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The use of low-cost sensors based on the Internet of Things (IoT) has
become a novel approach in urban air pollution monitoring. This study
aimed to determine the optimal placement of such sensors in Tehran using
a multi-criteria decision-making (MCDM) method. Eleven sub-criteria
were identified under two main criteria: air pollution levels and pollution
sources. Each sub-criterion was mapped as a digital layer in a GIS
environment. These layers were then integrated using overlay operators,
and the optimal operator was selected based on Ordinary Least Squares
(OLS) regression. Spatial clusters were identified using the Hot Spot
Analysis and Moran’s T statistics. Geographically Weighted Regression
(GWR) was used for sensitivity analysis between the sub-criteria and the
final suitability map. Results indicated that PM10 and PM2.5
concentrations, and proximity to transportation terminals and fuel
stations, were the most influential sub-criteria, with membership weights
of 0.170, 0.151, 0.139, and 0.113, respectively. The OLS model showed
that the SUM operator had the strongest correlation with the sub-criteria.
GWR analysis produced high model accuracy (AlCc = 4484, R2 = 0.98).
The final suitability map revealed that 13% of Tehran’s area is highly
suitable and 17% is moderately suitable for sensor installation, mostly
located in the central, southern, and southwestern zones, where pollution
levels are highest.
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EXTENDED ABSTRACT

Introduction

The monitoring of air pollutants by the traditional method is very expensive, and complete citywide
coverage is practically impossible. In this situation, it is possible to switch to low-cost sensors. With a cost
of less than $1,000 per sensor package, compared to multi-million-dollar reference monitoring stations, this
solution is economical and feasible at the city scale. One of the key issues related to sensors is their precise
spatial location and distribution within the city. By identifying optimal points for installing sensors, it is
possible to provide comprehensive air pollution coverage in Tehran. The present research was conducted
with the aim of identifying suitable points for installing low-cost air pollution sensors in Tehran using
geostatistical methods combined with geographic models.

Material and Methods

The present study was conducted in the urban area of Tehran. The required information includes data
on the concentration of air pollutants and the identification of pollution sources. The concentration of air
pollutants at air quality monitoring stations in Tehran is measured on a daily basis. In this research, data
related to the concentration of gases (NO,, SO,, CO, and O3) and suspended particles (PM10 and PM2.5)
were collected from 24 air quality monitoring stations in Tehran on an hourly basis during the years 2013
to 2023 (1392 to 1402). After reviewing scientific literature, 11 sub-criteria were identified under 2 main
criteria for sensor placement. Based on the mentioned sources, a digital layer was prepared for each sub-
criterion in ArcGIS Pro. These layers were classified by importance using the Reclassify tool in GIS. For
superimposing layers and identifying suitable sensor locations, the layers were fuzzified using the Large
and Small membership tools. As a result, 11 fuzzy layers were generated. To determine the relative
importance of each sub-criterion and its effectiveness compared to others, the Analytic Network Process
(ANP) was used. The resulting weights were multiplied by each raster using the Raster Calculator in
ArcGIS Pro, producing a weighted fuzzy map for each sub-criterion. These maps were then superimposed
using fuzzy operators including AND, OR, SUM, PRODUCT, and GAMMA (0.9, 0.7, and 0.5).
To identify the best operator, Ordinary Least Squares (OLS) regression was applied. Sub-criteria were
treated as independent variables, while the map resulting from each operator was treated as the dependent
variable. The operator with the highest correlation coefficient was selected as the final method for layer
combination. To investigate the spatial distribution pattern of suitable sensor locations, Moran’s I
autocorrelation and Hot Spot Analysis were conducted in ArcGIS Pro. In the final stage, the spatial
relationship between the 11 sub-criteria (independent variables) and the final suitability map (dependent
variable) was analyzed using Geographically Weighted Regression (GWR).

Results and Discussion

The results showed that PM concentrations were the most important factor in selecting sensor locations,
as these particles indicate both the intensity and spatial extent of pollution. Following PM, urban
transportation stations including terminals, bus, and taxi stations were ranked second in importance.
Regression results showed that the SUM operator had the best performance based on regression coefficients
and the coefficient of determination. The correlation between the SUM map and the sub-criteria was
significant, confirming the SUM operator as the best option for the final map. Therefore, the final SUM
map was adopted to assess suitability of land in Tehran for low-cost sensor installation.
Analysis of spatial distribution patterns showed a Moran’s I value of 0.532, indicating strong spatial
autocorrelation and a clustered pattern. The Z-score and p-value (0.000) confirmed the clustering pattern.
Cold spots (blue) represent low suitability, while hot spots (red) identify highly suitable areas for sensor
installation. These red zones are concentrated in southern Tehran, while blue zones are in northern,
northeastern, and northwestern areas.
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The hotspot model confirmed Moran’s index, verifying clustered spatial suitability. Evaluation of the GWR
model confirmed its accuracy and reliability, with an AIC of 4484 and R2=0.98. Approximately 16 hectares
of suitable land were identified in central, southern, southwestern, and in some cases northern Tehran—
particularly near highways, gas stations, transportation terminals, and industrial centers.

Based on the final maps, sub-criteria analysis, and field verification, 44 specific locations in Tehran were
identified as optimal sensor sites. A distribution map of these points was prepared for implementation.

Conclusion

Low-cost monitoring stations in urban areas can provide valuable insights into spatial patterns of air
pollution. These online and affordable systems are viable given the availability of low-cost monitors, which
can either be mounted on existing infrastructure or distributed across the city. However, the data generated
from these systems must be properly evaluated and validated.
A strategically placed network of such monitors allows for dense spatial coverage, offering a cost-effective
and reliable alternative to traditional monitoring networks. Lands located at least 200 meters away from
pollution sources, where pollution levels are low, are unsuitable for sensor installation. Approximately 20%,
20%, and 29% of Tehran’s land was classified as marginally unsuitable, unsuitable, and completely
unsuitable, respectively. Nevertheless, 44 highly suitable locations were identified, mostly in central,
southern, and southwestern Tehran. Each sensor package costs about $900, making the total implementation
cost $400,000 (approximately 20 billion IRR) significantly lower than the 80 billion IRR required for a
single traditional monitoring station. Thus, low-cost sensors offer a highly economical solution for air
pollution monitoring in Tehran.
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Table 2- Classification of pollutant concentration sub-criteria (meters)

o5 Cargllao buogio Cunglla ok Cangllae oL (s Cangllan a>lg Sbroys
Low Moderate Moderate utility high utility Very high utility Unit Sub Criteria
<30 30-34 34-38 38-44 ug/m? PM2s
<73 73-89 89 - 96 96 - 104 ug/md PM1o
<1.9 19-26 26-32 >3.2 ppm co
<21 20-21 21-23 23-25 ppb O3
<120 110 - 120 120 - 146 146 - 200 ppb NOx
<10 10-12 12-143 144 -17.7 ppb SO
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Fig.2. Diagram of the research method (placement of low-cost sensors for air pollution monitoring in Tehran)
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Table 3- The weight and fuzzy membership of the sub-criteria in the placement of low-cost air pollution sensors in

Tehran.
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Table 4- Correlation of fuzzy operators with research sub-criteria
GAMMA 0.9 GAMMA 0.7 GAMMA 0.5 Product OR AND SUM Parameters
0.000" 0.000" 0.000" 0.000" 0.058 0.000*  0.000% SOz
0.000" 0.000" 0.000" 0.000" 0.779 0.000" 0.000" Os
0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" NOx
0.000" 0.000" 0.001* 0.698 0.067 0.315 0.000" CcO
0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" PM1o
0.091 0.121 0.236 0.209 0.000" 0.000" 0.000" PMzs
. . . . . . Industrial points
0.000 0.000 0.000 0.000 0.002 0.112 0.000 L
e S
Highwa
0.000" 0.000" 0.000" 0.000" 0.007" -0.933 0.000" ?; }Jy
o B3
. . . . . Oil station
0.000 0.000 0.000 0.000 0.487 0.390 0.000 . 5l
&.A}j.n.d oL le
. R . . . . Station
0.000 0.000 0.000 0.000 0.000 0.255 0.000 WL
. . Ll Traffic points
0.000" 0.000" 0.000" -0.019 0.009*  -0.017 0.000" .
S35

oSyl b5 sla See Sb3,1 -0 Jou

Table 5- Evaluation of fuzzy operators with regression coefficients

Ol R-Squared AlCc é’b_
Jarque-Bera Function
1379 0.997 -5744 SUM
774 0.609 -6298 AND
15 0.730 -3962 OR
711 0.361 -42941 Product
24301 0.727 -22734 GAMMA 0.5
2590 0.872 -14886 GAMMA 0.7
87 0.971 -7785 GAMMA 0.9
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Table 6- Installation location of low-cost air pollution monitoring sensors in Tehran

Location cewas 5% o Location cuas o —
Region Region
ul).e; oKiils Copde suasiiils ‘Q')A% el)f))'.; 6})0; QL’L.»}: oJ ‘ijT o‘)f))'.:
Chamran Highway, Faculty of Management, University 2 Avini Hiohway. edge of Goodarzi Park 20
of Tehran ghway, edg
Lo lsh colel ,EsL ol 555 &5 = Tle .
Pl kel 55k o5 2 (© o ol o5, 5 (sl o552 bl
Intersection of Yadgar Imam Highway, Payam 2 . L S 20
' Intersection of Avini Highway and Imam Ali Highway
Boulevard
25 oo 2l S 6,555 ISSlST o5 s
o 2 Intersection of Azadegan Highway and Shahid Rajaee 20
Kaj Square Highway
Sblslew Hloly g Slowind, odile of 5,5 abolas Sl il 5 Foly] o5 5 abolis
Intersection of Hashemi Rafsanjani Highway and 2 Intersection of Azadegan and Fedayan Islam Highways 20
Saadatabad Boulevard g Y ghway
Sl JA 15 GQJGU "l)f))" 9 Ulfol)-‘ "l)f))" c.lnl_m 19
Besat Bridge Intersection of Azadegan Highway and Kazemi Highway
Ot O ey 16 Eoz ol g (B oS5 ablis
Bahman Square Gas Station Kazemi Highway and Cheraghi Highway Intersection 17
| S dlllcu T ol 555 (i
u‘)@f‘-’}»’JL—M)—’ 16 .f“'l"")5l'.’56« -;)ﬂ&b 17
; Intersection of Ayatollah Saeedi Highway and Moallem
Tehran South Terminal Boulevard
Q’a’%‘) Q“Aﬁ"“ 11 u"B)S ULL*’ 9 ‘T’lﬁj °l)§)}=’ é‘loLQ‘ 17
Railway Square Intersection of Navab Highway and Qazvin Street
e ool lsl 5 QSBl5T ol 5 5 gl
i 1 Intersection of Azadegan Highway and Persian Gulf 18
Hor square Boulevard
M o 6 o el sk 5 b o5 5 obls 18
Enghelab square The intersection of Fath Highway and Persian Gulf Boulevard
s oKy szl saSadls 6 B e ) e T el bl 9
Faculty of Economics, University of Tehran The intersection of Fa(tgegla%hgg% SggyZ)S meters from Zarand
e Gl 6 T e 9
Jahad square Fath square
S5 LS Ghed (bl ablis 1 &3l e g
Intersection of Shush Street - Takhti Street Azadi square
Salse olne S5 IS 5 S5 (soage a6l S5 ablis
Molavi square 12 Intersection of Ayatollah Mahdavi Kani Highway and 21
a Lashkari Bypass
o> plel s550 12 SNz SN (sl 69,4, «s i ol 555 21
Imam Khomeini Metro Lashkari Highway, opposite Chitgar license plate exchange
s 1 9955 oS s 5 6,520 o5 ablis
e OB 12 Intersection of Lashkari Highway and Kerman Khodro 21
Shohada square Boulevard
ste plel J35,LS - e plol Ly 13 891959 (2 e 22
Imam Ali Park - Imam Ali Sidewalk Vardavard Gas Station
Ot ey~ elgils (L Loy 7 S5 gy 22
Army Family Hospital - Gas Station Kohak Gas Station
() ok s s b Al 3.5 5 :
Intersection of Yasini and Sha}h'd Soleimani Highways Sheikh Fazlullah Nouri Intersection and Sattari Highway
(gas station)
yardy ol les 3 Plaal Hlawgs (oS ol 5
Valiasr Hospital Bustan Esteghlal Taxi Station
Ol VIV olasl olSils - o8 35, leh 6ol bls g plel Eoly abolis 10
West Army Boulevard - Dedicated Stand 147, Tehran 3 Intersection of Yadgar Imam and Azadi Street



Ohlen 5 GOU onal
o 809 30 6 K Cuai L cawlo bl g lulll g oy

\l44

oS Q\\.x.:.a 1 ‘S:LJoLJo adle olKisls ‘WlJ] J')l> o‘;))'.g
Tajrish Square Jalal Al-Ahmad Highway, Allameh Tabatabaei University

oSt wiile Ig2 slroun¥T il Corge ag 055 cnl (J51s sloygise 1o (mle 5 5 Jigsl8 oasi) S Gl
0575 Jol> 55 PAN 5 (5l ale 956 slaosa¥T aslol 10 oS 095 o Blas )3 5 (05 apaSTsie 005 95 008160 3955
Ja5g o> slaaibl ol by (Ashok, Kumar, Jacob & Vignesh, 2022) ol o yames! b adsl slooas¥T oS 5 5 (oloonds
Sz 192 glooa VT CAle 53 leailly o 4 ks (Las 525 Gheehy onl gl & sl lge glaosny VT jLail mlio 51 (S5 ecs 5
(Zarrar & Dyo, 2023) 54 a8 5 ,La5 ;0 v K> cead gl S0 lsie a5 wilgs oo bl g 35T 00 ol g ol bl ulo

e 5l % (Ko lond e o8 olel Ails 5o Baee oS aio S ioied S e a2 ool
Liu) o,5 winlss (54 (slad g yammail 05l (obj slooan ¥Vl waiil iS50 lyls smio 35150 1o s slaoasV!
Sl deolSy s cpl jo aS ez i lsa slaoan VT ads b oy Fpte 5l 00 (S G > sleelSs s (et al., 2021
lop 4 oan ¥ 5l (goly o jLasil ez go 5 095 o0 ooliiul lamy95 5 ) 9 (sl (D5l 5 55) (hed slocs s
siaio 3S1ye cnl 2 odle g Wlodd Hiws b ()f iz 5 2 53 ake SThe (ol b 53 alanlie Wisd e 5 4
Al Glaol s aaxgil a5 canl ouls Slasl ] Gy (g ladl sl 0 5 7,5 - 1S e YK obe jo 8 goais
(05554 (led SlaSisly wats b (s 5 5l Slsl )0 isd o0 13 545 ls )l oatVT 5l 63l o (ol 5
Gl oo VT Lenil Lol mlis oyl by S so ayaid [l |y a3l o ot 5 azdly al3l ooday booany VT ol clale
S 00 OIS e Sail 95 00 VT (6345 o 45 it (Sio ST 5 (5508 Jais e e (Ol05 S

Gulia, ) ool I slooan¥T clale il o 5l slaplole lavs 6,0 Glon gl Cupan @ly plE Cinsv
o 6 G jlaome Co e pie Pl 31 (SO 4 (il £9090 o een 4y (Nagendra, Khare & Khanna, 2015
sl Sl &l et sleySes Gk Sllse (Sogll (il ez e (il 5150 ogdle ez mtee sl el 5o el 00
OB Lol (Tastan, 2022) ol |, gladlais oyl i (sl (6,550 (sly (6 s Bllasil Coild g 009y 4ty 5205 L 4S5 390 o0 plxl
3 ad al el SO o olawl az 4y g S b S aSul o lo 8 cisi pl8 j0 has g dieligr SmSS pl cea
OB Sl (sl a5 w)ls S92 g (ple el b pll 5 o 53 E9d9e cnl Slly )3 Aag (nl &S Sl cage Jilawe
3545 axted b el o Setee 5l T 89S 009lT alin 4y (Suo 3 g l9 loony¥T Clalé 3 38,56 K i (611 el
Sls )l s o ooliul g5 s o lsn (Sosll sl slo S i (gl censlin Llis el gl il 51 55 anllas oyl
ot T 53 S lsm 5 63k slos 995 5 ST o sl o155 5 5 s sloably 4 (199 K05 5 Blao S8 Sl o5
Slsedy slee 03 cbale 5 Slalllas Koo 55 45 51 b S o (5l censlin ()0 Sl o | ool (s i el 3
Gyl 55 Jlas (sl YU 55 slee Sl,3 CLAE 5 059y 3l (Sosl] pelaws a5 bolis el oo 48,5 L5 s Lol Lo
Sl 5La o,lad (6 et Cans jlame 0 g0l ;U g 005 oS (Sogll o a5 dblis Ll o jlo | Ll cedle jolisl lasay o
Soglas ol S ¢ iogh pl jo Jdo e 4 .(Aamer, Mumtaz, Anwar & Poslad, 2018) s las 19 slecas V! ol 4
OBl il sl K cas sl g ol ool YL Ll coien oo Sogll mlie 4 g el b Blae 1,3 094 Ll

abgd ;o g dgd o ooliiwl Jloalie Liesdsd sloalys zlsiul glp olad  Siwnsss bliw; sla b,
Slawlols § oyl 90 a>Ls (Martinez-Minaya, Cameletti, Conesa & Pennino, 2018) s,ls 1, 29,5 5,8 (Sawad (3 yiien

oo polie gl bl cpl a5 wwo co lid b Jaw ol o aST | g beadss aiiwd  Siaedds> cwyp (59, (5l



\$A VEoF Ll oY o,leds OF ol o danme @ blis Ll yir 4y i

A eolaiwl casliol g caslin ool (ganaiiss gl b Jaw pl 5l iegh cpl jo ails Dglas Ko slodadigs b g diius v
el dxlie bli) Elo slaalss jo it Soo 3 Sl &l 4y g st sob; Soglcdale slls a5 Lol ols olis oS
QLS 9 092 (gie aST (39,5 Lo Stanad 0y (oaST )0 Lol tauld ovalie aligs (l )5 (Kiaod (p i 9 48,5 )15 (R
5 ddg> 19,0 (Simaaddg> dl sl a5 W ls alold Sogll jLail mlie 5l g conl o5 oan VI clale asd ol jo a5 aao o
Lls)l oldlas glad g oue b olas  Siwnss slaJoo ol adins caslie S ad gl g by ialS o0 ST L
.3l (Nadian, Mirzaei & Soltani Mohammadi, 2018) lacass¥T clale slaesls slad ganadsgs sl p o) Kimgs a5 ol
ojey bl «(Azizi & Sadeghi, 2023) JL.Sis 4> o (Gedamu, Plank-Wiedenbeck & Wodajo, 2024) s 45
oolal (Tsui, Derumigny, Peck, Van Timmeren & Wandl, 2022) ,las oS o o>, bl olulis (Saini, 2024)

S e

g Lad g9 a5 ablio 4y by o Sledol SIS ojlailay ailes oo ciloads aBly (6,08 bl ;o a5 4 3005 ol slaolin)
oo 5 ban e o 9 ol il leolKias] ol 5l eolatul 4 sl casay aimo &l ) wewl a5 LB LT jo  Foll
cwbio o ylSe bl o g jods a5 by jsiile ol aSUl 09 S 9 0b,) s ot giwsl 0,505, (pl 5l Jol> Cledbl
S ot 5 4555 o 01,8 s s 3 1y L 05Tl e Gy & S, (ISl S )3 oy
Ao o loebl 5 6l g e b solezel LB (g g slen
§ Qs cewbin [ ol (5l s ol ] o oo VT cale 5 ui)ls alols Sogll wlie 5l jio Yoo Jolos a5 o)
S5 et 5 akais FF 3 g5 se onted conliol Sl g canlials enliol Lo a5 o 5y by T 5l o ps YA g Yo WY+ g0
(535 o blia 53 Baes a5 3.5 ceai (5,08 (slsp slooan¥T Gl sl ansaes K bz il (oYb Cogllas o5
Voo ogao el IS Gl laanpo pgemme a5 Cunl Vo Av e dgum Sy 8 g W)l 13 Ol b e 5 o8
! S92 g0 )% GE.MJ ) aS 6]94.!.0 w)l.: Olio.a‘u)‘ t_i: Slas| 6‘)" Jtslb o ‘(JL:) \))L:.L:.A Coos J»)L\.A) OS¢y M‘s} )YQ )‘]Qs
i 43508 (g9 ke Jleas Al jaeS la S (ulpli 0ed o0 Bro ange Jb) o)kl A 350
s 5 el 5 ) 3,50 sl o s 3575 Sl Al Ll it S oS, 425
adg jo ol STails caias hgn loolaiwl b Oledbl | oo g 385 (33l n 4 5ls 4 jeaS b S (V)
Do o 18 lejle JLas jo syl Sledbl g s ol e BB ] 5425 4y Sledlb|
w)hm ‘oj_w r:L?u‘ Towo Co pde )f‘ os.w‘édo ‘;05” Co pde 6‘)4 oLu.,..:‘ 6):)4.;)[.:).: —>g0 w)ob SleMb| (Y)
Bl e Sl a5 e
3 Slansils sbes b g wuS e slezel Lol el sl S 4y coway oIl o gl g Jeie slaglesle (Y)
‘5]5 509*0‘50-‘ ﬁ‘)l U—‘ uLC)Ua‘ 9 ..\.55....:‘5@ ‘5»_9 ua.a.b )L‘>Q 0595.4 Lgl.ﬁoliuw;‘ ASL;”})Q \.\J‘OM GQLQD 4.»...0) UJ‘
2l slezel b K il 4 o ylosle o250
a5k OF S Galnln 058 S w5y A b s AL G il oo Gladl 5 (b LD 5 Laolas, (D)
Sl acl by 38> L4S



Ohlen 5 GOU onal
o 809 30 6 K Cuai L cawlo bl g lulll g oy

1£4

el 1>l g (905 BB o] sl 55 slooles sl Sl o )ls 8929 e cpl 4o a5 sl i)l 5425l
S5 o fa a5 T ol 5 oS a5 & gt |, sl oS al Jste sl (1)
IRCCON- WS PSSO IRV /S JP VRN E I A S LS K SV PR Ve W
sy JBla 4y o (B (al g 55 slas 5l L g digd el Cewps S 50 S (V)
oS 9090 O Sl @)l 4 (Kl U ogd oo el ol ils soeS 8 langs b S 059 oSy Slakad a5 (1)
w008 b S 7S (S ha Wlg e 608 lree 5 S jlaze (551 (3 it Sl (paaSS 098 JSas (F)
S glaslely ol s e e jo |,
JS a8 glasgSas andl g ol b Ko cpl cuai slp comlio (1S Gilg5 oo 192 0¥ 55 il ol 5 blas oy SeassV]
S 6l 3ytelin 5 058 g0 Lo alazd jo lga Lol (slooais¥T (il Gl gy cnl szl b oams iigy 1) o (sl
solatul o K sleil> slys lsa slooss¥T cdale 5 Sogll wlie Jolge 5l Gidgs cnl 10 a4 51.00 5 o Jupund 5 (S]]
P jlasl mlie go5 colis S ololid § SIS 1, O3 £45 5 iz 45 05 el by oo S aS ol gl Ll s
—oai VT Lacs! ol 5 0l)d S8y jo by Km0 )8 ‘u_ﬂ Oldlas ;o paiione a5 08 )5 oo olpiien plply 0g walss Coenl
J.».ll.o.: oolauwl ‘5.m ‘_gl.b

&l ol

53 Jesa Ol et (olidlsn slaolliwl Gizen 5 Ol 05 )l ed Glsr CudeS ST S0 Sl dllie Gl (B s
Ayl 1,08 g S JleS ( cwliilgr Sledbl g lgn coinS 4y bgs po Sledbl ol )3 o s



e VEoF Ll oY o,leds OF ol o danme @ blis Ll yir 4y i

References

Aamer, H., Mumtaz, R., Anwar, H., & Poslad, S. (2018). A very low cost, open, wireless, internet of things
(iot) air quality monitoring platform. Paper presented at the Proceedings of the 15th International
Conference on Smart Cities: Improving Quality of Life Using ICT & loT (HONET-ICT) (pp. 102-
106). IEEE. http://dx.doi.org/10.1109/HONET.2018.8551340

Abdallah, T. (2023). Sustainable mass transit: challenges and opportunities in urban public transportation.
Elsevier. https://doi.org/10.1016/C2022-0-01297-6

Ashok, B., Kumar, A. N., Jacob, A., & Vignesh, R. (2022). Emission formation in IC engines. In NOx
Emission Control Technologies in Stationary and Automotive Internal Combustion
Engines. Elsevier. https://doi.org/10.1016/C2020-0-01213-2

Azizi, A., & Sadeghi, R. (2023). Spatial Analysis of Migration and Drought in Iran using Hot Spot Analysis
and Standardized Precipitation Index. Journal of Geography and Environmental Hazards, 12(2), 81-
100. [In Persian] https://doi.org/10.22067/geoeh.2022.76710.1230

De Vito, S., Esposito, E., Castell, N., Schneider, P., & Bartonova, A. (2020). On the robustness of field
calibration for smart air quality monitors. Sensors and Actuators B: Chemical, 310, 1278609.
https://doi.org/10.1016/j.snb.2020.127869

Dimitriou, K., Stavroulas, I., Grivas, G., Chatzidiakos, C., Kosmopoulos, G., Kazantzidis, A., ... &
Gerasopoulos, E. (2023). Intra-and inter-city variability of PM2. 5 concentrations in Greece as
determined with a low-cost sensor network. Atmospheric Environment, 301, 119713.
https://doi.org/10.1016/j.atmosenv.2023.119713

Fattoruso, G., Agresta, A., Guarnieri, G., Lanza, B., Buonanno, A., Molinara, M., ... & Di Francia, G.
(2015). Optimal sensors placement for flood forecasting modelling. Procedia Engineering, 119, 927-
936. https://doi.org/10.1016/j.proeng.2015.08.971

Ganiji, A., Youssefi, O., Xu, J., Mallinen, K., Lioyd, M., Wang, A., & Hatzopoulou, M. (2023). Design,
calibration, and testing of a mobile sensor system for air pollution and built environment data
collection:  The  urban  scanner  platform. Environmental  Pollution, 317,  120720.
https://doi.org/10.1016/j.envpol.2022.120720

Gedamu, W. T., Plank-Wiedenbeck, U., & Wodajo, B. T. (2024). A spatial autocorrelation analysis of road
traffic crash by severity using Moran’s I spatial statistics: A comparative study of Addis Ababa and
Berlin cities. Accident Analysis & Prevention, 200, 107535.
https://doi.org/10.1016/j.aap.2024.107535

Gu, H., Yan, W., Elahi, E., & Cao, Y. (2020). Air pollution risks human mental health: an implication of
two-stages least squares estimation of interaction effects. Environmental Science and Pollution
Research, 27(2), 2036-2043. https://doi.org/10.1007/s11356-019-06612-x

Gu, K., Zhou, Y., Sun, H., Dong, F., & Zhao, L. (2021). Spatial distribution and determinants of PM 2.5 in
China’s cities: Fresh evidence from IDW and GWR. Environmental Monitoring and
Assessment, 193, 1-22. https://doi.org/10.1007/s10661-020-08749-6

Gulia, S., Nagendra, S. S., Khare, M., & Khanna, I. (2015). Urban air quality management-A
review. Atmospheric Pollution Research, 6(2), 286-304. https://doi.org/10.5094/APR.2015.033


http://dx.doi.org/10.1109/HONET.2018.8551340
https://doi.org/10.1016/C2022-0-01297-6
https://doi.org/10.1016/C2020-0-01213-2
https://doi.org/10.22067/geoeh.2022.76710.1230
https://doi.org/10.1016/j.snb.2020.127869
https://doi.org/10.1016/j.atmosenv.2023.119713
https://doi.org/10.1016/j.proeng.2015.08.971
https://doi.org/10.1016/j.envpol.2022.120720
https://doi.org/10.1016/j.aap.2024.107535
https://doi.org/10.1007/s11356-019-06612-x
https://doi.org/10.1007/s10661-020-08749-6
https://doi.org/10.5094/APR.2015.033

Ohlen 5 GOU onal
o 809 30 6 K Cuai L cawlo bl g lulll g oy

W

Gurram, M. K., Bulusu, L. D., & Kinthada, N. R. (2015). Urban environmental quality assessment at ward
level using AHP based GIS multi-criteria modeling—a study on Hyderabad City, India. Asian Journal
of Geoinformatics, 15(3), 16-29.

Li, H. Z,, Gu, P., Ye, Q., Zimmerman, N., Robinson, E. S., Subramanian, R., ... & Presto, A. A. (2019).
Spatially dense air pollutant sampling: Implications of spatial variability on the representativeness of
stationary air pollutant monitors. Atmospheric Environment: X, 2, 100012.
https://doi.org/10.1016/j.aea0a.2019.100012

Li, Y. M., Khan, M., Khurshid, A., Gulistan, M., Rehman, A. U., Ali, M., ... & Farooque, A. A. (2023).
Designing pentapartitioned neutrosophic cubic set aggregation operator-based air pollution decision-
making model. Complex & Intelligent Systems, 9(5), 4765-4782. https://doi.org/10.1007/s40747-
023-00971-2

Liu, H. J.,, Sun, Y. N.,, & Chen, M. H. (2017). Dynamic correlation and causes of urban haze
pollution. China Popul. Resour. Environ, 27, 74-81. https://doi.org/10.1007/s11442-022-1975-8

Liu, Y., Ming, T., Peng, C., Wu, Y., Li, W., De Richter, R., & Zhou, N. (2021). Mitigating air pollution
strategies based on solar chimneys. Solar Energy, 218, 11-27.
https://doi.org/10.1016/j.solener.2021.02.021

Lu, B., Yang, W., Ge, Y., & Harris, P. (2018). Improvements to the calibration of a geographically weighted
regression with parameter-specific distance metrics and bandwidths. Computers, Environment and
Urban Systems, 71, 41-57. https://doi.org/10.1016/j.compenvurbsys.2018.03.012

Martinez-Minaya, J., Cameletti, M., Conesa, D., & Pennino, M. G. (2018). Species distribution modeling:
a statistical review with focus in spatio-temporal issues. Stochastic Environmental Research and Risk
Assessment, 32, 3227-3244. https://doi.org/10.1007/s00477-018-1548-7

Miskell, G., Alberti, K., Feenstra, B., Henshaw, G. S., Papapostolou, V., Patel, H., ... & Williams, D. E.
(2019). Reliable data from low cost ozone sensors in a hierarchical network. Atmospheric
Environment, 214, 116870. https://doi.org/10.1016/j.atmosenv.2019.116870

Nadian, M., Mirzaei, R., & Soltani Mohammadi, S. (2018). Application of Moran'sl Autocorrelation in
Spatial-Temporal Analysis of PM2.5 Pollutant (A case Study: Tehran City). Journal of
Environmental Health Enginering, 5(3), 197-213. [In Persian]
http://dx.doi.org/10.29252/jehe.5.3.197

Saini, I. M. (2024). Spatial Autocorrelation of Tuberculosis Cases in Central Java Province in 2022. Jurnal
Biostatistik, Kependudukan, dan Informatika Kesehatan, 4(3), 1, 90-99.
http://dx.doi.org/10.20473/jbk.v13i1.2024.90-99

Sayahi, T., Butterfield, A., & Kelly, K. E. (2019). Long-term field evaluation of the Plantower PMS low-
cost particulate matter sensors. Environmental Pollution, 245, 932-940.
https://doi.org/10.1016/j.envpol.2018.11.065

Schwela, D., Haqg, G., Huizenga, C., Han, W. J., Fabian, H., & Ajero, M. (2012). Urban air pollution in
Asian cities: status, challenges and management. Routledge.

Shen, H., Hou, W., Zhu, Y., Zheng, S., Ainiwaer, S., Shen, G., ... & Tao, S. (2021). Temporal and spatial
variation of PM2. 5 in indoor air monitored by low-cost sensors. Science of The Total
Environment, 770, 145304. https://doi.org/10.1016/j.scitotenv.2021.145304


https://doi.org/10.1016/j.aeaoa.2019.100012
https://doi.org/10.1007/s40747-023-00971-2
https://doi.org/10.1007/s40747-023-00971-2
https://doi.org/10.1007/s11442-022-1975-8
https://doi.org/10.1016/j.solener.2021.02.021
https://doi.org/10.1016/j.compenvurbsys.2018.03.012
https://doi.org/10.1007/s00477-018-1548-7
https://doi.org/10.1016/j.atmosenv.2019.116870
http://dx.doi.org/10.29252/jehe.5.3.197
http://dx.doi.org/10.20473/jbk.v13i1.2024.90-99
https://doi.org/10.1016/j.envpol.2018.11.065
https://doi.org/10.1016/j.scitotenv.2021.145304

WY VEoF oybaali oY 0,leds VF wl o shaameo ol ybliko 5 Ll yi 4y it

Snyder, E. G., Watkins, T. H., Solomon, P. A., Thoma, E. D., Williams, R. W., Hagler, G. S., ... & Preuss,
P. W. (2013). The changing paradigm of air pollution monitoring. Environmental Science &
Technology, 47(20), 11369-11377. https://doi.org/10.1021/es4022602

Sung, Y., Lee, S, Kim, Y., & Park, H. (2019). Development of a smart air quality monitoring system and
its operation. Asian Journal of Atmospheric Environment, 13(1), 30-38.
http://dx.doi.org/10.5572/ajae.2019.13.1.030

Tagle, M., Rojas, F., Reyes, F., Vasquez, Y., Hallgren, F., Lindén, J., ... & Oyola, P. (2020). Field
performance of a low-cost sensor in the monitoring of particulate matter in Santiago,
Chile. Environmental Monitoring and Assessment, 192(3), 171. https://doi.org/10.1007/s10661-020-
8118-4

Tan, Y., Lipsky, E. M., Saleh, R., Robinson, A. L., & Presto, A. A. (2014). Characterizing the spatial
variation of air pollutants and the contributions of high emitting vehicles in Pittsburgh,
PA. Environmental Science & Technology, 48(24), 14186-14194. https://doi.org/10.1021/es5034074

Tastan, M. (2022). A low-cost air quality monitoring system based on Internet of Things for smart
homes. Journal of Ambient Intelligence and Smart Environments, 14(5), 351-374.
https://doi.org/10.3233/A1S-210458

Toscano, D., & Murena, F. (2020). The effect on air quality of lockdown directives to prevent the spread
of SARS-CoV-2 pandemic in Campania Region—Italy: indications for a sustainable
development. Sustainability, 12(14), 5558. https://doi.org/10.3390/su12145558

Tsui, T., Derumigny, A., Peck, D., Van Timmeren, A., & Wandl, A. (2022). Spatial clustering of waste
reuse in a circular economy: A spatial autocorrelation analysis on locations of waste reuse in the
Netherlands using global and local Moran’s I. Frontiers in Built Environment, 8, 954642.
https://doi.org/10.3389/fbuil.2022.954642

UNION, P. (2008). Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008
on ambient air quality and cleaner air for Europe. Official Journal of the European Union.
http://data.europa.eu/eli/dir/2008/50/0j

World Health Organization. (2021). Review of evidence on health aspects of air pollution: REVIHAAP
project: technical report (No. WHO/EURO: 2013-4101-43860-61757). World Health Organization.
Regional Office for Europe. WHO/EURO:2013-4101-43860-61757

Xie, X., Semanjski, I., Gautama, S., Tsiligianni, E., Deligiannis, N., Rajan, R. T., ... & Philips, W. (2017).
A review of urban air pollution monitoring and exposure assessment methods. ISPRS International
Journal of Geo-Information, 6(12), 389. https://doi.org/10.3390/ijgi6120389

Yang, X., Wang, S., Zhang, W., Zhan, D., & Li, J. (2017). The impact of anthropogenic emissions and
meteorological conditions on the spatial variation of ambient SO2 concentrations: A panel study of
113 Chinese cities. Science of the Total Environment, 584, 318-328.
https://doi.org/10.1016/j.scitotenv.2016.12.145

Zarrar, H., & Dyo, V. (2023). Drive-by air pollution sensing systems: Challenges and future
directions. IEEE Sensors Journal, 23(19), 23692-23703.
http://dx.doi.org/10.36227/techrxiv.21999125.v2


https://doi.org/10.1021/es4022602
http://dx.doi.org/10.5572/ajae.2019.13.1.030
https://doi.org/10.1007/s10661-020-8118-4
https://doi.org/10.1007/s10661-020-8118-4
https://doi.org/10.1021/es5034074
https://doi.org/10.3233/AIS-210458
https://doi.org/10.3390/su12145558
https://doi.org/10.3389/fbuil.2022.954642
http://data.europa.eu/eli/dir/2008/50/oj
https://doi.org/10.3390/ijgi6120389
https://doi.org/10.1016/j.scitotenv.2016.12.145
http://dx.doi.org/10.36227/techrxiv.21999125.v2

