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Abstract

Geostatistical data or point-referenced data have the information on the monitoring stations of interest where
the observations are measured. Practical geostatistical data are obtained from a wide variety of observational
monitoring networks that are mainly operated by the Korean government. When we analyze geostatistical
data and predict the expectations at unobservable locations, we can improve the reliability of the prediction
by utilizing some relevant spatial data obtained from different observational monitoring networks and blend
them with the measurements of our main interest. In this paper, we consider the hierarchical spatial linear
model that enables us to link spatial variables from different resources but with similar patterns and guarantee
the precision of the prediction. We compare the proposed model to a classical linear regression model and
simple kriging in terms of some information criteria and one-leave-out cross-validation. Real application
deals with Sulfur Dioxide(SO2) measurements from the urban air pollution monitoring network and wind

speed data from the surface observation network.
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1. M2

184|710 A12Hd AR ST o] F 2 B e] ARgo] FrHsHEA 7l Fe] AR T AlAEA
71T (WHO)ol A+ th79.8& “ti7] Fo A914oz wEd egede] & 71X B 1 o4 EAlsh
of 2Hd=49 4 & B AFAZ] ofF A9 E5F thedlelAl 23S Lo AL A
ZZRAA YIS ]j];/_’ olZtol L} = =5, Al2o] =z of FE Fo] A AL TG Hotst Az
7gelstar gl —‘%Bll%ﬁ‘r 1950 °o]F F53 AFA3tel EAIS} s HA o
Aot FElvehs 7o dEde 7k 2429 o488 (Sulfur Dioxide; SO2),
B! NO2)# YAEAS EUF F 6159 B A0, o 5 3552 5
A7l =2 Asto] &ejsta Jrh(th7]1BEEHAN).
Q1 o] AHB1FH(S02) & FAY AFAo] glom Bof B & ki B gk b
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Z3 d= 2 AY F5 AFFA, 71E AFTH SolA 2
Sttt ol =EF 0] Sl AAY HuEE A=FEta g o]iksE) ZAE FYIE &, H, V17 5
%, 98 5ol 28 &

dulo] o AJAELR B, 34,
! Ao 7IdE T —1’2‘7‘2 o A& &3
S AHAY 8 AJEZ7|E sttt (Ministry of
Environment, 2007). 7474 oelgo s Q% 2 ﬂﬁﬁé AsEd, 1930 129, W7o F= Aol
AATE ht 2 FADANA wjEd 7ha7t Aol e vRan g7] 5 o438k =71 9.6ppmeoll
Al 38.4ppm7HA] Eobpon olo] A FEHHLR 6 ‘3§°] ARl RS §4 SF71dAEA
7h wAskth. S FE, AEdE I Fafw e Atk 2 F, 19529 129 44 RH 129 109 A+
olof g3t ?‘_?‘lé‘}_l/\}?ﬂ% Aeho] ALHHA WA sk= o|itelete] ez ARI7F skl ©d
/\]‘] o] °F 12,0007 ¢] vHY A TFFNE AFGRTE o] o]FE A AlA A= 7L hl T2
& 2AE ARt Te 49 4dse 2 A8 G709 WAt U HolAm 47t
AL ek o9} o] th 7]} A AZHEE IS VX o4kl e A4 A7 DR st}
Hzo FUHEAE o143 A7E B, Kim3} Choi (2000) FHde] A5k AHARE ©&
So] AiLEA EANT FEA BAUL THUL, Cho 5 (2001)2 FLEATA BFE A
g thdte] dutsAet F05A W sl AF2AAF 3 (predicted residual sums of squares;
PRESS)& AME-Ste] o]5/d%5< Wlasigitt. Huh 5 (2004)2 H3ete] s 259 IFNEALS o
£l 7AW, F EH‘CI)_E—HCP:E7 FAFH = 7 S B3k, Chost Jeong
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(2006)2 Z&-¢#HZ40) el tiste] FEIMS AAste] dutk A7 AAste] S AT
sF3iek. Shin & (2007)L AZA wolAt NI FNEAFE L83 229 FAUS F76k3A
a1, Heo 5 (2007)& 98¢ dusHFS ADABRE 7|Hste] o5317] #I3) %ﬂ@ﬂﬂfﬁféa A A]
SkTE Jung & (2008)2 i ARE o8 HaAEHA AU e oE e S
on A4 AS5E A8 wAHESUEE AHekglaL, Parkd} Jang (2008)2 374 RS A4St

5
= ﬂﬂ 739 A4 7S AESIGETE Choi®t Park
< WEA717] 98te] Box-Cox WS o]&5kqlal, ¥t
2HS o], Heo2} Park (2009) F7HEAS 3=
F3% 2 S =34 th Jeong 5 (2010)2 EA
. ~
H

Ho

ol 13 Begel BEAE olg 3ol Thy

A% 3
A 19e Agstel 2 3L, 23S AT o] ATREE FHTHe
ol A7} H S0 STk Kim (2010) QA 2 Az 24 AL 717 8t
78 BERAE SLE 4 Ut W LIRS olg 3ol A8 Aolo] DA Tl FUEALAY
M R 22D 483 o

Han 5 (2004)°] W2 o]4l5}gol /1%, 4 5ol o8] 2% Sueld £ km7b) ol5e] 7hsst
A9l BATA s AGNNE AR, B Sol o5 GFL B2 4 9A Ak 2
kol [e]

A2 T B Pojd T ARE o 8ol I BARIA Bt shtel A
AN Z3he o glolAl T ARSh BAgo] om ThE BEYA dojxl AnT o|§tel TT BAS
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Ao olZEE 59U 5 Atk T A2 OE BEUe ARE o8 0, F AR Aoje] B
o) 77k o BRe] mg4ol WolAA Hrl. mebd AR the B3 ARE ol8so] wAlel
£ 29 F Al DR AT Ak RYAY, FAAR YA AFAE BT o A9 F A
o] #Eo] A& 2B R shte] AR E oSkt thE AR E vlE A8+ gtk o) & 26
3l ASEDS ezt stk o]E A85H7] $5h] °]”Q—§”}L9‘r FTEARE o83t o4t
3ol 715, F5 5 o8 7HA adsd 93 ojFshet], A7 2 F FEAEE 48 & Aoy,
7V e AZRYEE 75317 S8t FEAETS AR —ri SAIA G AT BEE = oxt
355 A &3he o dEEE =ol7] H3 fEvEr Aol AX SHEH = FEARE o835t E¥S
TESATE o4kl F59 AS5To] 2R got o] AEEE St dl FEASE HIE o] 8%
F gonzg AFRYS vt BYS 450 st A Ul-=F A (restricted maxi-
mum likelihood estimation; REML), Ht-¢-%3F% ¥ (maximum likelihood estimation; ML) A&

3 Ao FE4E droll= X423 (exponential model), 7F-A]QHR 3 (Gaussian model), 73
3 (spherical model) 5& 7143} }.

=9 €A o 2k 2o ARIATE A% F A ARl tid A5l ek 2
5 & 7 Al g ASollA &
ARE oot ASEIS TEsks ol st ZIestidtt. 43elM = SRR} oAt

il 71<st3lon, ojatalgnhs o] 83 2t S5ol e A2 E F7tst

ks

il

=

2 stk 3PN FUEAL B NEAA FOEAR Ade A9shn vh
o 5

A

o]

|38ttt 53elMEs 28 92 &5 A7 FAd tiste] =8kt

Al 278X AZRHY 55 8 AT 7 712 B5R ]'(rnomtorlng network) o] thatoe] A )at
= o] FEHE 1=, A WA= A7 A5 ENA
BE F5 9 FTFARL, F WA= EANZS A LA S4E O]/“}ﬂ%Lo]Qﬂ

-~
g

01:,Loﬂ/\1 AHEEE ALR F AWAE 200335 E 20073717 59 B F5ARCITH ol 8 &
HX] = Al FA Y 46071 713B5AH (Figure 2.1(a)) oM SA5 31om] 717374 (http://www.
kma.go.kr)olA @& At olth. 713 A7 RS TN TR GBS FAer LFHE
s 71 ESNE o] 8dto] X %
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2.2. TA|I715EY(Urban air pollution monitoring network)

B AFoA AMES 2k F F WA 200595 E 20073704 3 BE 0] Ak8kEHS0,) 9] A} olTh
ol 28 =ANAAL AF FA A 2247 7] GAZA A (Figure 2.1(b)) oA SAF Qo =
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(a) Surface observation network (b) Urban air pollution monitoring network

Figure 2.1. Two different monitoring networks (460 monitoring stations(a) and 224 monitoring stations(b)).

27475 (http: //www.nier.go.kr) oA 42 AR ot} TAUZIESAYL TAX e HF Ul7]
FEE et 24 Ve 24 9RE st a8y SPAHe] dRE EARA YR s
QoA FEAJANAE SAFA G A Aot o]AE g 21e] A1 33 (Pulse U.V Fluores-
cence Method)< o83 SHHETE AQAFFHL ¥4 72 373 G99 Aol s b
0]43}(S02) RAZRE WA= FFAEE S0t o488 s 8 AL5H R S
Holth(th7|13 A AR). F5A89) vh7iA = Wﬂ A5NME BHo) 2+ ] A= E 2T}
H3l Google Earthg ©]-&3to] A&21]E(km) T

TS A7 e AR7E 23 7] wiEel XA
I E AR

T ASYY AFEL BF Aojoiy, F A5 TolA 42 AS57e SAVIL dA] Aottt FE5AE
= 20039RE 2007 d7FA 9] AR o)A oAk EAIE £ 2005 A RE 20107129 dEASE A
At °]°ﬂ T ARY 7170 HuiE gE7] fste] oxkEE AR S 2005 dFE 2007d71A]S] 3 A
2o BRE Foko] 24 o

&mﬁm\ﬂ

RE BAS S 159} nxrix =z A2 nE (km)

rl

oo
g:g{é
o

FUEATA ARE = dolEe doX Fejol wel X8 FAAS (geostatistical data), ZHAA}
= 1%

(lattice data), &7Fd S © A5 (spatial point-pattern data)] M| 7IX 2 EFHT A ZEAAEE
1RE AR A BAR SRR AFZAHo] ARl Ho® RN I AT A5E #AF
sHAl "k gz AR A S AR 71 ASLNA ST 72 9 A5, 5 AR #5E A

o) W4 Sof Qe o] AmS] RABAL BHEAGelA 2 A= glek

3.1. 32| (Kriging)
A e AAEE Tt 2ol 28T 4 Ut
{Z(s) cs=(s1,...,84)" GDCRd}.
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%E, 75]1::_, EIASE=" 113:1 ]’*—‘ 7\15157:“7(]' = {Z(Si);si = (87;1,81‘2,82'3)T, 7= 1,2,...,7’L}£§ *
ot o)t z = (Z(s1), Z(s2),...,Z(s n))TE] &34 (stochastic process)< T3 22 4
AR

B34 (mean function) A, AW A == AFS JeERE X7H] E4L 9

Ao X I ARelA #ZE}% QR QS Myl oma} I AR gNARD

of. E=3 A (3.1)9 e AX WAE RS A
< WSk gEUsR 7Pt F‘f}—‘;:o B#L 0], S_i} 01»—0 Odt‘s_} AL 71R)

m @A Afelo] FEAE F A Atole 232 /HP%T. T ABAFRE s 2

Aol ik FEAE g FNAA AR ES I A BF I A ]u]u]]a]_l_l%l(semi_

lo JIN
Y

AL >4A rOl
=2

o

variogram)< FA 3l oFstt}. @ 2}t o st Alujdz] e 232 oS3} Zo] HelHT)
1
(siysg) = 5 Ble(si) — e(s))]? (3.2)
AuwE] e aMo= FHA AATZE JegE Al 7H] B5(77, 0% ) S 5‘-@6\}‘:}- & ] (nugget) ]
2 2 e 20 A B E Bake] YRRy, BE 2 (partial sill) o2t £l =
doje] F AZAFY A7F HARAEE A5 5 Alelo g o] FolA gHFAd o] AL 09] HE 5

A=} = -

3 BAle] ARBolTh B 0% =72+ N oz BT 4 9w BY(sill)olekus Relerh 22w
Juigitt. 4] (3.2)8 270 AnzRE ALE Anjue
of ol A ARE Al 74X BE4ES 25 Bk hEAQ

ﬂll

A. #4323 (Exponential semi-variogram model)

y(h) =72 + \? [1 — exp (f I )} ,|h| >o0.
B. 7}$-A]9HE 3 (Gaussian semi-variogram model)

y(h) =72 + \* {1 — exp (,M)} , || > o0.

C. 73 23 (Spherical semi-variogram model)

SOVE TS
| | <
e (G- EY i<

2422, || > ¢.

v(h) =

Aeje] F A tiste] h = [s; — ;|01 5134 (isotropy) & RHERTEAL kAL 5, del9] F A
oA #E3 ZE Y ARG F Aol w2 HEFHE FHASHA %ﬂEﬂﬂ(Euchdean distance),
I = /b2 413 4o+ B3 olE ez B o REEL T #EARY Az A0 3E
4, APt ”*OV]“* okt AW F& FAREE P au 74 BYL FRAQ Aol
Al Aol et Fol=x FAATY AT tET B =R AFIFRFeE 2EHE A
(3.1 &7t AFAFZE Ju|she B34 PE S Bl 584 (likelihood function)E o)
shehe A (JFAH A =2 (REML), @534 (ML) 55 1ejstazt gt 4
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ad
A
i
D)
o)
il
=2
X
ne
9

d 23 stollA ZEde B8 nASA A e 52 Afs) o] olm

A {Z(si)} AFAFeR nAZAHY o SFo] xdFHANLE ngitt. ¥R Y £ 2
2l 7ol tigt B} Mgk o] 22 Goovaerts (1997), Banerjee 5 (2004), Schabenberger®} Gotway
(2005), Cressie (1993)2 &23}7] n}gkc}.

3.2. JIE2% (Hierarchical model)

oA, F ASTERRE I ARES o83t ASEIS FHA drh. WA Ak A5
FEAA, {st,k =1,...,n.}0A BZH A2 2, = (Z(s)), 2(s9),...,Z(s2.) ol h&t B
oo Mg ARges 538 5 ok

z, = Xaof, + €a. (3.3)

A7)A, X EYUGFER o201 (n, x p) 27]¢] BHo|x B, = (B1,85,...,85) otk 282
BEl:s #&%] AE2AA, {sh, k= 1,...,n )4 BZH A2 z,0] 3t 5L th2o] 4337
Yo AT 5 ot

Zy = Xb,Bb + €p. (34)
A7IA, Xy SPHULER o]FJA (n x q) 2719 Fdolx B, = (B, 65,...,80) oItk 4
(3.3)3} 4 (3.4)9] TR ot 71H-L 4 (3.1)F SdsIch. =, 72F BEo) 2 23 o it Bk &
BagEe F7 ABATRE YR (77,07, ¢)0l o5 2 AT
A 7z, 5 BT Yol FolA Fgdrs} HEol AR z,2HEH I QL 5 LA HE Z, =
(Z(s3), Z(s8), ..., Z(s%,) ol that AR 238 2PL w2e 5 oirh welA 2,9 %Jr o%
o Aygs|ArRyg ot A 4 9}

= XuB, + 0% + €. (3.5)

o714, X2 Xpo] W Sttt 7Pgsith. o]eh Zo] AR the ASUEERH Ao ¥
AR dde] FAlste] o] AFA A stolA AT & de RS ASE I (hierarchical
model) o2} gttt o] g AFRYP L v} Zo] xFT += JUrt

Zg ~ INp, (Xaﬁa: Ea) 5

Zpe = Xb,au + €ba,

Zp ~ N’ﬂb (Xbﬁc -+ 6/Z\ba7 Ec) . (36)
A7IA, B} B 247 23] BSR4 ol Al €, = (€(sT), €(s3) (sn,))" Itk

L FEARE 1EsHA] g AE A AP ARG (A (3.4)04 By = 031,)
2. BFRAE nEEA G ASEY (A (3.6)014 B = 01,,).

3. FERAEE ek AFIARAF (A (3.4))

4. FFARE 1ske ASEE (4 (3.6))
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4. ARI91P
B ATAAE 3N AN BYTEPRS A Aol 48T AE 22A Brh AT A
2E 2304 ANE B4R

o} th7) e AR F Bhhel o] 4Bl EH(SO,) oItk 49 HE A F5
2459} o] 4kl ERlR 9] ¢l & A X (prediction map)-& F&3F7] Y& 935719 A3 A E A= 73
AADES 13, olF AZ gk AXHE F 15+ Google Earth ZE2IWE F3f 7313
ot A ATE 938 R(R Development Core Team, 2012) 2 73S A28} T}

= 3 = 2 t
E(shh), =LA FET A= (si) /‘}OH HAE 298 43} 24399 =Y

Iﬂj Eltﬂ%‘r} TEI A= (si3) 2] FAA theli A= FET AT A= FRAT

a1 AT =3 4607H-4 TE BSAHANA FFF2 TN B(E, &

5, B4, A BA) S shE UBlew, dH(s)Eol FEd #5AH2 ek 3

T F59 Apolg AuE 43 RE5(NE)FH 5A(NW)Fo] 2

z =oll BlsiA E’-D%— e & AL

10m Eol9] FFEE S BT 9o} Jeong 5 (2010)S ©] &3
S;

£ 33 R AH , T2
#8423 2377 YA 7S Al ekgdnt. Figure 2.1(a)olA UERG 460709 £% AR
SEZHE 42 FFgEEd Ud 304 AFIARFEL 4] (3.3)e2 BN HFT4rE 29 A3
zZr}.
XaB, = B + s1B5 + 5585 + (s1)” B + (s5)° Bs + 515555 + 5557
+ Inefs + [eB9 + - - + Inwpis. (4.1)
7|4, I+ A WAEH AE B9 Y99 A, 59 —’F%?% o] B5(NE)

3L 7St

A B NE 2¥8EE AFIARY sl o2 FAUHES A83 A= Table 4.1 YRt gt

A o= (REML) Y BMWL ALRY, 7FAIRY, TIRYS

ZNAERYP 2aLEgro] Z7F —79.48,-80.45, —78.4308 FHPRFPY 2o 7lo] JpF o

W, U9 =57 (ML) St M= Al 7HA] 3 AR 5] 2 29=5ko] 242 —89.06, —83.02,
FEFS 13 B9t Y & ZASEDRS ok =3, IAPREY

—81.300% 79 3 I AEA A
PN EYY £I9EgH(-105.25) MTAHRY, FRAYRYe] AHo] 942 & 5 Ytk B
HAFAARGY B 2o AGE PUE ] 2] B 2 Folx Holx g ek 53,
I ABTEE AR (7207, 9)00 TR 2GS AT L= AT RHHS=F G
of Al FAFR GO tehdth. ZAPEROR F A I BPL vTARE ARHRSEFA
o) TYRY(-78.43)0] ANATYPER PPN PHRY(-SLI0) N} TR AZEILS AP

7 A% FeAne] 4 Ry ARAYSEFPPEe] PPRPoR Bk Q99 AR QY
49 AHE ol §3to] ARHANS =2 Y SolAe] TP BPO )58 BT Figure 4.12
th. Figure 4.1(a)%h (D)4 & 5 9], F5AY, T, FdARe Aetet B2} £
AL Q] Fahol A A5 5ln, A1 SHARE GAAL, FARER AERE I
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Table 4.1. Parameter estimation based on linear regression models of wind speed data (ab =ax107").

Classical linear model Spatial linear model
Least Squares REML(Spherical) ML(Spherical)
Est.} 95% C.I Est.} 95% C.I Est.} 95% C.I
B —2.722  —9.25% 3.80% —8.822 —295' 1.19! —8.132 —2.62! 9.992
B8 -6.83* —1.08 —2.81% —9.55°  —1.30° 1.113 -1.90* —1.25° 8.774
B —9.24* 118 —6.65" -7.36* —1.57% 1.04% —7.86% —1.523 —4.49°
ferr 2.79° 2.29° 3.30° 3.24° 1.96°  4.52° 3.18° 2.03° 4.33%
2 7.826 557 1.00° 1.235  6.03% 1.86° 1.19° 6328 1.76°
Be —3.396  —6.84° 4.358 —2.326  —1.215 7485 —2.506  —1.12° 6.245
8% 5.721 4.191 7.251 7.471 5971 8.97! 7.331 5.851 8.821
e 2.87! 1.70" 4.03! 2.321 1.251  3.39! 2.36! 1.30" 3.42!
BS 1.051  —6.372 2.731 1.101  —4.04> 261! 1.10t  —3.912 2.601
B 1.86! 5.022 3.231 1.63! 3.962 287! 1.62! 3.962 2.851
B4 2.04* 9.382 3.15¢ 1.20! 1.922  2.22! 1.23! 2.332 2.24*
B, 3.02! 2.151 3.90! 2.221 141 3.03! 2.261 1.46! 3.06!
B 2.681 1.80! 3.561 2.061 1.241 287! 2.09! 1.28! 2.891
72 0.06 0.06
A2 0.06 0.05
& 118.50 113.86
log.lik. —105.25 —78.43 —81.30

Est., Estimate; log.lik., Log-likelihood.
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(a) REML (b) ML

Figure 4.1. Prediction maps of wind speed based on spherical model.
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Table 4.2. Parameter estimation based on linear regression models of Sulfur Dioxide(SO2) (a® = a x 107°).

Classical linear model Spatial linear model
Least Squares REML (Spherical) ML(Spherical)
Est. 95% C.I Est. 95% C.I Est. 95% C.I
b —5.270  —542° —512° —5.239  —5.45° —5.01° —5.24°  —5.45° —5.03°
5 1.18*  —6.69*  9.04* 557  —6.62* 1.78% 5.34* —5.88* 1.66°
K 3.40%7  —2.02¢ 8.83% 3.24% 5774 1.233 3.09%  —5.20% 1.143
i 3.45%  —6.17° 1.31° —9.077  —1.74° 1.56° —8.477  —1.60° 1.43°
b 5.25%  —2.247 1.07° 4.37%  —5.10° 1.38° 4.55%  —4.14° 1.325
B8 —5.37%  —1.19° 1.138 —3.77%  —1.445 6.84° —3.926  _—1.37° 5.836
b 3.891  —1.15° 1.93° —1.98" —1.81° 1.41° -8.712  —1.63° 1.46°
H -157% 152! 1.211 7.752  —5.492 2.10! 7602  —5.232 2.04*
BS 1.331  —9.17? 3.571 3.902 —1.831 2.611 4.46%  —1.70 2.591
by —1.33%  —3.59! 9.312 2,072 —217! 2.59* 5.44% —2.23! 2.34!
b —5.572  —2.02! 9.022 -5.232  —2.14! 1.09! —5.292  —2.09! 1.03!
b, 3.292 —7.252 1.381 —4.27%  —1.521 6.632 —3.762 —1.43! 6.77>
BYs —7.942  —1.93! 3.412 —7.342  —1.91! 4.462 -7.302 —1.87! 4.10?
T2 0.03 0.03
A2 0.08 0.06
é 40.00 38.82
loglik. —29.75 —0.08 0.51

Est., Estimate; log.lik., Log-likelihood.
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Figure 4.2. Prediction maps of Sulfur Dioxide(SO2) from spatial linear model based on spherical model.
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Figure 4.3. Scatter plots of observed(predicted) Sulfur Dioxide(SO2) versus predicted wind speed
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Table 4.3. Parameter estimation based on the hierarchical model of Sulfur Dioxide(SOz2) (ab =aXx 104’).

Classical linear model Spatial linear model

Least Squares REML(Spherical) ML(Spherical)
Est. 95% C.I Est. 95% C.I Est. 95% C.I
B¢ —5.80° —6.08° —5.53° —551% —5.919 —5.12° —5.550 5919 —5.18°
85 3.96* —3.67% 1.163 7.43*  —4.59% 1.943 7.23%  —3.56% 1.803
BS 1.073 4.61* 1.693 7.34%  —2.74% 1.743 7.50%  —1.56% 1.663
85 —1.545 2785 2946 —1.425 -3.705  8.48° —1.50°5 —3.53° 5.326
B¢ -5.327  —6.37° 5.316 8.877 —9.20° 1.10° 9.357 —8.06° 9.936
8§ —3.765  —1.00° 2.516 —3.4286 —1.37°  6.83° —3.59%  —1.27° 5.57°
BS 7.280  —7.56' 2.21° —2.08" —1.81° 1.39° —2.842 —1.54° 1.49°
BS —2.74%  —4.47'  —9.992 -5.592 —2.61! 1.49! —6.992 —2.63! 1.23!
BS —3.352  —2.60* 1.94! —2.392  —2.58! 2.10* —2.202  —2.461 2.021
BSo —2.54%  —4.781  —3.10? —6.542 —3.18! 1.87! -9.192 —3.32! 1.482
85, —2.331  —3.931 _7.282 —1.211  —3.01! 5.842 —1.30  —3.02! 4.212
B85y, —1.981  —341' 5412 —1.541  —3.291 2.052 —1.571  —3.201 6.312
BSs —2.90"  —4.331  —1.47! -1.831  —3571  —8.03° -1.911  —3551 —2.732
5 4.86" 2.711 7.02! 2.791  —5.522 6.13! 3.011  —2.98° 6.04!
72 0.03 0.03
A2 0.07 0.05
é 40.00 37.93
loglik. —19.65 1.23 2.18

Est., Estimate; log.lik., Log-likelihood.
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Figure 4.4. Prediction maps of Sulfur Dioxide(SO2) from the hierarchical model based on spherical model.
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Table 4.4. Model selection criteria for comparison of the models considered in this study.

Classical linear model Spatial linear model
Model 1 Model 2 Model 3 Model 4
AIC 87.50 69.29 34.98 33.64
BIC 132.27 120.47 96.39 98.46
CV(1) 94.20 92.41 84.38 85.27
I1CC 0.03 0.15 0.49 0.48
PRESS(x10%) 8.91 8.25 5.92 6.10

Model 1: classical linear regression model with €, ~ Np, (0, oglnb); Model 2: hierarchical model with
€c ~ Ny, (0, UEInb); Model 3: spatial linear regression model with €, ~ Ny, (0,X3); Model 4: hierar-
chical model with €. ~ Ny, (0, X¢).

CV(1): empirical coverage probability(%) from leave-one-out cross-validation method; ICC: intra-class

correlation coefficient; PRESS: predicted residual sum of squares.
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Figure 4.5. Calibration plots of Sulfur Dioxide(SO2) and its predicted intervals by leave-one-out cross-validation.
Note that Model 1 classical linear regression model with €, ~ Nnb(O,Uglnb); Model 2 hierarchical model with
€. ~ Nnb(O,afInb); Model 3 spatial linear regression model with €, ~ N;, (0,%;); Model 4 hierarchical model
with €. ~ nb(O, 3.). * indicates the observations outside the prediction intervals.
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