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Distribution of Ambient Ammonia Concentrations by
Emission Source and Its Influence on PM, 5 Levels:

Evidence from Field Measurements in Gimje, Jeonbuk,
Republic of Korea
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Abstract Ammonia (NH;) is a key precursor governing the formation of secondary inorganic aerosol (SIA) in PM, s through
the production of ammonium sulfate and ammonium nitrate. In the Jeonbuk region of the Republic of Korea, where over 90% of
NH; emissions originate from the agricultural sector, PM, 5 concentrations persistently exceed the national air quality standard,
underscoring the urgent need for quantitative evidence to inform region-specific NH; management. However, studies that
directly resolve the quantitative relationship between NH; and PM, s using concurrent field measurements—rather than
monitoring or modeling approaches alone—remain limited. In this study, NH; and PM, 5 were simultaneously measured over 16
weeks during spring and autumn of 2025 at five sites representing distinct NH; emission characteristics (livestock facility,
industrial complex, agricultural land, rural residential area, and background site) in the Gimje and Jeonju areas, and the
quantitative coupling between the two pollutants was evaluated. NH; concentrations exhibited pronounced spatial
differentiation, with a 10.8-fold difference among sites and decreasing in the order of the livestock facility (119.15 % 35.40 ppb),
rural residential area (29.17 +8.46 ppb), industrial complex (26.27 £ 6.56 ppb), agricultural land (15.91 +6.45 ppb), and back-
ground site (11.08 +3.37 ppb). In contrast, PM, s showed no statistically significant inter-site differences (p=0.184), with a
comparatively uniform overall mean concentration of 15.21+8.42 ug m™3, confirming that the two pollutants are governed by
fundamentally different atmospheric behaviors. Furthermore, the NH;- PM, 5 relationship diverged into two distinct regimes as a
function of NH; emission intensity, and the exponential decay of the NH;/PM, 5 concentration ratio (ug m=/ug m™) with
increasing PM, s concentrations (R?=0.553~0.874) demonstrated that NH; functions as an actively consumed precursor in SIA
formation across all sites. These findings provide empirical evidence that prioritizing emission control at high-emission NH;
sources constitutes the most effective policy approach for region-wide PM, ;s management.
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Fig. 1. Locations of the atmospheric NH; and PM, 5 sampling sites (PG1~PG4 in Gimje and PJ in Jeonju) in Jeonbuk State,
Republic of Korea, with a regional location map (centered on Gimje city).
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Fig. 2. Field installation configuration of the NH; passive sampler, PM, s sensor, and temperature/humidity data logger

deployed at each sampling site.
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21t} (South Coast AQMD, 2022a, 2022b). E3F, Air-
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Radiello passive sampler®] &t EAJo] 7|9kt Fick
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(a) PG1: Livestock facility area
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Table 1. Descriptive statistics, one-way ANOVA, and Pearson correlation results for atmospheric NH; concentrations at each emis-
sion source site over the 16-week sampling period.?

A. Descriptive statistics of atmospheric NH; concentrations and one-way ANOVA results

Order Site n Mean (ppb) SD (ppb) Min (ppb) Max (ppb) Median (ppb)
1 PG1 16 119.15 35.40 58.88 179.08 106.11
2 PG2 16 26.27 6.56 15.96 43.31 25.49
3 PG3 16 15.91 6.45 8.12 27.54 13.05
4 PG4 16 29.17 8.46 16.66 45.73 26.39
5 PJ 16 11.08 337 6.83 18.16 9.65

One-way ANOVA: F(4, 75)=112.43,p=6.89 X 103",

B. Pearson correlation coefficients (R) between atmospheric NH; concentration and meteorological variables

Temperature vs. NH;

Relative humidity vs. NH3

Order Site n
R p R p
1 PG1 16 +0.3139 0.236 -0.3851 0.141
2 PG2 16 +0.4870 0.056 -0.0081 0.976
3 PG3 16 +0.1509 0.577 -0.7269 0.001
4 PG4 16 +0.2235 0.405 -0.7628 <0.001
5 PJ 16 +0.1999 0.458 -0.8321 <0.001

*Weekly-integrated NH; concentrations (n= 16 per site) collected from 2 May to 24 November 2025.

SD, standard deviation.

HH% A FE B4
E47 A= EH—"—H E‘r G1olA= 3
58.88~179.08 ppb2] W2 W= HFAI(CV~
29.7%), 1= FAF &), wir WHE- W, T 2] Al
H) 5 EAE- 3124 viE Aol 37t 74 Fko
213 vrd e 23z st v PG2 (15.96~43.31
ppb, CV ~25.0%), PG4 (16.66~45.73 ppb, CVz29.0%)
PJ (6.83~18.16 ppb, CV ~30.4%)= Atld oz &
A 5= 25 G512 M, PG3( 8.12~27.54ppb)—‘:
CV7} €F 40.5% 2 7H ot vl 5 Al-gof 51 T
AE4 Wk Aol 3 WEAdol aA 75k
& AR

AAE S A= oAl 23 o] AE 2112]9] ¢
goll Qlof HiEd B/l wE FEIgt Afo]E Erfy]
Atk PG19} PG2oll A= 22 74 (7F2 ) =1 W9
ol A = 11X 7F 15 ¥HH (ZH2F 179.08 E 43.31
ppb), PG3, PG4, PJIAE 17} &7 (B3) F4tel
Wa~W5l| 4 X[ 12| 7F IS E QITh(ZH2E 27.54, 45.73,
18.16 ppb). ] Tt 914 2H= & 71 2F9] o] A Wt

o= Ao M dct. PGt PGzoML W9 Al

o] F Wt 7]20] 28°CE AF3|oh= & 27 stoflA
7HE e Y B AR "JEETEH g7 3ol 7
she Zlo] 112 g4 7]oigt o g Kol E5
PG29] 7% Aty If uiZol tlaf 1T F4t-57
HjE9] obA ti7] 2 9 gt 7|7t S =S 7t
SA4o] =t} ¥ PG3, PG4, PJol A= &4 7]H]. 5
H| Algofl b ©7] ek viE Aol B T
o] AA 2ge A Aoz wtd oh, 54

Ta T Wi4~wieo] A4 HE oA 5k
D47t 3EA o2 SelEglon, PGI, PG3, PG4=
W16 A ZZte] = 2| 4%] (58.88, 8.12, 16.66 ppb)
of mEste] =7k A& £ stollA 9] 3 A7t
AAE Drjof B354 0= 28552 AR

7\AyekA =2l o] A2}A 7]0d= Pearson AFTHEA]
(3 1B)oA FIET AJiEE (RH)9F NH; 5
Z+ell PG3 (R=-0.727, p=0.001), PG4 (R=-0.763,
<0.001), PJ (R=-0.832, p<0.001)°14] SAZH o=
ot ZFet 9] Aol WS u|of, FAHA - vl vl

i

4 S i

J. Korean Soc. Atmos. Environ., Vol. 42, No. 3, September 2026, pp.426-447



o
ol
=)
ﬂ
rg
=
=
02
Pal
o
ol
ol

o] AR AHANA= 7143
20 24 802 48U LU
L7t A1 FAA wjE AP e] "lkert
PG2oA= 7] - RH2}FS] Pearson AFEHA|
A2 §ol51) 2ok(p>005), 714
I} =2] wiE sl ol e 2
ok 714 IAPE At 7o) e S 2 ot
HeEF A 2= 3 380 A A =

z310] A

)

i
=
i

r

o

-
L
b
3

_\'1‘:1‘

_IO[[
)
&
e for ofm

3.1.2 HiE¥
oA A=A

2 1 210l T2 NH, 555 AT
N

2 Woksk) $19l, 21 1%

H, %

] A

s AAIES] #{F@. R
& A7 Y 2] v 23
oA RE A=
of th-SAIA 24
=5 AR 3E HlEE B
8% A9 F7tell w5
oh= A 4] 7Bkl 7IdiE .
PG17} PG20l A= o]2|3t o] 22 7]t} Feloh=
negative slope®] THZE|THPGI: slope =-0.023, R? =
0.331; PG2: slope = -0.021, R*=0.513). 53| PG2= F]

_\.4 r-lo

N

o] 7 AN
Star o]2 A4 2t A4 A2 (km)
ACHLH 4). o] 242
AR 71 el 52 7
T el gas

It Pearson %

1 (a) PG1: Livestock facility area
0.8 4 0
0.6

oo

Pearson correlation
coefficient (R)

Pearson correlation
coefficient (R)

A 2421 PG4 (3.5km)SF R=0.482E5 H Sl ¥, 3]
% 014 Z3Q1 PJ (24.0 km)2F= R=0.024¢] E3}s}
of, AAA] A wjEe] F7HA A EAo] v A
F35H 2EE 900

T, PG32}F PGaol M= 7] F7tol mhet 23]
o] F7Vsk= positive slope©] E1% o] (PG3:
slope= +0.014, R*=0.301; PG4: slope = +0.010, R*=
0.409), 71 A A4 o3 itE= = et
H3lth ol & A7 Ao A 1+ g #3271 A
214 d/dol ozt v 73 Aol ofsl
A o2 AR L2 AALRITE LA 2 PG3
= <4 AHQ] PG2 (8.5 km)2ke] Aol R=
0.173°] 13t 5, 2% 012 273491 P (32.6 km) 2}

= R=0.804% 7P et AdeE YW oIT ol=
PG39} P] R 733t =2 2] NH; H&-do] FAIeH &
A B B4 BRHE U, 98T PG
41 169 Jo2 qla) g Azl
sjglo] 2RH0 = Ao]s}
Q7] o2 S|4 Eet pGa JA] 5L =2, HT
A A4 PG2 (3.5km)2Fe] AFEd (R=0.482)°] 94

iy

14 (b) PG2: Industrial complex

4
©
.

5
O

=-0.0208x + 0.5527
0.4 0.4 y
y =-0.0225x + 0.8614 R?=0.5134
R*=0.3314
0.2 § 0.2 q
0 T T T T T T ] 0 T T T T T T S
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Inter-site distance (km) Inter-site distance (km)
15 (c) PG3: Agricultural land 1+ (d) PG4: Rural residential area 11 (e) PJ: Background site

S 08 & 0.8 S 08

S 2. O O g ©) O

k13 o S y s £ .. ©

S 06 2% 061 ££06-

8¢ 0 $¢ | o 83 0

§5 041 8% 01 §%0'4_ -0.0011x +0.7157
=-0. +0.

58 y =0.0139x + 0.3167 59 y = 0.0095x + 0.5747 58 v Rz = 0_’;041

& 024 o R? = 0.3006 & 02 R? =0.4093 S o2l

0 T T T T T T ] 0 T T T T T T ) 0 T T T T T T ]
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Inter-site distance (km)

Inter-site distance (km)

Inter-site distance (km)

Fig. 4. Relationship between inter-site distance and Pearson correlation coefficient (R) of atmospheric NH; concentrations for
each emission source site. (a) PG1, (b) PG2, (c) PG3, (d) PG4, and (e) PJ.

Sty | et AstE|X| M 42 H M3 &



AZL|OL HiEHE O7| & FELI0F S EE & PM, s S=0f| D|X|= S A1 H5

217391 PG1 (10.8 km, R=0.763) & PJ (25.1 km, R=
0.764)9+] 7P Bt A=]s] BA HSE

PIofl A= Aot AT Tholl Faivt ko] vt
=] 7] ekt (slope=—-0.001, R*=0.004). ©]= PJ7} &
7 HiEEe] S duEA U HTh T4 7]
EotE viE v B4 Wrds] flRos woE
k.

TS, 2 A 219 9] NH, 3% A 52+ A
22 A Roh= e /39 2F fAMel ofsl A]H)
Ao g ARE= Ao WE, o= T passive
sampler 7|5t NH; ZUE P HEZ AA Al A 7]
H 23 2] B} viEd 54 718 23] AAdo] 1

A 3 SEo) A A 4 Aa& AARIH.

ol

)

3.1.3 AHE(E-7I2) NH; SE H|e

16+ 54717 B2 (12: WI~W8, n=8) 7h=
A 22k W9~W16, n=8)2 Fato] viEdd Hat
NH; 5585 H| 23 23}, PG1, PG3, PG4, PJ9] Y] A
HolMe 4 s&7t 7HEEET =7 B5H vhy,
PG2olA= oleF AdutE = o] SlE It (1|
S4a).

=4 A S Bl 2S00 24 diH] 7
A G 5 TAES PG3 (41.0%) > PJ (34.5%) >
PG4 (25.0%) > PGl (17.0%) <22 Uepgth A%
o] 7 & PG3} PJ= AHA| & A =Tt A o=
wol =l F& D 718|et FH7F 3~68ol A5
He o e EY % 7S i 719 NH; 912 HlE
o] AEZ Zpolof| iAo g FIFsHA HHge Ao
2 "=t (Marais et al., 2021; Kim et al., 2020). ¥1H
PG19] Fa-go] 7P @A Uehd 22 SAIREH
O ZgAl afEo] AlE WE4E Afstalr] dlwe
= Ak gt 221 S4o] 119 F- Ske7/kA] 2
o] W14~W16 17Fe] A2 Zio| A gfido] oA
H AG1L1A)E 7eE Bk skl o €A
Fi 7]ojgt o & watEch

Y PG2o A= 7Hd Bt 5= (28.73 ppb) 7F &
7 (23.81 ppb) T} F 21% =2 97 o] TEE )

Zo] 9

o]
ot o= 4tel 719 NH; Hi

A
o] & F7°ll 5= A]

YAl Riel A5 K12 F4o= 435

e Q1914 B HlE EHS wrgsie

™ (Yan et al., 2024), 7Fd B2 A
A Q212 3118004 71&3t Hiet Zo] woo] =

=)

a2

TG, 2 A7 A9 NH; AE HE2
= HEdoME B2 A0 Ay Fe

B, AT 2 Sl o A =
ofetElE AC® SRIE . ol HiEYE

o] o] Fxe= & 32484 =2ste A
1=}

o e

)
o oX
me pE oox O rE dr -

K ol

P
o
1o
2,

f
oy

N
:Iog
1%
=2
ofy
Fo
sk
N,
2

3.2 HIEHE -AEE 7] & PMys S 2=

3.2.1 HIEHE PMys S XI0| & A|HE HE

16 S4717F Bk oAl 7oA et 23t
T PM, 5 5= PG2 (18.49 ug m™) > PG1 (17.08 ug
m~) > PG3 (14.94 ug m™) > PG4 (13.57 ug m™) > PJ
(11.98 ug m™) <=0 2 AFZSEQTHIH 5, & 24). 1
2o Z3L 2 (PG2)T A A (P)) T Bt B
H|E= oF 1.580] 25 2™, one-way ANOVA E4 2
T 23 7 FE Aol FAXCE FofobA] gigttt
(F(4, 75) = 1.60, p=0.184).

ol A¥t= NHyollA E=5% A4 7+ 2 10.8
aio] A gl w22 {014 (F(4, 75)=11243, p=
6.89x 1075 3 1A)7} F-3lo] tjH]=]H, 2 A 2]
oA NH; F=7F & 3ol ool Aujze= A
A== A g2, PM,; sE+= EY 730 o
A 2t AR ol EEehA] Rol=
TEOR ZAEGLS HFith o]= PM, 59 Hi7]
F AR ARtol #U~F5E NH; (5 A~d)ol
H|5f| f=]5] dof F 5o tf7] S} 50| ¢
AISHA 28314 (Seinfeld and Pandis, 2016), A& H
A PM, s Do) A4 F2ol SIA 2 A2 =5 719
2HE ZAHc= A9 = Z3}H(Nam et al,, 2023)
oF AetAlo|t.

ol2{gk F3+4

o

I AEEA =)

FARE F7 AAD WE P
=

il

J. Korean Soc. Atmos. Environ., Vol. 42, No. 3, September 2026, pp.426-447



- Mean PG1 —PG2 —PG3 —PG4 ——PJ

S 40

£

€

8

g 30 1

O =~ 3.03
ek

SE 20

oz

2

3 10 4

-§ 17.2 15.8
g Cross-stie mean [

- 0

W1 W2 W3 W4 W5 W6 W7

w8 W9

W12 W13 W14 W15 W16

Sampling week

Fig. 5. Weekly atmospheric PM, 5 concentrations at each emission source site. Bar graph represents the cross-site mean(+ SD)
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Table 2. Descriptive statistics, one-way ANOVA, and Pearson correlation results for atmospheric PM, 5 concentrations at each

emission source site over the 16-week sampling period.?

A. Descriptive statistics of atmospheric PM, s concentrations and one-way ANOVA results

Order Site n Mean (ug m™) SD (ug m™) Min (ug m™) Max (ug m™3) Median (ug m™)
1 PG1 16 17.08 9.16 7.29 33.99 17.82
2 PG2 16 18.49 9.39 742 35.05 18.88
3 PG3 16 14.94 7.99 6.14 30.69 15.77
4 PG4 16 13.57 7.58 4.75 28.92 13.64
5 PJ 16 11.98 7.09 4.01 2591 12.44

One-way ANOVA: F(4, 75)=1.60, p=0.184.

B. Pearson correlation coefficients (R) between atmospheric PM, s concentration and meteorological variables

Temperature vs. PM, 5

Relative humidity vs. PM, 5

Order Site n
R p R p
1 PG1 16 -0.3959 0.129 -0.8378 <0.001
2 PG2 16 -0.3475 0.187 -0.8184 <0.001
3 PG3 16 -0.3584 0.173 -0.8634 <0.001
4 PG4 16 -0.2450 0.360 -0.8376 <0.001
5 PJ 16 -0.2362 0.379 -0.8330 <0.001

*Weekly-integrated PM, s concentrations (n =16 per site) collected from 2 May to 24 November 2025.

SD, standard deviation.
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Fig. 6. Linear regression analysis between atmospheric NH; and PM, 5 concentrations at each emission source site. (a) PG1,

(b) PG2, (c) PG3, (d) PG4, and (e) PJ.
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Fig. 7. Exponential regression analysis between atmospheric PM, 5 concentration and the NHsz-to-PM, 5 concentration ratio
(NH3/PM, 5) as an indirect indicator of the relative contribution of atmospheric NH; to PM, 5 formation at each emission source

site. (a) PGT1, (b) PG2, (c) PG3, (d) PG4, and (e) PJ.
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Supplementary Materials

Table S1. Preparation of NH,* standard solutions for ion chromatographic (IC) calibration of atmospheric NH; concentra-
tions.

A.NH," primary standard solution

a. Product information b. Certified concentration of each element

Supplier Highpuritystandards (HPS) USA Element ug mL™!
Product number 1C-4-100 Na 1001
Matrix H,0 NH, 100+2
Purity >99% Ca 100.0£1
K 1001

Mg 100.0+ 1

B. Preparation of NH," calibration working standards

Mixing volume (mL)

Target concentration Dilution ratio

Standard ID 0
(mgmL™) PS DW2 (v/v)
Primary standard (PS) 100
1st working standard (1st WS) 10 1.0 9.0 10% (1:9)
Final working standard (F-WS) 1st WS DW.?
F-WS1 0.1 0.1 9.9 1% (1:99)
F-WS2 0.2 0.2 9.8 2% (1:49)
F-WS3 0.5 0.5 9.5 5% (1:19)
F-Ws4 1.0 1.0 9.0 10% (1:9)
F-WS5 2.0 2.0 8.0 20% (1:4)

2D.W.: Distilled Water

Aqueous Instrument: Eco IC (Metrohm, Switzerland)
extraction Flow rate: 0.9 mL min~!
.;J E (10 mL D.W.) Column: Metrosep C4-150/4.0 (length 150 mm, ID 4 mm)
3 Eluent: Nitric acid / Dicipicolinic acid concentrate, 5% (v:v) (1:19)

E' | o] E / (HNO3: 34 mmol/L; Dipicolinic acid: 14 mmol/L)

N

Atmospheric NH; ’ T | I I
in ambient air » » » { » ‘
]
i :

Ultrasonication

(45 min) T '
NH; passive sampler cartridge NH,* extraction SyHnge filtsr Cation analysis by IC
(RAD168, Radiello, Italy) from adsorbent HYUNDA,(&IZC‘,‘Q T?LZEL?& of Korea) (N HZ,+) y

Fig. S1. Schematic diagram of the sample pretreatment and ion chromatographic (IC) analysis procedure for NH; passive
samplers.
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Fig. S2. IC analysis results of NH," calibration working standards (F-WS1~F-WS5). (a) representative chromatogram of five-point
calibration standards (0.1, 0.2, 0.5, 1.0, and 2.0 ug mL™"), (b) calibration curve and QC results from the 1st analysis batch (2025-06-
23), and (c) calibration curve and QC results from the 2nd analysis batch (2025-10-20).
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