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Abstract A deep neural network (DNN) model of multi-layer perceptron with 3 or 4 hidden layers is developed to predict the
air qualities. The DNN model takes the past 3 days of the hourly concentration measurements of the pollutants (CO, SO,, NO,, O,
PM;,, PM,5) and the meteorology data (wind speed, wind direction, air temperature, air humidity), and then predicts the hourly
concentration of the pollutants for the next 24 hours. The DNN model was compared against the observations from all
nationwide air quality monitoring stations which includes 115 sites in 7 metropolitan cities in South Korea. The index of
agreement (IOA) was found to be 0.7~0.8, based upon the 6,505 comparison data sets from January 1, 2017 to September 30,
2017. In the unit of air quality grade, which can be evaluated from the pollutant concentration level, 60%~80% cases of the
DNN predictions agree with those of the observations. For the region-wide PM;, grade, the DNN predicts exactly the 75%~85%
cases of the observations, which is in about the same accuracy range of the numerical air quality models of the current operative
use. Yet, for the region-wide PM, 5 grade, the cases of the accurate predictions of DNN is about twice of those of the numerical
model. In the metropolitan Gwangju, for an example, the DNN predicts exactly the 211 next days of the PM, 5 grade, while the
numerical model forecasts just 120 days correctly.

Key words: Deep neural network model, Machine learning, TensorFlow, Air quality model, Numerical model, National air quality
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1. § =2 23] (Artificial Neural Network, ©|5} ANN), Support
Vector Machine (SVM), &t% 22X AH 3R F
714 st FAH 2Eo] A= FE9] (Multiple Logistic Regression), Random Forest (RF) 7]
Zf =] o] %}E} (Goyal et al., 2006; Hooyberghs et al., ¥ 5] Z3%[o] St
2005). =2 L dof| HISjA] A4t& L7 - w2t A& A7 (Deep Neural Network, ©]5} DNN) &
Hol TAA Rdo] i, Ads] FdE B¢ P2 ANNQ IF<ld o8 /o] 2YF-S Adrt=
BAA BEo] o & Aot Bt A REHT £ Ho] EAo|th (Schmidhuber, 2015; Bengio et al.,
Z1 0 2 ® 5|0} QJth(Hrust ef al., 2009). 2013). 2Y=o0] WSLE SH A7t} ¢JAteko] =
EAA Bdof tigt AAbElolE &2 AW R ket A e EAZE AR of 7] o] Tl ot
% (Shallow Neural Network, ©]3} SNN), &3 3+ sjZ2H<ro] Hinton (2007)°] 234 AAE o]F o
1709] 245 (hidden layer) 0 2 /45 Q15 AW 2 ool 4 DNN Atgo] §25] =1 Qlct. o
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(Shahraiyni and Sodoudi, 2016).
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216 ZYS, 08, HYE, YA

g¥sto] A-gsint

B 714 AR 9] AEX]= k-nearest neigh-
bor (KNN) L7258 A8 oke] 745}, 2 @7
A= R studio®llA A|-F5t= DMwR 7] 2] 9]
knnImputation () &5 ]85t (Torgo, 2010):
k=10, Scale = TRUE, Meth = weightAvg.

2.2 DNN 227N

DNN 22| 24 Fx, & 2YF 9| 7f4et 7+ &
Lt BEE A fleiA & 5
FAA Y] PEARE BESIITh ti71E A Em=
oA SUlE BS54 (H71E BSAaHe s
toE & AHE-SHATHNIE, 2017). 7174
AFAAN (71 BEAN D 133)9] Hloje
ATH(KMA, 2017). 2015 01€ 03Q4HE 2017 03
9 289747] oF 3] A4 AITHE Hlo]H (19,5847H)
= ARgSHn 11 SollA ASE SlsiA 2017 03
A 2995 20174 06E 29L71A] oF 3701 Y HaFo

IIU

Fgs

=

A7rE 44 dlolH (2,1367)) 2 A&tk a52
gt dlolel= F&5] Zojof sh=tl, X 2] S5

o]g 7]7He DNN 2 el o] A= 7%9} BA|o] A
gt gepditt sk HolHE 58714 DNN 29

&

)

= pa
o AZHFEE S 23 815717t0] 3 of
S Bl ASHEE 1§ ol FLEA] st

ojuj o £ (epoch)+= 503], HiZ] (batch) 27|+ 512
= Aokl

72t AFO 27] 7FsAE AAE B2 E (Trun-
Hate] 2ufE e 2 g2 Aol
o|Asto] sttt DNN ot5A] A9 (Loss
| Adtohs o2 = Adam (Kingma,
and Ba, 2015)= &-§5t9t}. &4 %<= Mean Abso-
lute Error (MAE) 24 % 2|5}t

Z|2©] DNN R4 A4sl7] fisto] mdlo] -
AL AR IS A2 5 AR

catedNormal:

function) =

Sole), 23405 249 DN BIFEE 1
WAt #1094 2YEE Tee 2HkE

7dotA] opdl 24 Axfo|rt. o]4kahd A (NO,),
dA =2 é‘(PMm, PM, ), dAteteta: (CO)ol -5
g 100749 24 LEE @olqlth oF
(05)© ~°r JEAZANA 77 =AH= 10071,
40071, 20071] = EE 2UAZTHE g5t o]
A8l (S0,) 9] 739 ZH2F 10071, 20071, 100709] ==
£ ddstalch

Hzx NEoA= BE 2A=Hol oA 478
%_2 Hi 0] 01_7." /R%;(—]o].o:] MoJ ]‘5&‘4’
O]AFS} 4= (NO,)LF 2 (0,)9] ¢ A7t
1 e5t7] fiste] AA D] tigt 12+ convo-
lution layerS 5715t A} IS4} FdE =
A& AR o]of] o] F 712] &4 of| tioiA= 4

o] 2YF o= AT A6k
3 19114 dense layer= }=l3} &3 o] 2hxds] A
oJn|5}HH, units> ol Z3HH k&

5‘; m

©

piy

3

M 1o

o &

I

I
010]1_ =0
AL o=

2
=& <Julgtet. Convolution layer=
2] FolA Atst=

Zold], filters=

ol
convolution AATHEFA]

convolution layer®] 7

Table 1. Configuration of the DNN model.

Pollutants Layer configurations

#1 convolution layer - filters:48, dropout: 0.2
#2 dense layer — units:100, dropout: 0.2
#3 dense layer — units:100, dropout: 0.2
#4 dense layer - units:100, dropout: 0.2

NO,

#1 convolution layer - filters:48, dropout: 0.2
#2 dense layer - units:100, dropout: 0.5
#3 dense layer - units:400, dropout: 0.5
#4 dense layer - units:200, dropout: 0.5

O3

#1 dense layer — units:100, dropout: 0.2
PM;, #2 dense layer — units:100, dropout: 0.2
#3 dense layer - units:100, dropout: 0.2

#1 dense layer — units:100, dropout: 0.2
PM, 5 #2 dense layer — units:100, dropout: 0.2
#3 dense layer - units:100, dropout: 0.2

#1 dense layer - units:100, dropout: 0.0
SO, #2 dense layer — units:200, dropout: 0.0
#3 dense layer - units:100, dropout: 0.0

#1 dense layer — units:100, dropout: 0.2
cO #2 dense layer — units:100, dropout: 0.2
#3 dense layer - units:100, dropout: 0.2
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o] £~ 9Ju]dlth. Dropout 2t 2YASS LEZ
HH gz o s AAlshs =29 Hlgolth(Dahl et
al,, 2013). 857 A5 4-S FHESHHEA] dropout?]
25 AAstolrh tiF-29] % dropout 0.2

7k AstdEd 45 B¢ 00 22 057 A5
}.

BN TS AT 2 WP TS of
AP 4 (NO,) 2t HIAIHA] (PM,, PM, 5)2] 79l
= ReLU (Rectified Linear Unit)E Z-&35}Ith L #]
S 40] tsfA= LeakyReLU (Leaky ReLU)7} 2}-85
%At} 7} o] Aol the Tt 2k

ReLU (x) =max (0, x) (1)

LeakyReLU (x) = max (0.1x, x) 2)

DNN 289 | 5275 B52=9} vluwe}] 9]
5ol T0A (index of agreement, Willmott et al., 1985),
ME (bias), NRMSEE 4F&3dto] I 20 A|A|SF T}, Z¢
TAFE o A0l QoA AHEsHT

i(oi 7Mi)2
0A=1-————— — (3)
(M~ 7] + o, - B
ME (bias) = - $3(0; ~ ;) )
NRMSE = 1/—2(0 5)
1—1

oA71A 0 TE A (AT BdsT)olH M2
DNN 28 Zf (1A Hatso] digh 244171 o1=)

Table 2. Statistical Indices of the hourly DNN predictions
and the national air quality monitoring station, #525111
(Daejeon), during 2017.03.29.~2017.06.29.

Pollutants I0A ME NRMSE
NO, 0.654 -0.103 53.612
O3 0.793 3.925 42.249
PM;q 0.549 10.944 62.787
PM, 5 0.660 -0.426 43.693
SO, 0.547 0.115 71.199
co 0.625 2.457 33.829
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Fig. 1. Scatter plots of the DNN predictions and the hourly averaged measurements at station #525111 during 2017.03.29.~
2017.06.29.
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Fig. 2. Time series plot of the DNN model predictions (black solid lines) against the hourly averaged measurements (gray fill)

during 2017

.01.04.~2017.09.29.
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Table 3. The national air quality monitoring stations in
Korea.

Number of stations

City

Total Urban Roadside
Seoul 34 23 1
Busan 20 18 2
Daegu 10 9 1
Incheon 17 14 3
Gwangju 9 7 2
Daejeon 10 8 2
Ulsan 15 14 1
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Table 4. I0A averaged over each metropolitan area and all national air quality monitoring stations during 2017.01.04.~
2017.09.29. (blue for I0A value of 0.0~0.6, green 0.6~0.7, yellow 0.7 ~0.8, red 0.8~ 1.0).

STEPO1 STEP24
CO NO, SO, Oy PMp PMys | CO NO, SO, 0;  PMy,  PMys
Urban 0756 0747 0613 0839 0704 0738 | 0767 0763 0608 0842 0699 0743
Seoul  Roadside 0737 0741 0691 0738 0705 0745 0746 0685 0741 0729
All 0750 0745 0638 0807 0705 0738 | 0760 0758 0633 0809 0709 0743
Urban 0745 0697 0507 0761 0699 0698 | 0755 0708 0509 0768 0681 0707
Busan  Roadside 0712 0794 0559 0695 0699 0700 | 0703 0791 0532 0726 0668 0.696
All 0742 0706 0514 0754 0699 0698 | 0749 0716 0511 0764 0680 0706
Urban 0762 0772 0655 0859 0694 0729 | 0783 0783 0659 0859 0702 0752
Daegu  Roadside 0843 0764 0719 0850 0788 0805 | 0859 0781 0721 0854 0809 0.828
All 0770 0771 0661 0858 0703 0737 | 0791 0783 0665 0859 0713 0.760
Urban 0751 0704 0541 0798 0653 0684 | 0763 0715 0532 0804 0641 0683
Incheon Roadside 0720 0750 0559 0765 0675 0653 | 0731 0757 0549 0777 0645 0.656
All 0745 0713 0544 0792 0657 0679 | 0757 0722 0535 0799 0642 0678
Urban 0761 0754 0642 0838 0707 0694 | 0773 0760 0635 0847 0681 0719
Gwangju Roadside 0681 0762 0710 0820 0738 0704 | 0688 0782 0713 0830 0740 0.740
All 0743 0756 0657 0834 0714 0696 | 0754 0765 0652 0844 0695 0724
Urban 0791 0785 0731 0859 0718 0743 | 0818 0801 0736 0862 0693 0760
Daejeon Roadside 0771 0817 0731 0840 0733 0726 | 0787 0812 0721 0844 0704 0736
All 0787 0792 0731 0856 0721 0740 | 0812 0803 0733 0859 0695 0755
Urban 0648 0700 0461 0776 0693 0685 | 0667 0706 0430 0781 0680 0.708
Ulsan  Roadside 0631 0746 0340 0768 0695 - | 0621 0739 0329 0756 0666 -
All 0647 0703 0453 0775 0693 0685 | 0664 0708 0424 0780 0679 0.708
Averaged urban 0741 0730 0578 0812 0694 0713 | 0755 0742 0570 0817 0682 0724
Averaged roadside 0730 0757 0651 0761 0709 0702 | 0737 0762 0644 0768 0711 0714
Averaged all 0739 0735 0592 0802 0697 0712 | 0752 0745 0585 0807 0688 0723
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Table 5. Air quality grade (www.airkorea.or.kr/khailnfo).

Pollution level grade

Pollutant

Good Moderate Bad Very bad
NO, (ppm) 0~0.030 0.031~0.060 0.061~0.200 0.201~2
O3 (ppm) 0~0.030 0.031~0.090 0.091~0.150 0.151~0.600
PMo (Hg/m°) 0~30 31~80 81~150 151~600
PM, 5 (Hg/m?) 0~15 16~35 36~75 76~500
SO, (ppm) 0~0.020 0.021~0.050 0.051~0.150 0.151~1
CO (ppm) 0~2 2.01~9 9.01~15 15.01~50

Table 6. Percentage of agreement between observed air
quality grades and DNN predictions, summed over all national
air quality monitoring stations during 2017.01.04.~2017.
09.29.

Percentage of grade agreement

CO NO, SO, O; PMy PMys

Seoul 99.96 6724 9998 80.75 69.97 72.86
Busan 100.00 8290 99.26 7575 69.03 59.22
Daegu 9991 8411 9982 7840 6889 60.20

Incheon 99.82 76.09 9923 7772 69.47 59.09
Gwangju 99.99 8566 9993 7849 67.03 61.82
Daejeon 99.99 8857 9989 7859 7220 6340

Ulsan 99.40 79.60 92.64 76.23 67.51 82.82
90% oo 2 trE 7| L AEA H|F) =t &&
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Table 7. Percentage of agreement between observed air
quality grades and DNN predictions, summed over all nation-
al air quality monitoring stations, just for bad or very bad
grade of observation period only during 2017.01.04.~2017.
09.29.

Percentage of agreement
(bad/very bad grade events percentage)

CO NO, SO, O; PMy PM,s

p 1000 9675 99.99 1000 97.63 9582

seoul n - 3851 - 051 2581 4003
Bucay P 1000 9969 9998 1000 9810 90.15
n - 1336 000 000 1915 4036
bacqu P 9991 9973 9988 9972 97.77 9361
9 noo- 952 000 016 3040 4526
incheon P 1000 9938 1000 1000 9846 9360
n - 1617 000 000 1990 3588
Gwangiy P 1000 9991 9993 9999 9826 9562
9 - 600 - 000 27.84 3848
Dacicon P 1000 9999 9992 9993 9819 9666
) n o - 281 - 161 2440 3458
p 1000 9993 9980 1000 9759 97.82

Ulsan

n - 3.35 222 000 2067 37.01
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Table 8. Number percentage of the correctly forecasted
days for regional PM,, concentration grade during 2017.
01.04.~2017.09.29.

Percentage of the correctly forecasted days
(the number of correctly forecasted days /
the number of whole days)

DNN model Numerical model
Seoul 80.15% (214/267) 82.40% (220/267)
Busan 81.65% (218/267) 79.40% (212/267)
Daegu 85.02% (227/267) 79.40% (212/267)
Incheon 85.77% (229/267) 82.77% (221/267)
Gwangju 75.66% (202/267) 79.78% (202/267)
Daejeon 88.01% (235/267) 85.02% (227/267)
Ulsan 80.15% (214/267) 80.15% (214/267)
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Table 9. Number percentage of the correctly forecasted
days for regional PM, 5 concentration grade during 2017.
01.04.~2017.09.29.

Percentage of the correctly forecasted days
(the number of correctly forecasted days /
the number of whole days)

DNN model Numerical model
Seoul 82.02% (219/267) 44.94% (120/267)
Busan 78.65% (210/267) 50.19% (134/267)
Daegu 83.90% (224/267) 45.69% (122/267)
Incheon 79.03% (211/267) 39.33% (105/267)
Gwangju 87.27% (233/267) 44.94% (120/267)
Daejeon 83.15% (222/267) 42.70% (120/267)
Ulsan 80.52% (215/267) 49.06% (131/267)
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Table 10. Personal computer systems used to run the DNN
model code.

ITEM SPECIFICATIONS

oS MS Windows 10

CPU Intel i7 (2 cores, 2.50 GHz)
MEMORY 8GB

GPU Not used
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