TSPE19900-001-13

The Effects of Abnormal Behavior of Jet Streams Induced by
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Summary

I. Project Title

The Effects of Abnormal Behavior of Jet Streams Induced by Polar Warming on Air
Quality Changes in East Asia

II. Needs and Objectives

One of the major driving forces causing air pollution (including particulate matter, PM)
1s meteorological conditions, although emissions and chemical processes are also critical. In this
respect, understanding the synoptic weather patterns leading to severe PM pollution is a
prerequisite for improving the forecast accuracy and preparing the predicted severe PM pollution.
The Arctic climate has been changing most rapidly in the world. This rapid Arctic climate
change can affect East Asia’s synoptic weather patterns, and subsequently, air quality (including
PM pollution) in Korea. Here, the goal of this research project is quantitatively the effects of
abnormal behavior of polar vortex and jet streams on air quality (with a focus on particulate

pollution) over the Korean peninsula based on both observations and numerical model simulation.

M. Research Contents

The research contents in this study include:

1) to estimate the variations in the patterns and magnitudes of westerlies over East Asia
induced by abnormal behavior of polar vortex and jet streams due to Arctic warming.

2) to investigate subsequent variations of meteorological fields related to changes in polar vortex
and jet streams, including trajectories and moving rates of migratory Highs and Lows.

3) to link the changes in meteorological fields originated from the Arctic warming to consecutive
severe air quality by both the numerical model simulations (Community Multiscale Air Quality
Modeling System, CMAQ) and statistical analyses of observations.

4) to elucidate the mechanisms for the interactions between Arctic warming-related climate

change and air quality over the Korean Peninsula.



IV. Results

The results section (Chapter 3) consists of three chapters, including the research contents
mentioned above:
Chapter 3-1: The effects of divergence of wave activity flux due to Arctic climate change on
East Asia’s atmospheric circulation and consequently on the PM pollution

- Atmospheric circulation patterns representative for PM;o pollution events were classified by
the k-mean clustering method

- Of classified patterns, wave-activity propagation patterns originated from the Arctic region
1S a major mode.
Chapter 3-2: Typical nationwide patterns of spatiotemporal PMss distributions and synoptic
weather anomalies for severe pollution events in Korea.

- Synoptic weather and climate anomaly patterns related to severe PMs5 pollution events are
presented

- Three distinct spatiotemporal distributions of PMss; for severe pollution events were
classified over Korea. Once time-lags at each monitoring stations were adjusted, the
spatiotemporal variations in PMss for pollution events over Korea are similar, implying severe
PM pollution in Korea is controlled by a synoptic weather system,
Chapter 3-3: Mechanisms for severe PM pollution in Korea led by Arctic climate change based

on a case study by WRF-CMAQ simulations.

V. Expected Contribution

O Despite the global perception that climate change and air pollution are critical social issues to
be solved for a sustainable society, past scientific studies tend to deal with these problems
independently. ‘This study 1is expected to lay a cornerstone in climate—air pollution
interdisciplinary research in that this research relates the Arctic warming sensitive to climate
change to air quality over the Korean Peninsula.

O Climate change and air quality affect each other, reflecting that policy focused only on
emissions reductions could fail to improve air quality to expected degree. This study will
attempt to quantify the relative contributions of Arctic warming and emissions reductions to air

quality changes, which is expected to provide important data for policy decisions to improve air



quality.
O Additionally, this study is expected to help predict air quality changes attributed to projected
climate change in the future and subsequently improve climate model results considering the

feedback effects of air quality with more accurate atmospheric composition prediction.
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71 2] m AU (PMy) AAES 2% 23, 2016 19 &< dutxo+= 39 sk
A A A AbE 7 B A sk Tk A WA A e 20161 1€ 39, F WA AbEE 20169 19 179,
Al AR AbelE 20161 19 289l skt (¥ Tb).

Zh AbEle] ek 9Ads VFo®E 39 14 WF9 AAFRE(SAT) % 500 hPa
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27 cases (29.67%)
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(a) 27 cases (29.67%)
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(a)l ) 27 casesl(29.67%) (b)l ) 27 casesl (29.67%) (c) 12 cases (13.18%)
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@ 16 #9860 hPa) ANDE AR Hovmoller EE(LEE WAV Aol Ad e
oz AF 1097 AHAD F4D), x5 A FEE AL FEEE Frd5 29
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(a) ) 27 cases (29.67%)

]

120E 150E
11 cases (12.08%)
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(b) 27 cases (29.67%)
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84

(a) PM,, 5 pollution events tor the entire year

—@— Concentration =M= Duration *+s+ Events
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- 20

- 18

68

88

2015

2016 2017
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(b) PM5 5 pollution events for January to March

—@— Concentration =M= Duration ++s+ Events
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(a) Annual average (b) Average for Jan. to Mar.
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¥ 2. A= NOy, SOy, PMys WiE 2 9

(&9 &)
2015 2016 2017
=4 A& H & =¥ Al & Wl & = Al & Wl & =¥
185,176 203,655 184,239
A= ’ A7 = ’ ANE ’
1 871 (17.2%) 1 871 (17.6%) 1 871 (16.8%)
L 135,487 ) 134,889 L 112,876
AT ’ 2 , AT ’
NO« 2 =%% (1260%) 2 ©°° (116%) 2 *°° (10.3%)
104,037 109,746 103,75
S T S T Ly 4
o 77.465 . 81,843 L 69,905
= q 1/}.5_‘_ y = q 16],5_‘__ bl = q ]/]'E )
1 =3 (26%) 1 (236%) 1 eFE (23.0%)
64,649 62,171 56,844
Aebee ’ Aep e ’ A ’
S0; 2 = (189%) 2 = a79%) 2 ¢ = (18.7%)
47,979 49,214 ,
R O = E RS I ST TR (‘112‘;1/8)
21,255 922,670 ,
1 Bd== (2200 1 BEEE (2330 1 BEEE (ég @8)
16,140 _ 18,822 L 16,021
25 Aepd = ’ FAYE ’ FAYE ’
PMzs 2 = (168%) 2 ° (194%) 2 °© (18.1%)
. 13,845 13,613 11,272
A= ’ depd = ’ A= ’
30w (14.4%) ° =t (14.0%)  ° = (12.7%)
(a) 2015 (b) 2016 (c) 2017
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o ‘ : {% .‘Z? o : @
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Ok als = PMys Abdle]l &9 #i&

(1) COD, R # ¥l

AEE PMys A7 2 A9 o9 dl"l S Eelsly] 98 Mg Ade A FEU)
aEEe £33 V|tSE aFE PMys AtdlR AAEAT. o 71 Ae Hi FRE AT
SAL vx ARG 77 Hluwste] aEkR PMys At#lel gk CODE At=skdh. 1ekx
PM.s Atdl® CODE EBK W4 ,

s s F AT 4 i H"
e o w yepWllth(Case I-10D).

2015 -8 20199 7hA] A& A elle F 40We iF % PMys ArdE7F @A 7t
Abdle] tigk CODe F3F B+ 37F#4 3 #H " (Case I, Case II, Case o= EF3
ARt EFE 9 Case I, Case II, Case LI 77} 1370(32.5%), 1270(30.0%), 771 (17.5%)]
AHIE Attt EREA 22 871(20%) 9] Aldl= EA4e o] &H FAHA Tt FEsAY
i A o] FAA o] tha Hojx] A )8kt

Case [ 3= U AMZE A AoAx FHH o= #2H(CODK02)str HesFHoz A=
H AR BEXE B9 (29 27a). s oz #2430 & A9 3 4o a7

(R>0.7)5 YW ds5FHom 55 FaaAZE Fliio (L7 27d). Case I &3 1374 9]
Abdl S 9789l AbdlZE 201990 2 A e A, 12709 Aty AL EQd 12-4Yel H s
201992 Case Iol &3 Abd7F @dd sl=2 (29 28), Case 19 &9 #jHo] H: Eo
JsHdoz dAe nrx AHdE dxste Add 7hsgdel

Case 1= AM&3 A7) A9 REoA FHd #24(COD<0.2)H 73 4o F=
AABAR>0.7)E HATE (LY 27h, 27e). Case 119 AtdlE= F2 ASH A AT
643 11l TS Atdl %= Case 1ol EFEJATH (27 28). 2 £x9 W7t A7
s d= A AAF BAGle] B E A2 AE U7l 2HAA nFEETF AHA
I A wiEe dFH tlEo] PMys7t 4 EAY] WEd 7hsdel

Case IlI&= HFA 1A o= 745 FE(CODK0.2, R>0.7)E B, o+ HdHo=w

)
12
2

\d
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r 4 Case | 4 Case Il 4 Casellll

- (32.5%) ’ (30.0%) ’ (17.5%)

% 27. 15 % PMos AHell9] Case ® 29 #¥l, (a—¢) COD X, (d-f) R

i
b
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Time
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¥ 4. 313 % PMys AHdle] Case ¥ COD, R, A 7F HASE COD, Azt HA% Re Hr(F+=HAH)
Ao R FAFTCOD<0.2 == R>0.8) =449 H&(%)
Case 1 Case III
(o) (o)
mean (std.) A.Of mean (std.) mean (std.) /).Of
stations stations
COD 0.25 (0.10) 39.5 0.24 (0.11) 45.3
Time-lag 0.21 (0.09) 51.4 021 (0.09) 51.6
adjusted COD ’ ) ’ ’ ’ )
R 0.54 (0.35) 442 0.55 (0.37) 4477
Time-lag 0.80 (0.13) 70.2 0.81 (0.12) 832
adjusted R ’ ’ ’ ’ ’ ’
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(a) CASE | (b) CASE Il (c) CASE Il

13 events 12 events
60N 1 60N

=

i

50N

40N 40N

7 events

30N 30N - 30N
; 4
20N T + 20N T 2 T T 20N T ey T
100E 120E 140E 100E 120E 140E 100E 120E 140E
[ [ | | [ |
-85 -75 65 -55 -45 -35 -256 -15 -5 15 256 35 45 55 65 75 85
Geopotential He:ght [gpm]
(d) CASE | 13 events (e) CASE 1| 12 events f) CASE IlI 7 events
] g 60N . e 60N .
A
50N 50N 50N i}
40N 4 40N 1 40N 1 5,‘5&’
30N - 30N
q
20N v . , e —— 20N e :
100E 120E 140E 100E 120E 140E 100E 120E 140E
| I | [ [ [ |
-45 -39 -833 -27 -21 -15 -9 -8 3 9 15 21 27 33 39 45
Geopotential Height [gpm]
(g) CASE | 13 events (h) CASE Il 12 events (i) CASE Il 7 events
N > 60N . L — 60N L L
A :a \
50N - 50N 50N A o
40N 4 F 40N - 40N < - -
-
30N - - 30N 30N A : F
. . : =y
20N T T T 20N e T T 20N - -
100E 120E 140E 100E 120E 140E 100E 120E 140E
I | [ | [ [
-39 833 -27 -21 -15 -09 -03 03 09 15 21 27 33 39
Wind Speed [m/s]
(j) CASE | 13 events (k) CASE Il 12 events () CASE Il
60N = . 60N —— 60N :
A
50N - - 50N - 50N ,
40N + - 40N 40N A
30N - - 30N 30N A
20N - . T 20N T T T 20N T T T
100E 120E 140E 100E 120E 140E 100E 120E 140E
[ [ [ I [ [
26 -22 -18 -14 -1 -06 -02 02 06 1 14 18 22 26
Wind Speed [m/s]
(m) CASE | 13 events 150 (n) CASE |l 12 events 150 (0) CASE Il 7 events
. - 200 +
S - 250 ~ -
9:; ~ ~} 300 t \ 8
N
2 L% N | 500 AV U A
5 \ 1
a - 700 \ o+
i 1850 -
> = +1000 -
100E 120E 140E 100E 120E 140E 100E 120E 140E
[ [ [ [ [ [ |
-45 -39 -833 -27 -21 -156 -09 -03 03 09 15 21 27 33 39 45

Temperature [K]

19 31, 7+ Caseoﬂ 2 3)+=
850 hPa A9

%, (g-1) 80 hPa &%, (-1 A 10 m &%, (m-o) A&
2 Yozl i

two tailed student’s t-test®] 95% 212 G-7F
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(a) CASE |

13 events (b) CASE I
: 60N L

(c) C;?‘SE 1] 7 events

12 events
L 60N

60N il
A= - <
50N 4 50N - 50N L
40N - 40N ‘ 40N L
30N 30N = L3N L
p U
20N = ——L 20N o ; . 20N F At .
100E 120E 140E 100E 120E 140E 100E 120E 140E
[ [ I I I |
6 52 -44 -36 28 -2 -12 -04 04 12 2 28 36 44 52 6
Wind Speed [m/s]
(d) CASE | 13 events (e) CASE Il 12 events (fy CASE IlI 7 events
60N . . 60N . : 60N
J
50N - 50N - N 50N -
40N - 40N 40N 1 ﬁ
30N - 30N ? =L 30N 4 .
4 D 0
20N T A/ T T 20N AR T — T T ~ 20N T — T T
100E 120E 140E 100E 120E 140E 100E 120E 140E
[ [ | [ | | | |
-5.1 -45 -39 -833 -27 -21 -15 -09 -03 03 09 15 2.1 27 33 39 45 5.1
Surface Pressure [hPa]
a9 32. ZF Caseell 43t 5% PMys Abdle] ofw=Ed] A%, (a—c) 500 hPa &%, (d-f) A
71k
(a) CASEl 13 events (b) CASE Il 12 events (c) CASE Il 7 events
45N Lo 45N Lo —+ 45N ' —
~~~~~~~~~ ~ ~ ~ - - - - 10"‘/5
40N a3 40N - 40N -/:?;/
N :\;j
AN NN N B (W
35N vy (s L asN A - L 35N + v -
TR U U S Y .« =
| [ SENRNEN | Y ame o = = =) e
i N R S T W N ~ s 1l N e e A e L N e e e . .
30N —t—— Y 30N T T 30N T T T
120E 125E 130E 135E 120E 125E 130E 135E 120E 125E 130E 135E

[ | l

[ [
1013 1014 1015 1016 1017 1018 1019 1020 1021
Sea-level Pressure [hPa]

1022 1023 1024 1025 1026

a9 33, 7} Caseoll 438h= E % PMys Abel9] 5t & 71gts A4 10 m wbed wg g%
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A 3" B3 B BolAol trleBel wWE nBE ujAux
o] ofa) (ch7l A4 RHe Al AFE FHOR)

1. 4712424 (WRF-CMAQ) 7+
7o A" ) e

3}t 2 d(CTM, Chemical Transport Model)& th7]deo] WSS =mosdtr] 9l
ARbE FAYAAARA, LAl HiEH e dEdo] AAMAE, FHRtEE 2E T
7= gkol] whet gab/olFetar 7] EeRkgol e 1x e d=Ho] 22 LAEHARE WItst=
s OE (g 34). @A dddA AEEHE g7|EEdEEE CAMx, CMAQ,
WRF-Chem, CEOS-Chem %°] Ut} 2 AFoA+= FHZF IFUela dAF 7] 2 o Ho|
A8 5= CMAQ(Community Multiscale Air Quality Modeling System) R 2g x| &3} t}.
Q71 A2 (CTM)S AH&st7l Sl 7185 2 & A&7 a8, o 3
71 EPeZ WRF v37 M@ ore dHAYstue A 24 /s CMAQ M=% A& A
RES o&3tdy. rdrdel  Z7]A=(C, Initial Condition)$ 7 Al A & (Boundary
Condition)= CMAQ E o] W= &= 7|2AEE AFE3FA T

CMAQ x2d49d& vz 3374HST(EPA, United States Environmental Protection
Agency)ollA e irjd rdz aHdE"l ARAANA AeHE 2 U] H(Eulerian)

AEPA NS NFoz 2t Axel A doluhz Bel/53 g A Akl wE FHeFe

3t (29 35). CMAQ 24 AAE 714 2 wEd A5 dA= B3A-7
z74 Az B Sz FAHETY. CMAQ 9o i is #iss
Hel 252l CCTM(CMAQ Chemical Transport Mode)S 714289 w&% A8
dHAEE sto] 2dEHY o, &t FEnkg 9 AARA) HAHE ALET. NCARY
THE 71 EAe WRFE o] &3ste] =% 7]4A5E MCIP (Meteorology -Chemistry
Interface Processor) R &5 il CMAQe A& + v dExs JuH=z wHIyw,
JPROCE #ajglAFrE AAterw Ases HAHoz CMAQ Edo %3Hol e HAE
A FYATE AEst= AR Jheett. da A xe 5Ad wE
&

z7]
BAAxAGEELE Fxm)E 474 ICONI BCON AZatgs 3 CMAQ Rde fuda=
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Initial and
Boundary
Conditions

Meteorology Emissions

CTM Concentrations
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+ | Expanded Continuity Equation Derivation:

T

w2Co
3-D Expand to flux or advection in 3-D:
u,Cs A% i u,C,| Az | 9C/ ot = - d(uC)/ dx - 9(vC)/ dy - d(wC)/ 9z
—> R; @ il —> =-5/ (vC)  (flux divergence form)
11 t?x; " | Add additional production and loss terms:
ﬁE % ac/at +\/- (v\C)=D\/2C+R+E-S

S£L' w,C, ﬂ

u,v,w = wind vectors

E = emissions

S = loss processes

R; = Chemical formation of species /
D = Molecular diffusion coefficient

a9 35, 7] d Rde] ALk A
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Mrteorology |
m " B
Meteorology
- -
Emdusion Model |——Emissions

—+ IPROEC —Mhotolysis Rates—»

Indtial and

Boundary
Conditions

CMAQ Modeling System

CMAQ Chemistry-Transport Model (CCTM)

Gas-Phase
Chemistry ‘ Advection Diffusion
Aeroscl Chemistry | Clouds &
& Deposition
i i L - Sojves  Asmmeeiieeaces
e
|8 ] B
| ;(&@+E (x,%") + o (KelS) +m4D+E
]

o o o

The Continuity Equation

CMAQ outputs:

» Concentrations of gases,
particulate matters and toxics

* Wet and dry depositions

o Visibility, ete.

|
b4

Nested o
Restart
e
il

1% 36. CMAQ =€ 44
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oA ARE 282 9% AR AET 1A

f71d mdyg Axd L85 s CMAQ Edo] A4d & Jx dHY v

A8 Aol wt=Al Fasith A ZAHOoE AFHE FolAo} wEFEES 2000t Fuko
g Asddd wka] solrol wjEFY BE F

TEFS 109 A v & S Hoelin vk oo E AFdAE T3
A& (NUIST, Nanjing Univ. of Information Science and Technology)$tel @& &3

20161 7]=e] Folrlol A e wiE® ARE AFEste] wivld Rl Ao Fgr F4S

L ol

CMAQoA AH&HE= wWiEZdF Ases ZAodda dxste o
7l#o2 2w 8E55(Emission Inventory)S 7|22 AEd"Et. wE&5Sod 5A
g2 g 2 54 Az 1Y el ti7] TR BEHE L9EAS A 4/dadE
=

g AREA AW ACED, TG, AF, WA ® B), A4, AR 5L FPestd] dEd

2 AFoA= A7 HjEEEo REAS2.1(Regional Emission Inventory in
Asia) & AF&3tdt (17 38). REAS2. 738t o] CAPSS(Clean Air Policy Support

System) WEYF ABE WAE WEBEORN FoprActE: TFW ofAot AA AY 3

N
.
_HJ
rﬁ fr

ZAjoto] ofxo} A FE& VEOoR 0255 Ao R AAHAY. T JdE LFEDLE SO,
NOx, CO, NMVOC, PM,y, PM.5 BC, OC, NH3, CHy, N-O, 12|32 CO, 5°] 3t}
28 BAsE MEEESo2ZE MEGAN(Model of Emissions of Gases and Aerosols from
Nature)= AH&3tith. MEGANS A 39 AAARAS Eoste] A4 wWE MEis5s 1%
Ao w Ao, 183l MEGANelA A9 AAAFS 2T o, CMAQOIA Ak&3dt=
st MiAYUSES sAsHA ALEste] 8 5 AT

AbE R 913k 2] AE 2 A (biomass burning) NCAR® FINN(Fire Inventory from
NCAR)E AH&3t3lth. FINN # g9 A4F&E A AoA e Axe A4HSSE 3 FHH=
4ol vtk FINN #AHE MEGAN¥ o] 1% kA o= AFH™ CMAQAIA A&t 3het

IAUZE AHgstel 22T & 9

=2
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AQM-ready Emissions

(unit in g/sec or mole/sec)

19 37. Wj= %2 Z(Emission Inventory)$] %
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3# 5. CMAQ-ready data At=ol A9 Wi &55

EEE 25 WEES W& 55 54
S0, NOx, CO, NMVOC, PM,, PMsys5 BC, OC, NHs,
Q1 7k 7] 1l & & CHs, N0, CO2
REAS2.1 . .
(Anthropogenic) ol 5= 0.25° x 0.25°

Monthly data

2 A ul = =
MEGAN
(Biogenic)

20 categories and 150 chemical compounds (CB5, CB6,
SAPRC99, MOZART, etc.)

AE: 1 km x 1 km

Global emission model forestimating emissions from
terrestrial ecosystems

Al E Y
FINN
(Wildfire)

Global emission estimates from open biomass burning
AE: 1 km x 1 km

Daily data
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GPW3 / GUESS-ES / HTAPVZ | HYDET 3/ IMAGEZ 4 / ISAFIRES / Junkih-Liousse [ MACCity / MEGAM / Pixglanea /
PEU/ POET / RCPs / RETRO.
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6. MAYSE 3tetF vl (SAPRC/CB05)

EEFHG | LBOS
iConstant Species
o2 oxygen
(] air
H20 water
H2 hydrogen
molecule
HY light
Active Inorganic Species
03 ozone 03 ozone
NO nitric oxide NO nitric oxide
NO2 nitrogen NO2 | nitrogen
dioxide dioxide
NO3 nitrate radical NO3 nitrate
radical
N205 nitrogen M205 | dinitrogen
pentoxide pentoxide
HOMO | nitrous acid HOMO | nitrous acid
HMO3 | nitric acid HMO3 | nitric acid
HMNO4 | peroxynitric PMA paroxXynitric
acid acid
HOZH | hydrogen H202 | hydrogen
peroxide peroxide
co carbon co carbon
monoxide monoxide
S02 sulfur dioxide s02 sulfur
dioxide
Active Radical Species
OH hydroxyl OH hydroxyl
radical radical
HO2 hydroperoxide | HO2 hydroperoxy
radical radical
IMEQZ | methyl peroxy | MEOQZ2 | methyl
radical peroxy
radical
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oo 71 d Rdy] Al2dS o] &3k Al E m A A AR o8k 4
571535t ddE uEel vAEA 58 5 dedy ddel sk 2016 14
34 Abdle AA I ddel sidets 2017d 1€ 29 Abglel dis divld REd
Al EHCMAQ) #H A 3b Wets A &sto] Abd A5 38k
W& Aaes A7 9¥lE F(REAS2), A A¥EF(MEGAN), AHedl< 2FH(FINN)S
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Typical patterns of spatiotemporal PM2.5 distributions and synoptic weather anomalies

based on observations from 402 air quality monitoring

for severe pollution events:

stations over South Korea. Atmospheric Environment. under review.
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