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Fig. 1. Research summary of the project.
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Fig. 2. Domain of D1 and D2 for 3D CTM simulation.
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Fig. 3. Schematic procedure for 3D—chemistry transport modeling system for the Arctic.
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Table 1. Physical options for WRF simulation

WRF £2|2td ME4 scheme WRF 24 #&
oMb FE=2] WSM5 (Hong et al., 2004) mp_physics=4
THap S AL RRTMG (lacono et al., 2008) ra_lw_physics=4
SIS AL RRTMG shortwave (lacono et al., 2008) ra_sw_physics=4
M2 UF 253 Kain—Fritsch scheme (new Eta) (Kain, 2004) cu_physics=1

ol dHE 243t YSU scheme (Hong et al., 2006) bl_pbl_physics=1

5-layer thermal diffusion Land Surface Model sf_surface_physics=1

CBZAY S (sea ice) YHAE A
WRF =22 247] 8 & X3 {3 USGS (United States Geological Survey) A=
10m, 5m, 3m, 30s 3 ==2 A|-&stal AL, Fig. 40 WRF =28 sigd Ax=2 3o USGS
247 A EFFYE HE&S e Aolth Fig. 49l land use category 24®  ‘snow or ice’ FKH
+ I9TE AHowk AFH i, BESA o= A Ax ARE wIstA xstar Uk
AR AME W ARE AFstr] Ak, m= S A A T A (AMSU-A,
ASCAT, AVHRR, GESO I-M IMAGER, MODIS, SAR, SEVIRI, SSM/I, SSMIS) ¥ AA|Zt #Zo =2

e 2F&3F IMS (Interactive Multi-sensor Snow and Ice Mapping System) ©lo]E] % 4km aj4+
=

T Y ARAREE B UARdy A2 A5t F£A5 T ((http://nsidc.org/data/G02156,
National Ice Center, 2008). IMS El°oJEH+= d¥ A&7} A FHL Ja, B AFoAEs 4 =
S5 ¢ HFsle AL

USGS 24-category: 1 USGS 24-category: 2 USGS 24-category: 3 USGS 24-category: 4 USGS 24-category: 5 USGS 24-category: 6

USGS 24-category: 7 USGS 24-category: 9

~ USGS 24-category: 12

USGS 24-category: 17

<at : J Uss 2ecatogon

USGS 24-category: 19 USGS 24-category: 21  UsGS 26-category: 22 USGS 24-category: 23 USGS 24-category: 24

0.1.23.456.7.8.9

Fig. 4. default fraction of 24 categories for USGS in the WRF model.
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FAGY Y BRE AHTOEH, 7] HHE

USGS Z4-catogory: 24 May 2008 USIGS 24-category: 24

USGS 24-cntegorny: 24 Jul. 2008 USGS 24-category: 24

http://climate.nasa.gov/vital-signs/arctic-sea-ice/

—— O e—
4.1 234548780

Fig. 5. fraction of the 24" land use category considering the information of sea ice from
IMS data a) for May 2008, b) June 2008, c¢) July 2008, and d) August 2008. e)
observed sea ice for September 2008.
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Wind pattern l sea-i Il:

[ 150
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Fig. 6. Monthly wind vectors with improved 24™ land use (upper panel) and default
(bottom panel) for May — August 2008.
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Fig. 7. Monthly 2m temperature with improved 24" Jand use (upper panel). The
differences of the 2m temperature between improved 24" land use and default (bottom

panel) for May — August 2008.
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Fig. 8. As upper panel of Fig. 7 except for data of ERM—interim obtained from Climate
Change Institute.
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Fig. 9. WRF simulated and WMO observed (O) 2m temperatures.
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Fig. 10. time—series of modeled and observed 2m-temperatures.
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Table 2. Emission inventories employed in the CMAQ model simulation
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Fig. 11. Spatial distributions of NO,, SO, PMyo and CO for January and July 2008.
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Trop, NO; column (OMI) 05 Jul. 2008  Trop. NO. l:ulurnn {GHI}

05 Jul. 2008

2 4 6 8

I
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1E+14 moles. em®

2 4 € B 10 12 14 168 18 20
1E+14 moles. em™

12. Spatial distributions of tropospheric NO, columns depending on whether data a)
is not and b) is filtered according to surface albedo and CRF (on 5 July 2008)

. tir|gtstndygozn
ragozEH gFHE N
molecules cm™)el] z+ =9

gttt (Fig. 13, 4] 3-5).

Fig.

molecules cm?

Fig. 13. Concept for the calculation of columnar NO;

m ( m) -
VCDZ%XnO (k21 molecules cm™)

P
nO = R . T (4)
10km mR LT A P . NA
o7l A mg, ny, P, R, T, Ly= NO; &%, NO, molecules <=, &€, o] 37|Ad, &%, 54
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IEE YepATh A4 #S NO, S8E 559 ZdR2 NO, SHE 559 AH HaE $3

averaging kernel (AK)E #&3}= o] "33 (Han et al., 2015), AKE v F7]|A] 2 EE

of thgk AAAHFY WNHAEE el Ao= 2 63 o] HogHY. A7|dA z& WY F
2l

Ao, 15 AHoZRE =H

==

2= AK » z+error (7)
_ 5
M(z,,b)
AK= M(xa,b)*la—s (8)
ox
= M(z,,b) 'm
AKE 2] 6 - 2] 8& &3t AxlE, ME ti7] & #02 (AMF), S& A =3 & a

.
t 7199 NO, ¥E, bt =g 5
oA 1RTh e @e e, Amel td OM 449 #3347 Fee ofnelw, 1
oA E 18T & e Uepo] OM AAe] BTl 8¢ ofna

B4 A9 diste] OMI AlA oA #=d T8a, CMAQ 22 =od g/ NO, 4
B 55 AEd 9 HiE 5EE B4, Fig 4e o) F NO; S3HE 553 2ol &
Uehd Aotk CMAQ R2ol® NO, AR 55& 9Ao] #=3 AFz AR 534 &
PRI, A AK ARE WrYgste] &St Fig# 2ol ALHe A9, NO, #59Y
o] ZHAF & Eo 197 1292 #Z5YHo| dF EHlolA 1% oluola, &5
A, A 70%] #AFFES e Jdok (Fig 15). oA AFWMAIES] od JEgFo=
(Fig. 12 &%), 952 7129 F7I=2 W #e i 71A% Aot

A4 #=29 NO, 23E 5= 234 (70° N o] HeDdlA Ho ~5x10M molecules
cm?e]al, 6 - 8¢9 AHIE-IYUUE F2 AutulE-olo] & T E 2t IEal k2] dieth
Ao JBE a4 HwA £ FEE UEWI Ut olE AYAA FHEH & vEE
6-8¢ HlwA mEg 7o IF) o] FTFaEHA Mdulo] o]Fao] FrtE Aol 7|<ls)

ARl XS sle] 47 A (a: Svalbard, b: Iceland, c: Norwegian sea, d: Gulf of
Bothnia)o.2 FE33 . 93 NO, & E F%+ Svalbard, Iceland, Norwegian seaol 4]
1.3x10"% - 1.8x10" molecules cm™?, =¢wlz HAF= Apo] Gulf of Bothniaol M 520
1.66 10" molecules cm™?e] H1gS Holx, YHFLS 1.2x10" - 1.0x10% molecules cm™
HAE e A

CMAQ =Y®E NO;, 4E T2t 577 % HAol tFoA &
o2 ZHadte AS UEd i, 24 2oH NO; A& s57F &
< 9 AZH) Al RYHAL, AFH FF39 siHAdS wet A H R A4 mojH F
&S Yehdo (Fig. 14).
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Fig. 14. Monthly differences between the CMAQ-simulated and OMI-observed NO,
columns.
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Fig. 15. Monthly spatial availability of OMI-observed NO, column for the entire domain
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Fig. 16. Monthly variations of NO, columns from CMAQ simulation (red lines) and OMI
observation (black lines) over a) Svalbard, b) Ice land, c) Norwegian Sea, and d) Gulf of
Bothnia.
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Table 3. Tropospheric NO> columns by regions and their statistical analysis from CMAQ
simulation and OMI observation

Region Month N. of data QCMAQ AK Qomr* ME*" MB 2 R
200801 Nan Nan Nan Nan Nan Nan

200802 Nan Nan NaN NaN NaN NaN

200803 123 9.91E+13 3.16E+13 7.47E+13 -6.75E+13 0.21

200804 136 6.90E+13 9.73E+13 4.66E+13 2.84E+13 0.14

200805 117 1.29E+14 1.53E+14 5.37E+13 2.36E+13 0.33

200806 145 2.11E+14 1.94E+14 9.15E+13 -1.75E+13 0.13
Svalbard 200807 197 1.95E+14 1.72E+14 9.49E+13 -2.26E+13 -0.03
200808 219 1.50E+14 1.63E+14 8.66E+13 1.36E+13 0.12

200809 225 1.08E+14 9.39E+13 4.09E+13 -1.42E+13 0.26
200910 9 3.24E+13 1.32E+13 2.25E+13 -1.92E+13 -0.62

200811 Nan Nan Nan Nan Nan Nan

200812 Nan Nan Nan Nan Nan Nan

200801 2 2.205E+14 1.89E+13 2.06E+14 -2.06E+14 Nan
200802 163 8.70E+13 3.83E+13 5.24E+13 -4.87E+13 -0.05

200803 173 8.46E+13 6.50E+13 3.64E+13 -1.96E+13 0.23

200804 191 1.28E+14 1.07E+14 4.42E+13 -2.07E+13 0.15

200805 231 2.05E+14 9.25E+13 1.12E+14 -1.12E+14 -0.11

200806 250 2.36E+14 1.83E+14 8.17E+13 -5.29E+13 0.36

Iceland 200807 250 2.06E+14 1.25E+14 9.13E+13 —-8.09E+13 0.31
200808 250 1.36E+14 9.81E+13 4.71E+13 -3.80E+13 0.24

200809 248 1.39E+14 8.07E+13 6.41E+13 -5.86E+13 0.00
200910 191 1.20E+14 6.79E+13 6.02E+13 -5.25E+13 -0.10

200811 103 1.60E+14 3.13E+13 1.29E+14 -1.29E+14 0.13

200812 Nan Nan Nan Nan Nan Nan

200801 Nan Nan Nan Nan Nan Nan

200802 136 1.40E+14 2.55E+13 1.14E+14 —1.14E+14 0.33

200803 255 3.64E+14 7.67E+13 2.91E+14 -2.88E+14 0.37

200804 255 9.07E+13 4.43E+13 4.77E+13 -4.63E+13 0.35

200805 256 1.50E+14 7.58E+13 7.55E+13 ~7.46E+13 0.43
, 200806 256 2.06E+14 1.56E+14 5.79E+13 —4.98E+13 -0.06
Norwedian 550807 256 2.67E+14 8.59E+13  1.81E+14  —1.81E+4 -0.16
200808 248 1.76E+14 6.33E+13 1.13E+14 —-1.12E+14 0.11

200809 255 1.33E+14 9.30E+13 4.74E+13 -4.00E+13 0.20

200910 251 2.02E+14 4.64E+13 1.56E+14 -1.56E+14 0.13

200811 Nan Nan Nan Nan Nan Nan

200812 Nan Nan Nan Nan Nan Nan
200801 8 1.46E+15 1.23E+14 1.34E+15 -1.34E+15 -0.52

200802 75 7.65E+14 4.12E+14 3.74E+14 -3.53E+14 0.65

200803 60 8.47E+14 3.21E+14 5.28E+14 -5.26E+14 0.54

200804 90 1.03E+15 8.45E+14 5.10E+14 -1.81E+14 -0.41

200805 96 6.27E+14 1.01E+15 4.13E+14 3.83E+14 0.17

200806 96 7.80E+14 9.37E+14 2.25E+14 1.58E+14 0.37

Sulr of 200807 96 7.20E+14 8.12E+14 1.53E+14 9.21E+13 0.61
200808 96 5.94E+14 5.69E+14 1.68E+14 —2.46E+13 0.50

200809 96 5.82E+14 7.43E+14 2.58E+14 1.61E+14 0.09

200910 93 2.01E+15 7.27E+14 1.28E+15 -1.28E+15 0.18

200811 80 1.15E+15 6.18E+14 5.86E+14 -5.31E+14 0.74

200812 Nan Nan Nan Nan Nan Nan

-2. 1

* unit: molecules cm™? " Mean Error;

2 Mean Bias ;

3 Correlation coefficient
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Fig. 17. Analysis scope of the study and AERONET monitoring stations.

7V 91885 o2& F83 74 (AOD) A=
Terra ¥ Aqua 914¢] EOS Z# & ElE MODIS AlAe dFe 752 |
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I ze} g FHE 2o} dojz&Ee EXAES xAsE Zolt MODIS/Terras A
ZF 104 30&d] A== 111/}”“1 SIAAIER d7]1E ##E3a, MODIS/Aquas A HAIZE 134]
0 A=E 7= de BEFHo= 3ttt 53], MODIS AlAe] o) #SH A& dojz&
28 (AOD, tymopw)e 32 7138 mdo Hes Wrista =4 A4kdE AODe| 7 & 53}t
F3sl= &89t} (Generoso et al., 2007; Song et al., 2008; McHenry et al., 2015). ©]&
AT 5207 NASA LAADS (https://ladsweb.modaps.eosdis.nasa.gov/search) 2 £-& Terra <
MOD04_L2)e] 43t A= (Level2 AOD)E &x 33T AOD AF=E-2 NASA Collection 6 &
= (COOG)OETEi 550 nm oAl A= ¢t MODISERE #Z2H AgE FEd 93
He JAS AAS, A5 HAEE 1Y T AAYE I F, SA G Y ol o
9 ’1‘}% daglFo]l HE&HT. D) JHAE Yol gEd A 2 o FE EGE Y
7WN % FHoA AZEE Dark Target OT) €182 (Kaufman et al, 1997; Levy et
, 2013), i) 7FA1E FHolA 8re ®H (d: AtEbhell thdk Deep Blue (DB) € ae]& (Hsu et
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2 BaFE3 o (Levy et al, 2013). Levy et al. (2013)2 =3k AERONETO|A] 4F=3F AOD
(7 apronen) S BIE W], 7 yops2] 69.4%7F ol# ol 3ty Rusgch B AFgH= 7t

Aow REF FEol U5 Wol AN A5 AMEE AEsty] fls DT sk 2 2] DB
s 2% #H3d" AOD ARE AFEsIM L ( “AOD_550_Dark_Target_Deep_Blue_Combined), ©]
As+= FHHOZ HoFA| oA 10 km X 10 km (swathe] 7F&=}g]el A4 48 km x 20 km)<}t
NZrR o g2 589 si4=S 71ATh (Levy et al, 2013; Sayer et al., 2014). MODISo| Al A+&=

AODY & =mle] =aAA 15 km X 15 kmE sl 554 A4 =4 X 54

2o 1 gkt
Fig. 182 W3td AOD 2t&&9] €8 A5 7FA o3t Aext3 X8 Yehd= Zolth

e T e — - L —
01020304050607 0809 0.1020304050607 0809

Fig. 18. Spatial map of the availability of the MODIS data.
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Fig. 19. Spatial distribution of the MODIS observed AOD over the Arctic for Mar.—Nov.
2008.

L. A/4#= AERONET AOD A=
C006 &rgl&o g A&% MODIS AOD #5& AA7|8k k3 =4 (sun/sky-photometer)
A7+ U EYZSQ AERONET AOD (7 apronen®  ASHJT  (Holben et al, 1998).
sun-photometer+= 340, 380, 440, 500, 675, 870, 1020, 1640 nm<e] 8 zj'dol|A EJYe FEE =
A, A FENA SAHEH o] HUAdFEE= X IFHALY] FaFs HEx] 7] uEo groe = 715H
ot wgtA B AF9A= 5= 571 AERONET 2UE® Alo]E (Hornsund, Thule, Andenes,
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Kuopio, % Hyytialal, Fig. 17 #F=)olA && 7}53 AOD A5E F&sie] md mojd,
MODIS #&% 9 A5%53std AODE H7I3tth Fig. 1794 * ¥, Thule, Hornsund, Andenes
L oFeke] A o] T el AODE MEYAY] FFS HA e 5 Q) o] Hh,
Kuopio ¥ Hyytiala #ZF4 = AGE WFo YXsta o sid A Fe thr]d-& ‘ﬂ—?%’ﬁ.?l L
Ao A AdF we 2 9t}

AERONET (https://aeronet.gsfc.nasa.gov)oll A &1 3k level 2.0 AOD A5 &= v3.0 4F= &
e gt 75 AA, A5 FE AdE Asolth (Giles et al, 2019). 550 nm 2}72] AO
= MODIS?Jr FYsta, 4 107 112 A4kE o

K

o

T :TAO(%O)Q (10)

T/\1

Log ~
Lo M
N

A7lell A, A ¢k Ao 550nmet 500nme] S Z4zh UEbWlth Angstrom A5 (o) 870nm
(A1) % 440nm (1) AGolA A4tE T (Ruiz-Arias et al., 2013).

2 EAo A= 57 AERONET #ZA Aol that 7 agroner® 7 wmopsit €8 scatter plot}
BAEAE F85tA AL, olE #3 AERONET# MODIS®| #35¢] F7]3t& 91§ MODIS A& &
10km % 30&9] A&zt XPOI ool Al FHEAT. AR dig FBAASF R) 2 I0AE
247+ 0.733} 0.810] L, %r‘a—l J+ 8ol TS £ BAE YIS B BHdAE =g
AERONET3} MODIS AODZ ] = sk Aldo 55 22 ke B or, o]Z-& MODIS
AOD7} & H7HE < 7}%—*3 l 9SS onst= Aoty wakA A HrhE MODIS AODE
Ae=sl® AODZEE AF PMy o PMys Ao 93-S nz 4= 9tk B A4
AERONET AODE 3h A2%3E 93 free parameter Z2AS $Ja] AH&HAth

o 2dRE F3 AOD A s

EAF YA = doj2& 4k F S50 o) ] FelA AHEY. e AEAST (o
et = Ost t Oas, TF MMDE ZHHW, o] YA A7)0l Ui AR A wet A
(Ouimette and Flagan, 1982). ¥ A7oA= CMAQ Rd Yo ZRE wojy ZAIZRE dojz
égl Fstd 57 (AOD)E 550nm el A A4kstaith. AODe= doj=2& AEATE

So wet HEste AEE Aok (4 12).
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A7 A, Azt N& 752 FAS 177 < delin. o2& LA e Aqke
Mie o] 2ol 7|23 W} Ad4d oz 7&8F 5 Anh Me o] &0l 7|23 2EA G2
]

ol disl] side] o2& LEA g FFES HH JMeAdoel =7 i

(Interagency Monitoring of PROtected Visual Environment) &2 tj4lo] 2] 13-145 A3+
Pitchford WS AF&3}A T (Pitchford et al., 2007; Lowenthal et al., 2006). 3§13 oo 2 &9
gk FAEe 712 IMPROVE #2lol+= a3 EHo] QA &, EFHS oz g nd
o] =l Fig. 173 Zo] FHHe sigFe £3stal 7] wiEolth

Uen‘ ZO(S dry RH)[C] (13)

<. 2><fF(RH)X [(VH,),50,] ,+48 % f,(RH)< [(NH,),50,] ,
+2.2 X f(RH)< [ NH,NO, ]F—I—48><fL(RH)>< [ NH,NO,|
+2.8 < [OM] ,+6.1x [OM],

+10 < [EC]

+1.7X f o (RH)x [ SS]
+0.6 X [CORS]+0.6 < [ SOIL]

J o (RE)= [ (RE)= f oo RE)=a, < o+ a, for RH =, (14)
[r(RH)= f,(RH)= fs(RH)=1 for RH < b,
A7l A f(RHDE dHEE RH %Y FF-EA 4 Ew, diolzg 2 g g 55
A AAIAE Uehdth FAFe R, f(RH+ PlAAA, Z2oidA 9 siadAtkel ohs) 2H2t
fr(RH), fL(RH) ¥ fxRHZ EFE . f(RHE & 1404 a3} a; Al 5ol ol Al
= 72y m A dAHE ] thal 0.41759F 1.23120]31, =t Ato] thsl 0.23813 1.32720)H, 3|
o] Thal 0.29317F 2.33080]th. 7132 AUEE (b)e T4 2 ZodAe] A 37%0] T, )

AL 46%7F AgHAT CE 4z frldol2<4 (OM), ECe ald (SS), ZthYA+ (CORS), EoF
2 4A SO FEZE YeRIth ooy A2EHF 28AF (m® gholth. dxd%d 4E
A+ A& &7 550 nmellA Mie o] &ol ol A4kd ghol AFEHAIL, A E=0], FAYR
FY 2 A rEgde Ao wek 229 4.8, f714AE =)o @ 2.83 6.1, ECE= 10,
sld el A$ 1.70] A=At (Pitchford et al., 2007).

Fig. 20& CMAQ =@o|A =old AODS A|ZzF EXE ekl Ao
MODIS AlAoA #Z=H AlZF ¥ lﬂJJr L3 plxel% FEote] Hg Aolal, AFHAE
FFo=E Q3 AmTT AEHA FE
T AEE A ZEsHAT

Aukz o2 CMAQOIA =eold AODE MODISOIAH #Z3 AODe| A7k @ 27tz wWss
AASHA Bolstal JA £ Ao=2 FHET. CMAQOI A =53
AODET} thek 108] A= WA mejstm o) (Fig. 199 202 $US color barrb AFS-5 2.
2dgd A8d EFAY W&o ESAAAT i ZHdel] g AARKRS ESAA

ro(t O
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7198 Aoz FAHAY. F2HrtE 2dre] AODE JAA=g =F
B2z AODE HZ o2 stz o)

ol

b ABERE Fohol

-

o1 02 03 04 05 o1 02 03 04 05 01 0z 03 04 05
Fig. 20. Spatial distribution of the CMAQ simulated AOD over the Arctic for Mar.—Nov.,
2008.

g}, 2553} (Data Assimilation)

ANzl A3 Aejol thak HZ el 4 AODE A Yste] mdyy AFAA4d #=
ARE Aste A5F3 7lEo] 85I At (Adhikary et al., 2008; Park et al., 2011; Lee
et al, 2016). A2 E3lo] B89 7P Zv vjEY > (Kalman Matrins &83F 22 W4y
' (Optimal Interpolation, ODC. & #=Zky mulgre] %z Fi4ko] A4 A5 58 A4
7 2w FAHZS AetE o E Collins et al. (2001, Adhikary et al. (2008) 2 Park et
al. 201De] A7+o g% ul ok Ol 71¥ 3} Kalman matrixs= 2] 15-160.2 AT}

T;:Tm‘FK(TO—HXTm) (15)
K=BH"HBH"+ 0)* (16)
T ‘a2 ARFIVE AE&H AODO|A, .3 2 MODIS &= 2 CMAQ Reojd AODE 9
n gttt HE #= 29 g o]g (forward observational operator)@ RH# AxloA #HZ=AAZ
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Yists Ad dixtoltt & o, #&Ag59 Aol mddgo FHAAY} dX3= He
G ES 2HA "tk K (Kalman matrix)= 7FX1E 9| gttt Ko W]l Be} O =d &
A=z FEAS 247 b (3 17-18), Ol 719 &84S /MAs7] 93t AE RONETZ}
T2 #g8dto A5FE 7Ho AHLEHE w/HS (free parameter)] W% HAEE %35}

o ARzt o2 HHe HFE A E3AY (Park et al, 2011).
O=(f,7,+e, )T (17)

2 2

B=(f 7, +e, ) exp _d:(:2l——i2-dy (18)

zy

0970 A fm AOD &=zgke| fractional error

fo: AOD &ZZte| root mean square error

em: 2= AODS2| fractional error

£o- 22 AOD<2| root mean square error

lyy correlation length—scale

d=d,: THHAT (2 AFolM 18km)
fo, for €0 em® HAQ free-parameters= WS HAEESE Edlo] 4 192 AHojH »? B4
HATE HAstel AA Ao (Park et al., 201D).

T

2_1§3
X =2 .
im

N2 AERONET #ZA|HoA Alg7Fs3 A5 "ﬂE Tolth. 7 amoner— Fig. 179 570
AERONET A}o]E (Hornsund, Thule, Andenes, Kuopio, 2 Hyyualal)E ZgstAtt

(19)

2
(Tz’,AERONET sz) }

“81 6z 03 04 05 1 02 03 04 08 a1 62 03 04 08

Fig. 21. Spatial distribution of the assimilated AOD over the Arctic for Mar.—Nov., 2008.
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Fig. 212 A553 AODe] Al3zxtd EXE U Aok, AR F3E T3t 4T
o &4H ARV RAHASS ST + Adoh A5F3E AOD= MODIS AODeF H] alé}o
ANEHA o E vluz A= AFS HERATH
np mElwo] 9SS, AREsd AOD Bl
55 Age] tig 2d Aes Fofstr] st CMAQ 29 ¥ MODIS #5¥ AODE %
5 st Fig 220 224 & A4 =0l tiated CMAQ 5.9 (7o) = MODIS 2
=3 AOD (tyops)E €W scatter plots UYERA Zo=2 FadASF € F A5 71€7] #F
oA Bdo] AFo] FEA ¥ ACE FATHAT. ot tmons Akelddle A A
7F glon BE do -0.15 - -0.269] ¥ Fs YEua, =3 O 7SV XS WFeE A
A JFHTH

(o]
N
o,
rok
i

297t= fr)8e mags mdel ¢leEztg, 181 AOD AltdA o7 23}

rl

4% asgl EPE $ AT DTN HIAS 4P WEFe M 2 HAUD 9k 3
¢l syt #oh. Fig. 232 Greenland Sea, Barents Sea, Norweigian SeaEs X &3sl= A|Y
(70° N - 90° N; 60° W - 60° E)Oﬂ 3] o8 wEUdWE= S SO, NO,, BC, OC, PMiy, PMys
o MEFS v Zer HFEY HMEHF A ESF Ve AeE FAHAC
MODIS®| BZe TelREsh Aol AFMAES ARs 45T, o ARl
pxaly] Wel £4 U Ao HAs
e e 2008 _ Mayao08
1.0; a) io1af b)
§ [ R, =01 ous E [ R =076 oor i
T o8 W8 00 o3 < osf U8 Z902 2% i
S | MMe-l527 4.5 § | NMB-1330 907 i
206 ¥ = lbos BO8L N Csofo ]
- | - | 1
3 04 E 04 3 1
E 0z} E 0.2 13 5
4 | < | i :
00l e e T T o ]
00 02 04 06 08 10 00 02 04 06 08 10
- Jun, 2008 Jul. 2008
10 €) 1o; d)
8 | m. =047 o006 @ I'r =02 042
ost B 208 43 Zes i 138 22
2 | fae=352 255 S | B =300 85,22
O R Sem U SOS N ame
a | a |
B oaf E na)
E u.zsf : | E ozl /
t i ] i85 | s i
4 ool T, $ & ol &L‘l‘; i =
00 02 04 06 08 1.0 00 0Z 04 06 08 10
: - Ausg. 2008 : Sep. 2008
1.0 8) 1.0} f) !
8 |mr =085 oz 2 |mn =o5 015
Sost B0 208 4% Sea i 228 83
- uaafggr.n&.g: g | Maa_as}_ar gr_é:r i
Zost i 9 ™ gos B Zgeo O :
- [ s | ]
% 04} s 3o ]
E vzl If i E 0.2 :
- a1 2 ]
0.0} RS Lt snt weod s PO
00 0.2 04 068 08 10 0.0 02 04 08 08 10
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Fig. 22. Scatter plots and statistical between Twopis and Twmopbis and Tassimiated OVEr the
entire domain for (a) April, b) May, c) June, d) July, e) August, and f) Sepember 2008.
The statistical analysis of R (correlation coefficient), IOA (index of agreement), MB (Mean
Bias), NMB (normalized mean bias), S (slope), and N (number of data) were presented.
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1: CAMSv4.2 (2008); 2: CAMSv4.2 (2009); 3: CMASV4.2 (2010); 4: EDGARWA 2 (2008); 5. EDGARV4 3.1 (2008);
5: EDGARN4.3.1 (2000); 7: EDGARVA 3.1 (2010); 8 EDGARV4.3.2. (2008);9: EDGARY4.3.2. (2000); 10: EDGARV4 3.2 (2010);
11: EDGARV4 3.2 (2011); 12: EDGARV43 2. (2012);13: HTAPVZ (2008); 14: HTAPV2 (2010); 15: ECLIPSE (2010);

16: MACCiy (2008); 17: MACCRy (2008);18: MACCiy (2010);” Inveniory usad in the simulasons

Fig. 23. Annual emission fluxes of a) SO,, b) NOy, c) BC, d) OC, e) PMio, f) PMos for

the regions (70°N-90°N; 60°W-60°E) from the eighteen inventories (*: inventory used in
the simulation).

Fig. 23¢] Uephd uniel o], olE w&&2 wlE=dd AuE wet 433 Zol&
YeER L ok =R 2 tr|EstRd e 28" wjEdWEY <Rl ECLIPSES] dAd =4
(PMypp ¥ PMys) wi&ZF2 71 AA o|=3ta Ao o & =9, PM10e] 7%, ECLIPSE= 713
AL WE2F S AAGL Aoy, EDGARv4.3 (Fig.ollA 4H) 2 HATAP v2 (Fig.ollA 13, 14%H)
o] AL ~3 Gg yr'o]xut, EDGARV4.3.2= ~10 Gg yr'& FA3ta gtk o]# 3 HlaE PMys
o} BC, 283l OCoAAME FARE AakS YER AT

A ed=Hde gk WS FERE ofel, 53], sk ol = sl AAHE A
A fddAE Sl A =4 s=0 =2 79 EE UERhdY (Putaud et al., 2004). 1A
ok oFld WiESe FAHL dx LAAY (surf zone), %-’—'ﬁ sl mEEL dx, e 2
T 2 dx dlE A 727 T ARt wek Hste B AR FiFE wet (Gong et
al., 2003; Neumann et al., 2016).

Fig. 229 &&4 Axtes A5%38 (r7 FL raaw® MODIS #Z=% (7 yons) AOD ZF

scatter plot¥} SAEA AA}E HAFT AAE B Zol, tomedt tmoos I SAIA A
HI&l 7 asin® tmops XF BAIAATE BS FAEHIJAS A& =9, AT E 015 - 0.26 H
felA 017 - 0.76 M= FFEJT. 28y, 53] 643 Tl AH8] we ARAEAE U
BT 7 awim™® tmops ZF 7171 O Llgklel ZH3A Exsta d=dH, AS5s3E 5
&l AOD ko] Hntdo=w AJ5gl7] wolth oldg /WA Fig. 19, 20, 219 ¢ wops, 7 cvaq
u%] z-Assimgl %G%EQI/\‘}E }\]Z‘I]—Z:]Igi Q?_]_%E]'
MODIS #Z25+ CMAQ Ed2 29 AODe| &3t2 of ¢4xdgk 2318 AOD dlolg HEE A
ot getA AE F3E AOD (7 asims EEEH AOD (7ol B8l IHTEE &, =2
o] 3 & A R A" ARE AEA " Aotk (Fig. 2. Ofol%E EF3ta, ¢
assim= T mops®ll Hlake] o8] HAHTE Ha Yo

Fig. 24= 20083 Thule, Hornsund, Andenes, Hyytiala, Kuopio®] AERONET 3Z=]4 A
TomaQ Tmops, TasmS EY WEH HAEdS YERH Aotk ERE touag T MoDs, T Assims
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ol & A=t ’\Jlﬂ]—’F—‘:— Table 4] A3ttt I¥sh, Hda 2 SAEY THANA 1 agme
ool HlIEH AEs] AHEHAT v voos®t 7 oagronert S 052 - 0.91 A E, MODIS
A A 7} AERONETOH/H #=3 AODE fFARE WA #Fstal ot o] FAEZF 98 {4
q2 A553 A5dE 8 IFS vH, olgld A2 MODIS #E5A52] AFdo] A=
%i‘ﬁ’ﬂ Rl Faod a4V HE UeEle AS vt mEkA, Ol 7sel o3 A553)

9 AOD: =mEl=mold AODS Hlwate], MODIS @ AERONET #Z=3 AODS §AHS 4
?4?4 WMES UERIQTh =5 MODIS AOD #E&A 87} lgol® B7a1, o5 Auw 73t
AM A& ﬂifﬂ B ZRo] AT (o, Hornsund A% 39, 4€, 59). olgtst A
+ At A= A HolA B#ZH MODIS AOD7} o] =] AEEstel] T F3FS
u)x)7] wjRo|th. a5k, Fig. 2404 H ¥, 24, 3¢, 104, NLelE &3 MODIS #=4E
Aol g7 wWZel ZP §‘r a3= vvsgd. ARkEl B4 4dx, O 7HS ]L}g
CMAQ 2d# A 5F 1S £3F AOD7F 24 meojmo g Aad ARG tr] =
3e o3ttt (Hanea et al., 2004).

UHU:LNI

a) Thule 2008
0.5 -aEroweT 4y r.uw:nu 0131 :ﬂﬂga
£ MODIS. [MOD) wopis = 00T U4
o 04f i E Tl R
2 0. 3
€02
0.1
0.0E
Feb, Mar, Apr. May Jun, Jul, MAug. Sep. Oct, Nov,
b) Hornsund 2008
0.5 =« AERONET " AVE. Taroszr = 0.123 (£0.087)1
© MODIS (MOD) VE: Tuopts =6, ] 94 (20,096
& :.; Z%Qnm'un °°_ E\E T,f;‘,_‘;;. =E::“|Tir§§|::rla_
O w =] 1
< 0.2
0.1
0.0k

Fab, Mar, Apr,  May Jum  Jul, Aug. Sep. Ocl. Now

Fab, Mar,  Apr.  May Jum,  Jul,  Aug. Sep. Del. Heow

d} Hyytiala 2008
05} ;%"&.::Eh’ Tagosar = 0131 (20.067)3
04} “elBumon o N

Teb. M APy May e AL Aug G O Nev.
30 90 150 210 270 330

Month & Julian date
Fig. 24. Daily mean variations of Taeroner (black squares), twmonis (blue circles), Tcmaq
(green lines), and Tassm (red lines) at several stations of a) Thule, b) Hornsund, c)
Andenes, d) Hyytiala, and e) Kuopio. Their mean values with standard deviations for
April-September.
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Table 4. Correlation coefficients among AODs from AERONET, MODIS, model, and data
assimilation at several AERONET stations.

Correlation coefficient (R) Thule Hornsund Andenes Hyytiala Kuopio

TAERONET VS. TwmoDIs 0.52 0.82 0.75 0.91 0.69
TAERONET VS. TcmaQ 0.21 0.10 0.48 0.13 0.08
TAERONET VS. TAssim. 0.03 0.57 0.53 0.65 0.49
Tmopis VS. Tcmaq 0.19 0.38 0.31 0.41 0.30
TMopis VS. Tassim. 0.46 0.82 0.76 0.65 0.29

Q) FAY olF LE9EZY AT EX L IFH 4
7. A5%3 AODERE AE PMs &% A=

Ba Bk A7) WRel (Fig 22 2 Fig. 19, 20, 21, PMse] ¥=7h % A0R o4d +
At 1emw, mE wuel AAd el Ro BAA o PM vEE FAe7] 95kl

PM3} AODZEE] A& AA o 7|Hto 2, A5 53 AODE o] &3ty BFAY A& PMs 555
AF=3kA T AOD+= PMse] proxy® XFFH7] w2, PMiocvaowion® PMascvaowions AH=E31H7]
Q3te] 2] 203} 2] 210] AFEEH AT} (Park et al., 2014; Li et al., 2020).
PM cnag
PMO,CMAQ(U;/ on — = 7\ TeMAQ(w/ O1) (20)
CMAQ
PM, 5 cniag
PM, 5 cnaows on = 7_7><TCMAQ(w/ oI (21)
CMAQ
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a) PMygicmaq b) PMioscmaq wron | €) PMasicmag  d) PM, s5icmaq won
PM,; (CMAG) P, (CMAQ w O 0 PM.(CMAQ)  apecoon  PMu(CMAG W/ OI)  ape 2008
P (CMA b ‘;Ekm ; 'r M ;o i) lﬂtml 2, 3 - ! %ﬁ 3 - |

PM(CMAQ W/ O1) .

i, B o
3 | %&} *

B w“'hl‘s' 20 28 B wm“:'sl 20 25 _ i 5 ww'm}; 20 2% s 1un‘;|‘;=' 20 25
Fig. 25. Spatial distributions of monthly averaged PMiq and PM.s calculated from the

CMAQ simulations and inferred from the linear relationship between PMs and assimilated
AQODs.

Fig. 25 CMAQ =doA g, Tgla 4] 20-219 A AA A F28 ¢

PMys 59 FEXZE YeRd Aot Fig. 259 (@9 (©°dA CMAQ E&H PMiocwmag

=2 g m? Boh Zu AA =wclo|A FxtH o7 FUstA el
GURE dojELo YgEgom Tgle] Y& BE (B F
T AUAHCE 8-S ¢ & Aok WA, A5 F35tE 53 S71E AODERE F2FH PMH
PM;s59] T=& 4€-9€9] 140-280% Z7H= St A553d AODEZHE F2H =WAFH
PMio# PMys9] €9+ v5E 218 - 3.70 2 0.85 -1.68 xg m™* WHeolt} (Table 5 &9F 3
Z). FHE PMioH PMyso] Higt 290 st Adut viEd o F&Fs wol W+ Gulf
of Bothnia AgoA vteEbwTh (Karl et al., 2019). Fig. 25 b) @ d)¢} Fig. 2104 2 5 gl%o]
25539 AODS FE2% PMszt BY X7} (53], Gulf of Bothnia Agol4) & & A=,
ol# 3t BUX = dojz&e] A7 Exel #AHo| k. AOD+ di7|EHeA tr] da7tA F
FE ofojoZ & FHFH FholA W, PMsS A xEHe F=0 o]z} Q7] wjiEo|th. Fig. 25

) 7 PMo+
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O[N

o] A&EH PMs 5= AZH=YH 259 HuE 53 AZs9 Y. Fig. 26 Hyytiala, Vindeln
2 4 2

Virolahi 2|84 #%, 29 39 PMsel 4B W3S ehich

Table 5. Monthly mean of PMig and PM,s from the CMAQ simulation and linear
estimation over the entire domain

2 Hr PMiocumaa = PMio,omaamwion o PMascuaa HT PMa2.s cmaawion
48 1.00(+0.64)" 2.95(+2.77) 0.54(£0.39) 1.45(+1.59)
5¢ 0.92(+0.58) 3.50(%2.96) 0.47(x0.27) 1.68(+1.38)
6 0.84(%0.44) 2.18(£1.71) 0.34(£0.18) 0.85(x0. 70)
74 0.99(+0.52) 2.37(+1.63) 0.44(£0.19) 1.06(%0.68)
8 1.10(£0.55) 3.15(+2.15) 0.51(£0.27) 1.39(+0.98)
9 1.08(+0.84) 3.70(£3.00) 0.46(+0.36) 1.30(%0.88)
" HPsT(+EXD) el pg m
a)PM,, @Hyytiala 2008 D)PM, 5 @Hyytiala 2008
5 5 in—:ldu My 2, =577 (£353) S0F, nwu My 2, =490(£3.72) iy
n 40F T GMAS L L Mowo=141(z10GMB=-43510A=0435-020{ 40 = SMAQ .1_,;::—1 10 (=090 MB=-380/0A=0405=016
E .k Mocen =485 (25.22ME=-092 I0A=0595=073]
& 30 30}
=20} : 120
108 = 10
u Feb. Mar. Apr. BMay Jun.  Jul Aug. Sep. Oct. Now u Fh Mar. Ape. May Jun  Jul M. p. Oet.  Hov.
c)PM;q @Vindeln 2008 d)PM, s @Virolahi_ll 2008
50F, - iy My, =7.80 (2269) 350F. - ety Mya, =5.86(2355) 3
n 40F TGMAR . o)  Moug=081(2050MB=72510A-0335-0064 40 T EMAG ., 0y  [Mowo=092 (-086MB~-48510a-0435-0153
E_ | Mo, <304 {237MB=-485 10A<0455=040] oy £ [Mar =434(2633MB= 152|0Afnws-m5_
] 30 30 . P
=20 = 3 420F
10 4 10F %
Feb. Mar. n Moy  Jdun. dul. Aug. Sep. Qet.  Now. B . l Apr. MI Jl.ll Jdul. ; P -. Nov.
55 95 135 175 215 255 295 55 95 135 175 215 255 295
Month & Julian date Month & Julian date

Fig. 26. Daily mean bariations of observed (black square), modeled (green lines), and
stimated (red lines) PMjo at a) Hyytiala and c) Vindeln stations and PM2.5 at b) Hyytiala
and d) Virolahi stations.

o5 29 —.4 2= Fig. 25 a)$} C)Oﬂ [BRABIEe A= CMAQOE zold PMd PMys (Fig.oll
79l BHFA T, FEE PMi,cvaowion 2 PMas,omaquion (Fig. ol Al 2 A1) =

A== 7 = z 25149 T :I_EJUE In-situ #=% PMs¥} Hlwste] A 5532 HE F
A9 PMs,cunqwionts ERESH PMs3t Hlalste] SAA B3 (Heh, MB, 10A, 71&7DdA (5

3], HyytialaolA) © & A%& Yekddoh. Hyytiala®t Vindeln A <eA  F4 4
PMpcmaowions 22 4.85¢F 3.04 xg m? o]al, Hyytialal®} Virolahi A HolA FAH
PMas cvaowione 22 3859} 435 pg m> olt}. Vindeln A Y& ALskar, -1.52 - -0.82 ug

m*® 9 e Wy Hya FAZS B=Zd wl$ SASI UERGTH
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