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Table S1. Overview of the source apportionment studies conducted in Belgrade for the period 2003-2015.

PM fraction Sampling site Period N PM cosncentratlon Chemicals Factors resolved Model Reference
(ng/m?) analyzed used
PMas:
resuspended road dust (Zn, Al, Mn, Fe) (29%),
040" NA T traffic and oil refineries (Cr, Pb) (17.8%),
;04;742%036é N Jun PMzs: Pb. Cu. Zn, Mn. oil combustion (V, Ni) (17.7%), »
PMas, PMio 5 44°47'39 8"N 2003 - gi/l _ PMz.s_. 61.4 Fe. Cd. Ni. VV, Al dlese! fuel and local industry (Cu, Cd) (13.5%) PCA Rajsic et al.
20°27'56.3"E Jul 2005 10. PMlO- 68.4 Cr PMlU- . 2008
209 road dust (Mn, Zn, Fe, Al, Ni) (26.1%),
fuel oil (V, Ni) (17.4%),
road traffic emission (Cu, Cd, Pb) (16.8%),
traffic exhaust (Cr, Pb) (13.2%)
Fossil fuel combustion (V, Ni, Fe, Cu, Mn) (34),
1. 44°49'06.7"N traffic exhaust/regional transport from industry (Zn, Fe,
2 PM 20°2727.3"E fg'eioog’ - . ﬁ‘: \C/;chr'n Mé‘a Fe. Mn, Cu, Ni) (26%), Unmix  Miji¢ et al.
2.44°47'39.8"N 2006 ' Pb’ e traffic related particles/site specific industrial processes USEPA 2012
20°27'56.3"E (Cu, Pb, Mn, Cd) (21%)
, mineral/crustal matter (Al, Fe, Cu, Mn, Ni, Cd) (19%)
Dp <0.49um Dp<0.49um:7.9 Ammonium sulphate (SO4%, NH4*, Cl-, Mg?*) (16.4%);
0.49<Dp<0.95; Jun - 049 <Dp<0.95:2.7 Na*, NH*, K* marine aqrosol (_N_a_*, Cl") (14.9%);

3 095<Dp<1.5; 44°49'14.25"N Dec 095<Dp<15:18 Mg£+ Caz"’ Cli construction activities (Ca?*) (10%); PCA Dordevic¢ et
1.5<Dp<3.0; 20°27'44.81"E 2008 1.5<Dp<3.0:20 N03" 5042’_ PO’43_ fertilizer plant (PO4>) (8.5%); al. 2012
3.0<Dp<7.2; 3.0<Dp<72:33 ! ! industrial zone (CI-, SO4%, NH4*, K*); (8.1%)

Dp>7.2um Dp>7.2pum: 1.3 biomass burning (K*) (8%)
omor " . *Diesel and gasoline exhaust (traffic 1) (BbF, BKF,

1.44°38'42.15 1. Summer: 31.86 - -

N, 20%2652.48" E Winter: 80.31 l;llzlijp,PﬁgyAﬁfe',:lt sBu[r?’}rielrr)]d DahA, BghiP) (55.2% winter, 38.5%
4 PMio 2.44 036 1 1.74 " 2010 - 2. ngmfer. 26.16 Pyr, BaA, Chry, Unburned petroleum from vehicles (traffic 2) (Nap, Ace, USEPA  Cvetkovic

N, 20°06'09.30" E 2011 Winter: 62.38 - . PMF3.0 etal. 2015

0403 & . BbF, BKF, B[a]P,  Phe) (13.5% winter, 17.4% summer);
3.44°48'03.5" N, 3. Summer: 44.37 . .
20°27'57 8" E Winter: 88.46 Ind, DahA, BghiP Statlonary_ sources (FIt, Pyr, BaA, Chry, BkF, BbF)
(31.3% winter, 43.9% summer)
B[a]P, As, Cd, Cr, (Szoéig(y:)uel burning (B[a]P, As, OC, SOz, CO, NOgz)

5 PMuo 44°49'00.42"N 2011 - 254 60.51 '\N/l:; ’,\\I,:bzp+b’cgz'+ Industrial emissions (Cd, Pb) (21.9%), Unmix Stojic et al.

20°28'12.85"E 2015 ' K+ Nog' 18042" Secondary aerosols (NH4*, S04, NO3Y) (19.5%), USEPA 2016

NH . Oé EC ' vehicle derived and particle resuspension (EC, NOy, soot)
4, y
(28.7%)
May é‘; STIi’ F\)/SCrCIMP; Biom_ass burning (K, ClI, S, Zn) (14.5%),
6 PMus 44°47'12.17"N 2014~ o0 20.8 Fe Ni. CuL Zh. Br Traffic (Fe, Pb, Mn, Cu, Zn) (3.9%), _ USEPA  Todorovic
: 20°31'16.63"E May ' As Ba. Pb N'H4+' secondary sulphate from regional combustion PMF5.0 etal. 2020
2015 e, " sources (S, NH4*) (28.8%),

NO3’, SO+




local combustion sources and ammonium nitrate (V, Ni,
NOs, NH4*) (29.7%),

soil (Si, Ca, Ti, Fe, Mn) (5.4%)

unaccounted (17.8%)

Soil (Al) (8%),

Apr Al, Si, S, Cl, K, Biomass burning (Cl, K, Zn, Pb) (15%),
7 PMas 44°47'12.17"N 2014 - 166 207 Ca, Ti, V, Mn, Fe, Traffic (Ca, Si, Fe, Ti, Mn) (3%), USEPA  Almeida et
’ 20°31'16.63"E Aug ) Cu, Zn, Pb, Ni, P, fuel oil combustion (V, Ni) (38%), PMF 5.0 al.2020
2015 Cr, As, Br, Ba secondary sulfate (S, Pb, Cu, Ti) (3%),
unaccounted (33%)
OC, EC, Na, Mg,
Al K, Ca, V,Cr,
Mn, Fe, Co, Ni, Biomass burning (galactosan, mannosan, levoglucosan, K,
Cu, Zn, Ga, As, Cl-, Rb, OC) (21%),
Se, Rb, Sr, Cd, Long-range transport and road-salt/local combustion (Na,
Ba, Pb, P, Ti, Zr, NO3-, Cl-) (9%),
A4°47'25 4"N le(l)gg I\N/Ig SgOSr; Cl, E/I!neral dtl)J_stI(A_I, 'Il'i, Sr, Mri;, Ca)'(P%()’I . USEPA
0oEiNy BN - 3, S04, rimary biological aerosol particles (glucose, fructose, -
8 PMuo 20°2502.5°8 May 84 239 NH.* galactosan, trehalose, mannitol, arabitol) (10%), PMF50 | NIsstudy
2024 mannosan, Biogenic secondary organic aerosol from isoprene (2-
levoglucosan, 2- methylerythritol, 2-methylthreitol) (10%),
methylerythritol, Ammonium sulphate (S042-, NH4+) (18%),

2-methylthreitol,
glucose, fructose,
mannitol, arabitol,
trehalose

Traffic/industry (EC, Fe, Sh, Cu, Sn, Mn, Pb, V, Cd, As)
(15%)

N — number of samples
*factors resolved in sampling site in urban zone of the city (Slavija)



» N, : City ~
a4l oa\gentre

42 Grabovac =

Q

Figure S1. Map of Belgrade with monitoring sites included in the studies from the Table S1 (Source: © Google Earth 2026, images: Airbus).
Rajsi¢ et al. 2008, Miji¢ et al. 2012: Roof of Rector’s Office (1), Faculty of Veterinary Medicine (2); Pordevi¢ et al. 2012: Knjeginje Ljubice 21 (3); Cvetkovi¢ et al. 2015: Lazarevac (4.1.),
Grabovac (4.2.) Slavija (4.3.), Stoji¢ et al. 2016: Institute of Public Health Belgrade (5); Todorovi¢ et al. 2020, Almeida et al. 2020: Zeleno brdo (6, 7); this study: Ada Marina (8).

Table S2. Seasonal levels of analysed species (ng m™®) in Belgrade during WeBaSOOP campaign (N=84).

Species N  Average (£ SD) Spring (£ SD)  Summer (£ SD) Autumn (£ SD)  Winter (x SD) NH (x SD) H (x SD)
PMio* 84 23943 (£ 14867) 20107 (£9724) 20289 (+ 7754) 23283 (£ 19876) 32537 (+17456) 19272 (+ 7750) 28189 (+ 18259)
oC 84 8185 (+ 6489) 5288 (+ 1790) 6412 (+ 2326) 8441 (£8330) 12996 (+ 8313) 5936 (+ 2255) 10230 (+ 8227)
EC 84 1384 (+1030) 927 (+ 450) 933 (£ 362) 1636 (+ 1106) 2140 (+ 1371) 955 (£ 492) 1774 (£ 1225)
oM 84 11459 (+9085) 7403 (+ 2506) 8977 (£ 3257) 11818 (+11662) 18194 (+11638) 8310 (+ 3157) 14322 (+ 11518)
Cl 84 135 (+ 185) 70 (£ 119) 25 (+ 49) 178 (+ 169) 285 (+ 237) 26 (£ 39) 234 (£ 208)
NOz 84 1294 (+ 1498) 615 (£ 345) 364 (£ 131) 1647 (+ 1486) 2709 (+ 1894) 478 (+ 364) 2035 (+ 1740)
SO 84 2531 (+1874) 2140 (x 1194) 3201 (x 2176) 2213 (= 2564) 2532 (= 1296) 2967 (+ 2174) 2135 (£ 1467)

NH,* 84 673 (541) 444 (+ 299) 776 (+ 609) 672 (+ 652) 815 (+ 522) 716 (+ 572) 634 ( 514)
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54
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84
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83
81
84
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58
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84
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158 (+ 132)
109 (+ 105)
409 (+ 426)
353 (+ 385)
492 (+ 413)
1.67 (+ 1.48)
2.59 (+ 2.41)
7.29 (+ 5.20)
497 (+ 375)
0.12 (+ 0.12)
2.07 (£ 1.24)
6.00 (+ 7.06)
19.17 (+ 20.80)
0.10 (+ 0.10)
1.01 (+ 0.90)
0.33 (+ 0.17)
0.86 (+ 0.88)
1.97 (+ 2.13)
0.16 (+ 0.15)
11.24 (+8.38)
3.27 (£ 2.90)
19.31 (+ 12.32)
20.09 (+ 27.58)
1.98 (+ 1.60)
12.46 (+ 12.25)
1.11 (+ 0.92)
6.41 (£ 6.79)
12,51 (+ 22.34)
55.3 (+ 103.3)
413.0 (+ 682.3)
5.01 (+ 7.97)
2.05 (+ 2.78)

156 (+ 159)
128 (+ 174)
572 (+ 694)
219 (+ 162)
611 (+ 643)
1.35 (+ 1.27)
4.62 (+ 2.80)
7.82 (+ 6.66)
512 (+ 444)
0.14 (+ 0.17)
2.49 (£ 1.20)
2.67 (+ 2.58)
3.52 (£ 4.02)
0.17 (+ 0.18)
0.59 (+ 0.48)
0.32 (+ 0.19)
0.68 (+0.75)
2.67 (+ 3.48)
0.09 (+ 0.08)
5.78 (+ 2.95)
2.60 (+ 2.46)
25.73 (+ 16.60)
35.83 (+ 46.59)
2.76 (£ 1.72)
11.56 (+ 5.24)
1.14 (+ 1.03)
3.15 (+ 2.40)
1.76 (+ 3.10)
7.9 (+ 14.1)
74.8 (+ 116.7)
3.51 (+ 4.58)
1.43 (+ 1.51)

74 (+ 31)
82 (+ 49)
347 (+ 219)
142 (+ 67)
432 (£ 252)
0.91 (+ 0.57)
1.24 (+ 0.94)
6.09 (+ 3.20)
412 (+ 234)
0.10 (+ 0.08)
1.43 (+ 0.86)
2.66 (+ 2.18)
6.93 (+ 6.82)
0.07 (+ 0.05)
0.57 (+ 0.39)
0.36 (+ 0.11)
0.49 (£ 0.27)
1.46 ( 1.10)
0.08 (+ 0.06)
8.05 (+ 4.74)
2.39 (+ 1.58)
21.62 (+ 7.63)
16.30 (+ 9.64)
1.98 (+ 1.40)
26.50 (+ 14.37)
0.82 (£ 0.52)
2.73 (+ 2.58)
0.57 (+0.37)
2.1 (£1.2)
34.3 (£ 15.5)
14.44 (+9.75)
5.51 (+ 3.14)

196 (+ 123)
107 (+ 80)
282 (+ 253)
411 (+ 439)
395 (+ 246)
1.67 (+ 1.21)
0.84 (+ 0.90)
6.59 (+ 4.02)
463 (+ 291)
0.12 (+ 0.13)
1.94 (+ 0.97)
9.38 (+ 8.20)
26.38 (+ 18.70)
0.07 (+ 0.07)
1.28 (+ 0.77)
0.32 (+ 0.20)
0.87 (+ 0.95)
1.71 (+ 1.46)
0.17 (£ 0.15)
15.84 (+ 6.67)
3.50 (+ 2.56)
11.22 (+ 7.75)
12.33 (+ 11.82)
1.54 (+ 1.87)
7.01 (+ 12.48)
0.96 (+ 0.70)
11.65 (£ 8.77)
16.21 (+ 25.82)
65.6 (+ 116.1)
545.7 (+ 779.6)
1.01 (+ 1.50)
0.78 (+ 0.85)

211 (+ 135)
117 (+ 61)
412 (+ 291)
672 (+ 488)
507 (+ 328)
2.83 (+ 1.89)
3.21 (£2.22)
8.66 (+ 6.10)
603 (+ 477)
0.13 (+ 0.10)
2.42 (+ 1.55)
8.49 (+ 8.91)
24.48 (+ 25.36)
0.09 (+ 0.05)
1.63 (+ 1.21)
0.34 (+ 0.17)
1.44 (+ 1.10)
1.98 (+ 1.22)
0.29 (£ 0.17)
16.35 (+ 11.29)
4.64 (+ 3.99)
16.80 (+9.78)
16.81 (£ 9.67)
1.65 ( 1.32)
7.79 (£ 7.14)
1.50 (+ 1.15)
7.76 (+ 6.68)
33.60 (+ 26.91)
154.0 (+ 128.8)
1066.4 (+ 804.1)
0.21 (+ 0.10)
0.21 (+ 0.09)

82 (+ 73)
79 (+ 69)
338 (+ 303)
157 (+ 88)
416 (+ 320)
0.91 (+ 0.69)
1.67 (+ 1.90)
5.87 (+ 3.79)
391 (+ 246)
0.08 (+ 0.08)
1.67 (+ 0.84)
2.40 (£ 2.14)
9.22 (+ 13.21)
0.08 (+ 0.07)
0.62 (+ 0.52)
0.33 ( 0.15)
0.45 (+ 0.34)
1.61 (+1.33)
0.08 (+ 0.06)
7.41 (£5.04)
2.36 (£ 2.12)
21.20 (+ 11.05)
17.08 (+ 15.11)
2.07 (+ 1.59)
20.66 (+ 13.66)
0.76 (+ 0.52)
3.32 (£ 4.15)
0.90 (£ 1.12)
3.6 (£ 4.9)
48.4 (£ 59.1)
10.15 (+ 9.14)
3.97 (+ 3.03)

225 (+ 137)
135 (+ 125)
471 (+ 506)
531 (+ 459)
561 (+ 476)
2.37 (+ 1.66)
3.42 (+ 2.53)
8.49 (+ 5.92)
584 (+ 439)
0.15 (+ 0.14)
2.44 (+ 1.43)
8.46 (+ 8.16)
23.00 (+ 22.02)
0.11 (+ 0.12)
1.34 (+ 1.01)
0.33 (+ 0.18)
1.24 (+ 1.04)
2.31 (+ 2.62)
0.22 (£0.17)
14.80 (+9.32)
4.04 (3.21)
17.59 (+ 13.26)
24.63 (+ 34.94)
1.92 (+ 1.62)
6.04 (£ 5.42)
1.41 (+1.08)
8.52 (+ 7.45)
23.05 (+ 26.89)
102.2 (+ 125.9)
744.4 (+ 812.0)
0.35 (+ 0.34)
0.31 (+0.28)



Glucose 84 39.69 (+25.93)  46.60 (+25.94) 60.27 (£24.71) 31.97 (+15.09) 17.16 (+10.43) 5846 (+23.73)  22.62 (+ 12.72)
Fructose 84 1016 (+8.46) 1537 (+8.73) 15.00(+7.56)  6.41 (+4.76) 251 (+ 1.44) 16.32 (+ 7.54) 4.57 (£ 4.41)
Mannitol 84 3950 (+32.85) 4573 (+2752) 74.03(£28.88) 24.81(+16.04) 9.12(+558)  66.68 (x27.15)  14.80 (+10.14)
Arabitol 84 3484 (+26.85) 43.67 (+2522) 57.73(£24.05) 2502 (+1657)  9.63(£5.55)  56.75(x21.63)  14.93 (+10.73)
Trehalose 84 1617 (+1151) 2041 (+13.15) 2517 (+9.36)  11.07 (+5.26)  6.48 (+3.49) 2451 (+11.17) 8.59 (+ 4.37)
Inositol 77 3.15 (+2.16) 3.55 (+ 2.48) 3.83 (+ 1.77) 2.92 (+ 1.55) 1.71 (+ 2.28) 3.96 (+2.12) 2.26 (+1.85)
Erythritol 84  4.36(x5.17) 4.08 (+5.07) 8.19 (+7.13) 2.77 (1.99) 2.00 (1.34) 6.95 (+ 6.42) 2.00 (+ 1.54)

NH — non-heating season (April 15" — October 15"), H — heating season (October 15 — April 15"), N- number of samples, N — number of samples used for the source apportionment.

*A complete gravimetric PMio time series, aligned with co-measured species (EC, OC, ions, and trace elements), was unavailable. Missing PMo values were gap-filled using data from

the GRIMM instrument when it agreed to within £20% of aerosol mass closure derived from the other measured variables; when GRIMM PMio was outside this range, the mass-

closure value was used instead. Mass closure (MC) was calculated as MC = lons + Mineral Dust + OM + EC + Trace Elements, where OM = OC x 1.4 and mineral dust was

reconstructed as Dust = Ca x 1.5 + Al/0.53 + Al/0.53 x 2.5 + Na + Mg + K + Fe. This resulted in final PMo assignments for 40 samples from GRIMM, 25 from mass closure, and 19

from offline gravimetry.

Table S3. Correlation coefficients between the species included in the PMF.



PMoc ec or N0 SO N Mg Al K ca V. Mn Fe Cu A Rb st Cd Pb Ti Sb s G:' Mg”” '-g" nﬁE ,3” ?j' Fru M?"” "";’ Tre
PMo 100
oc 100
EC 100
Cr 061 063 058 100
SO# 056 048 030 011 027 100
NHe 057 053 034 025 048 - 1.00
Na 050 042 046 - 051 003 004 100
Mg 046 019 019 028 015 011 000
Al 036 009 004 019 013 010 007
Ca 054 026 026 021 017 020 004
v 059 027 027
Mn 039 031 020
Fe 040 030 019
Cu 057 066 067 047 055 015 020
As 067 053 068 035 045
Rb 065 068 033 033
sr 042 019 016 023 008 011  -0.01
cd 034 047
Pb 065 035 034
Ti 028 002 001 007 005 000 03 100
sb 0.66 051 030 027 030 1.00
SN 042 049 066 040 046 004 011 ob1 049 100
Gala 0.39 004 058 051 1.00
Mz”” 0.38 003 062 082 1.00
Levo 037 ops 060 054 1.00
ZME 00 010 o022 o3 03 082 035 .5 05 002 o030 % 02 o004 004 020 020 021 008 027 002 006 008 o027 o032 O3 o3 L0
ZMT o004 012 o028 040 03 046 029 o5 o oo om %% 02 0038 008 022 021 02 007 030 007 005 0l0 027 034 O3 o3 - 100
Gl 0% oke o3 om 047 005 010 olo ol o ou ox  oas o035 03 03 0% 043 o024 ods o2 o0x o035 o om 041 oy 04 o 17
FU  ola ok oz o 048 02 003 i ote oh ok 007 o3 o o1 ok om0 o003 osm oz %2 ol osm osm 04 g 08 ost 0% D
Mann ; ; ; . 051 015 000 : ' ' ) ' ) : ' ; ; ) ¥ ) ‘ ¥ : : y 046 ) 058 058 - %6 100
i 030 030 035 053 050 029 023 049 023 048 030 020 039 038 045 019 049 027 018 033 035 047 048 9
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Correlation coefficients were interpretted according (Schober et al. 2018). Correlation coefficient between 0.40 and 0.69 was considered as moderate correlation (yellow), 0.70 to 0.89

strong correlation (green) and 0.90 to 1 very strong correlation (blue). Gala —galactosan, Manno — mannosan, levo — levoglucosan, 2-ME — 2-methylerythritol, 2-MT — 2-methylthreitol,

Glu — glucose, Fru — fructose, Manni — mannitol, Ara — arabitol, Tre — trehalose.
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Figure S2. Fingerprints of identified factors in Belgrade; Biomass burning (BB); Long range transport and local combustion (NaClI/COMB); Mineral dust (MD); Primary biological aerosol
(PBAP); Biogenic secondary organic (BSOAsopprene); @ammonium sulfate; Traffic/ Industry (TRA/IND); Gala —galactosan, Manno — mannosan, levo — levoglucosan, 2-ME — 2-methylerythritol,

2-MT - 2-methylthreitol, Glu — glucose, Fru — fructose, Manni — mannitol, Ara — arabitol, Tre — trehalose.
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Figure S3. Factor contributions to total PM1o mass concentration. Biomass burning (BB); Long range transport and local combustion (NaCl/COMB); Mineral dust (MD); Primary biological
aerosol (PBAP); Biogenic secondary organic (BSOAsopprene); ammonium sulfate; Traffic/ Industry (TRA/IND).
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Figure S7. Locations of the thermal power plants closest to the Ada Marina monitoring station. TP — thermal power plant (Source: © OpenStreetMap contributors).
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Footprint emission sensitivity for DUST-401 Footprint emission sensitivity for DUST-410
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Figure S8. Mean 3 hour surface footprint (residence time of an airmass over the surface before reaching the receptor) of the PMF factors for Ada Marina and for the four peak days in the
NaCl/COMB factor time series, obtained from FLEXPART model runs.
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Figure S9. Location of the main depot of Belgrade metro that was being built during the sampling campaign (Maki§ station); source: Belgrade metro and train
(https://bgmetro.rs/index.php/en/bg-metro/projects/line-1-phase-1).
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Figure S10. Location of the KoSutnjak forest and Ada Marina monitoring site (Source: © OpenStreetMap contributors).
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Figure S11. HYSPLIT model on 14" October 2023 and location of the monitoring site and “Nikola Tesla A” Power Plant (Source: © OpenStreetMap contributors).
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