniques. 
Tervonen et al. used SMAA-2 in their study for decision 
making in drug benefit-risk analysis [29]. The data of a 
former study were used to execute the results with the new 
method. Two antidepressant drugs and a placebo were 
used as alternatives in the analysis where efficacy, nausea, 
insomnia, and anxiety were used as criteria.

Another study was performed by Yang et al. in order 
to rank the performances of several decision-making units 
[30]. In the combinatorial study, SMAA-2 was used to 
rank the performances, which were measured using data 
envelopment analysis. Rahman et al. evaluated the off-grid 
technologies for a rural electrification problem by SMAA-
2 by aggregating 24 criteria values [31]. Pesola et al. used 
SMAA-2 to evaluate different implementation possibilities 
for remote monitoring systems for the municipal buildings 
of two medium-sized municipalities, Hollola and Nastola 
in southern Finland [32], and a solution was suggested 
after using SMAA-2 to resolve an important congestion 
and management problem in a government-owned port in 
Spain [33].

Material and Methodology

The implementation process consists of two stages. 
Within the first stage of the study the 81 cities1 of Turkey 
are considered as the alternatives to be analyzed according 
to the aforementioned seven pollutant materials (criteria) 
for four seasons separately. The pollutant materials are 
considered the criteria of the study because those materials 
are widely accepted as the main air pollutants by both the 
public authorities and academic studies all over the world 
as mentioned in the second part of this study.

At the second stage, the same data are used with 
the same process to rank the 7 geographical regions2 in 
Turkey in terms of air pollution. We utilized JSMAA 1.03 
software developed by Tervonen [34] for the analysis.

All cities are ranked according to air quality, but only 
the five most- and least-polluted are presented for the first 
stage in order to prevent information overload. The second 
stage presents all seven regions within the results.

The data are gathered from the monthly station reports 
on the Air Quality Monitoring Station website of the 
Ministry of Environment and Urbanization (113 separate 
stations for 81 cities) between 1/1/2014-31/12/2014.
1 The list of the 81 cities is in Appendices.
2 The regions are shown on a map in Appendices.
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Results and Discussion

After the analyses were done for both stages, the 
rankings of the cities and the regions were compiled 
into tables. Only the most polluted and the least polluted 
cities are tabulated along with the three main SMAA-2 
measurements of rank acceptability index, central weight 
vector, and confidence factor (plus related graphical 
presentations that are shown just for the second stage due 
to the first stage having too many alternatives to be shown 
as graphics). Table 1 presents the ranking results of the 
first stage of the study.

According to Table 1, some remarkable points can 
be seen. First of all, several cities are seen on the lists 
consistently in most seasons. For example, regarding the 
“Most Polluted” cities list, Bursa appears in three of all 
four seasons. Similarly, on the “Least Polluted” cities list 
Adana appears at the top of the three seasons and İzmir can 
be seen on the same list for all seasons (even though it is 
not shown, Adana is in sixth place of the “Least Polluted” 
cities list for summer). All of the consistent cities are 
shown with superscripts on the table (Bursa: x, Şırnak: y, 
Düzce: z, Afyon: t; Adana: a, Rize: b, and İzmir: c).

A similar condition to the first stage of the study can 
be seen for the second stage on Table 2. The southeastern 
Anatolia region appears in first place in winter and autumn 
and in second place in spring and summer, whereas the 
Mediterranean region is found toward the end of the 
ranking for all seasons. The rank acceptability indexes, 
central weight vectors, and confidence factors of the 

regions for each season are shown in the matrix below.
Table 3 gives the rank acceptability indexes, central 

weight vectors, and confidence factors for each region. 
The results are presented graphically in Figs 1-4.

The results of the first stage indicate that some cities 
can be seen on the lists (both most and least polluted 
cities consistently as mentioned before). This shows the 
accuracy of the method and the analysis.

For the second stage, the results are again stable. The 
southeastern Anatolia and Marmara regions seem to be 
the most polluted two regions, while the Mediterranean 
is the least. Another confirmative point of the results is 
that Adana – the biggest city of the Mediterranean region 
– is the least-polluted city in the least-polluted region.  
In a similar manner, Bursa, Sakarya, Şırnak, and Hakkari 
– which are the most-polluted cities – belong to the  
most-polluted regions of Marmara and southeastern 
Anatolia.

A probable reason for the southeastern Anatolia region 
being the most polluted is the heavy usage of coal due to 
the lack of a natural gas infrastructure. Likewise, a reason 
for Marmara being one of the most-polluted regions might 
be the fact that it includes the largest industrial zones 
of the country. Being the most-populated region and 
having the most intense traffic increases the pollution of 
Marmara [35] (the population density map of Turkey is 
also presented in Appendices).

The results are highly compatible with the annual 
reports of the Ministry of Environment and Urbanization 
[36, 19]. This also shows the accuracy of the analysis. 

Table 1. Ranking of the most- and least-polluted five provinces.

Table 2. Ranking of the regions in terms of air pollution.

Winter Spring Summer Autumn

M.P. L.P. M.P. L.P. M.P. L.P. M.P. L.P.

Bursax Adanaa Düzcez Adanaa Siirt İzmirc Şırnaky Adanaa

Şırnaky İstanbul Sakarya Rizeb İstanbul Zonguldak Kayseri İzmirc

Iğdır Rizeb Hakkari İzmirc Karaman Yozgat K.Maraş Van

Düzcez Eskişehir Bursax Sivas Kayseri Van Tekirdağ Kocaeli

Afyont İzmirc İstanbul Ankara Bursax Kırıkkale Afyont Kırşehir

M.P.: most polluted, L.P.: least polluted

Winter Spring Summer Autumn

Southeastern Anatolia Marmara Marmara Southeastern Anatolia

Eastern Anatolia Southeastern Anatolia Southeastern Anatolia Marmara

Black Sea Eastern Anatolia Central Anatolia Black Sea

Aegean Central Anatolia Eastern Anatolia Eastern Anatolia

Marmara Black Sea Black Sea Aegean

Central Anatolia Mediterranean Aegean Mediterranean

Mediterranean Aegean Mediterranean Central Anatolia
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Conclusion

The work presented here is a ranking study of places – 
including cities in the first stage and regions in the second 
stage – in terms of the air quality that materialized with 
the quantities of the subject air pollutants in it. Evaluating 

the subject with an integrative approach makes this study 
unique despite the fact that the method used has already 
been utilized in several studies.

The main objective of this study is to show that such 
a ranking process done continuously by public authorities 
can be performed using the SMAA-2 method, and the 

Rank Acceptability Index
CF

Central Weight Vector
R1 R2 R3 R4 R5 R6 R7 PM10 SO2 CO NO NO2 NOX O3

Regions WINTER

S.E. Anatolia 0.2543 0.1843 0.1538 0.1374 0.1115 0.0894 0.0693 0.3142 0.1340 0.1728 0.1274 0.1419 0.1295 0.1475 0.1468

E. Anatolia 0.1840 0.1790 0.1594 0.1397 0.1285 0.1147 0.0947 0.2091 0.1548 0.1405 0.1463 0.1490 0.1259 0.1449 0.1385

Black Sea 0.1509 0.1518 0.1494 0.1379 0.1407 0.1452 0.1241 0.1638 0.1422 0.1209 0.1637 0.1401 0.1595 0.1376 0.1361

Aegean 0.1177 0.1392 0.1485 0.1641 0.1574 0.1511 0.1220 0.1269 0.1732 0.1505 0.1213 0.1151 0.1705 0.1270 0.1423

Marmara 0.0716 0.0895 0.1158 0.1350 0.1673 0.1821 0.2387 0.0713 0.1221 0.1267 0.1658 0.1469 0.1437 0.1863 0.1086

C. Anatolia 0.0981 0.1089 0.1257 0.1344 0.1502 0.1713 0.2114 0.1033 0.1084 0.1242 0.1652 0.1686 0.1623 0.1474 0.1238

Mediterranean 0.1234 0.1473 0.1474 0.1515 0.1444 0.1462 0.1398 0.1403 0.1608 0.1234 0.1203 0.1371 0.1392 0.1374 0.1818

Regions SPRING

S.E. Anatolia 0.2263 0.1967 0.1666 0.1387 0.1182 0.0922 0.0613 0.2587 0.1453 0.1449 0.1272 0.1448 0.1449 0.1385 0.1544

E. Anatolia 0.1534 0.1733 0.1712 0.1596 0.1385 0.1199 0.0841 0.1748 0.1316 0.1584 0.1548 0.1479 0.1438 0.1236 0.1399

Black Sea 0.0789 0.1035 0.1274 0.1465 0.1664 0.1861 0.1912 0.0756 0.1552 0.1108 0.1319 0.1755 0.1464 0.1434 0.1368

Aegean 0.1348 0.1270 0.1219 0.1359 0.1473 0.1777 0.1554 0.1431 0.1674 0.1897 0.1255 0.1285 0.1301 0.1437 0.1151

Marmara 0.2647 0.2069 0.1667 0.1289 0.1083 0.0771 0.0474 0.3243 0.1420 0.1316 0.1384 0.1384 0.1477 0.1682 0.1336

C. Anatolia 0.0816 0.1260 0.1638 0.1889 0.1846 0.1567 0.0984 0.0803 0.1237 0.1166 0.1703 0.1459 0.1525 0.1507 0.1402

Mediterranean 0.0603 0.0666 0.0824 0.1015 0.1367 0.1903 0.3622 0.0759 0.1336 0.1076 0.1796 0.1161 0.1350 0.1133 0.2147

Regions SUMMER

S.E. Anatolia 0.1888 0.1898 0.1844 0.1593 0.1328 0.0938 0.0511 0.2676 0.1989 0.1380 0.1281 0.1243 0.1355 0.1466 0.1286

E. Anatolia 0.1266 0.1433 0.1578 0.1508 0.1511 0.1528 0.1176 0.1239 0.1446 0.1472 0.1402 0.1482 0.1432 0.1473 0.1294

Black Sea 0.0616 0.0849 0.1078 0.1353 0.1679 0.2082 0.2343 0.0650 0.1120 0.1751 0.1759 0.1283 0.1425 0.1273 0.1389

Aegean 0.1183 0.1219 0.1149 0.1324 0.1502 0.1629 0.1994 0.1142 0.1507 0.1516 0.1383 0.1252 0.1329 0.1355 0.1659

Marmara 0.2125 0.1690 0.1534 0.1373 0.1229 0.1158 0.0891 0.2779 0.1220 0.1146 0.1593 0.1736 0.1426 0.1585 0.1294

C. Anatolia 0.1321 0.1745 0.1770 0.1734 0.1536 0.1169 0.0725 0.1537 0.1338 0.1101 0.1386 0.1494 0.1733 0.1379 0.1569

Mediterranean 0.1601 0.1166 0.1047 0.1115 0.1215 0.1496 0.2360 0.1820 0.1216 0.1869 0.1246 0.1286 0.1389 0.1408 0.1587

Regions AUTUMN

S.E. Anatolia 0.2166 0.1487 0.1398 0.1318 0.1219 0.1211 0.1201 0.2639 0.1627 0.1688 0.1328 0.1133 0.1520 0.1329 0.1375

E. Anatolia 0.0945 0.1247 0.1540 0.1553 0.1639 0.1672 0.1404 0.1026 0.1522 0.1359 0.1419 0.1269 0.1396 0.1858 0.1177

Black Sea 0.1335 0.1615 0.1606 0.1587 0.1556 0.1270 0.1031 0.1520 0.1416 0.1209 0.1653 0.1556 0.1479 0.1359 0.1328

Aegean 0.1012 0.1136 0.1118 0.1349 0.1461 0.1737 0.2187 0.0936 0.1596 0.1694 0.1316 0.1435 0.1540 0.1085 0.1334

Marmara 0.1608 0.1668 0.1593 0.1506 0.1391 0.1258 0.0976 0.1865 0.1391 0.1260 0.1440 0.1384 0.1314 0.1576 0.1635

C. Anatolia 0.1737 0.1461 0.1363 0.1291 0.1307 0.1306 0.1535 0.1997 0.1247 0.1302 0.1445 0.1788 0.1373 0.1476 0.1369

Mediterranean 0.1197 0.1386 0.1382 0.1396 0.1427 0.1546 0.1666 0.1289 0.1247 0.1393 0.1288 0.1421 0.1439 0.1521 0.1691

R: rank, CF: confidence factor

Table 3. SMAA-2 measurements of regions for four seasons.
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Fig. 1. Joint Rank Acceptabilities.

Appendix A. List of Turkish cities.

Adana Balıkesir Çorum Giresun Kastamonu Maraş Samsun Uşak Şırnak

Adıyaman Bilecik Denizli Gümüşhane Kayseri Mardin Siirt Van Bartın

Afyon Bingöl Diyarbakır Hakkari Kırklareli Muğla Sinop Yozgat Ardahan

Ağrı Bitlis Edirne Hatay Kırşehir Muş Sivas Zonguldak Iğdır

Amasya Bolu Elazığ Isparta Kocaeli Nevşehir Tekirdağ Aksaray Yalova

Ankara Burdur Erzincan İçel Konya Niğde Tokat Bayburt Karabük

Antalya Bursa Erzurum İstanbul Kütahya Ordu Trabzon Karaman Kilis

Artvin Çanakkale Eskişehir İzmir Malatya Rize Tunceli Batman Osmaniye

Aydın Çankırı Gaziantep Kars Manisa Sakarya Urfa Kırıkkale Düzce
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results can be seen in one vector using multiple criteria 
(instead of one) and needs no decision makers.

Further research could be done by conducting different 
ranking methods on the air-pollution issue. Similarly, 
other variations of SMAA-2 could be used for ranking, 
classifying, or choosing problems. Furthermore, hybrid 
models that are combined with SMAA-2 could attempt 
to analyze  such data. The authors plan to carry out a 
combined data-mining study.
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