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Abstract

This study uses the GEOS-Chem model to investigate the spatiotemporal distribution and seasonal
mechanisms of reactive nitrogen (Nr) deposition and emissions across East Asia during 2016~2018.
Analysis of deposition-to-emission ratios (D/E) shows that China and India have lower D/E ratios and
are the main sources of active nitrogen emissions in East Asia. We find that the regional seasonal pat-
terns of nitrogen deposition are shaped by phase relationships between emissions and monsoon pre-
cipitation. In China, synchronized peaks of the emissions and East Asian monsoon rainfall drive co-
herent “summer-high, winter-low” deposition patterns for all Nr deposition species. In contrast, India
exhibits a phase mismatch: except for the dry deposition of nitrogen oxide, other Nr deposition spe-
cies are mainly influenced by the heavy precipitation of the South Asian Monsoon, with a significant
difference of the seasonal variation of emissions. While the Southeast Asia, with weaker monsoon in-
fluence to the precipitation, shows deposition seasonality primarily governed by local emission cycles.
This study resolves the dual control of emissions and monsoons on Nr deposition, providing a frame-
work for optimizing regional air quality policies.
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1. 5|8

B N ZRIE B AR 75 SR AN K, Ok 2 1) A I (NO) FI 2 SU(NHs) S v AL &
VIR HEBCEN R[], X EE T AN A P8 IS RS R A 2R A5 OB AT 1Rt 1 7 s
PR ER 2], EAESRGH, WEHEERBA S HEEAER, I s = E ik (COs)-
FR 5t (CHa) 8L T (N2 0) S50 2 AR WS 0L, 35 520 A BR AU AR A 3]- (5] [ I 52 v 1k Rt
Bt o 51 R IR AL KRS B TR AL DL E ) AR &, O6F AR IR ™ AR J 1K) SR [6]-[9], IF
fEHNKAEE10]. EHTAEBERMAAH, REEET RS X —[11][12]. SRR
FT R (1 i T A Fp A b [ R B AR AL T R X [ 13] [14], 54 T AR 3 S 80 M B HEBCR T 450 5]
15 90 kg N-ha'yr™' #1 40 kg N-ha"-yr™! [15].

Mg AR EH R SIS, FEBUGFH G 7 — FRF156T NH; M NOy BIHFEGE, #lin “+—
F” MRIQ2016~2010 5F). “+ —F” FEI(2011~2015 ). “+=F” MEI(2016~2020 )L K 2018~2020
R D =FAT 30 THRI[16] [17]. WHFURBFIT R EEE FHRCS EA P N, Hd NHs HE80K
IH¥RE: B, (0 NOx HFBUREE FIE[18] [19]. AR ENEMERDIF S EMERK, HTY 21%8H X &
PER DRI AR RGN S AT [20]0 o B 73— AR A 5 M HEBOBOR , DA s PR S HE o o s
PERDTRE T N S R0 A 25 PR ) 47 THT R0

WAL IEME BN NIEHRBUR 2L 5 R E Y R UTRE AR 2 R AE BREER R . RN, & 1 SR
WEE — RAE R KRN ERE, SH5WEREE. MR HRSE R TIRER AR, #—
A2 o0 I I SR TR 7™ A SR (21 ] o SRS 1 U U P I R AN S HETSCR 42, R R 0] HoA E 25 )
[22] 0 X T 52 M 75 B K AR AH 2 25 1R 2 DK DU BE DR SR, DRI /K (R AR A 2 I8 38 52 ol 3 1 R T e R 28 400 23]
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40, Zhang 5 [24]8 1 KA AR IBISIEIRTH « Wiz 05 A8 MLl B M K S5 B IRFEAS, ot Horp
TEPERIREE, TR T AR R A HEEO H I S AR 5200 o 1T Cuid 5525 |38 1 xof o [ 7 g 08 s 3 41 43¢
P AERS RGN KA I ST, R I 380t FH 55 N R 304035 5o 1 DR =00 P G U e e A
B (HIAT AN TR U SR8 RFPARIBAEF AR, K7 = DA SRR A K
) 28 53 7 = 8 e, X3 A R e 5 2 XL ) 2 AR A P g

Rk, AR 3E— 5 N K S 4k 22458 50 GEOS-Chem (Goddard Earth Observing System-Chemistry),
TE TR K 25 ) R XS LEa BT 2016~2018 4 7 37 X 14 S8 0T R4 -5 HE ORI 2 XU 2 (8] 1) 25 (8] 43 A FZE 15 AR
AP 7 AR AE o

2. BiRFIFE

A5 K GEOS-Chem (v12.1.1) [26] AR L X 3 ik BB, X ARTHLIX 2016~2018 4F K iE AT
FHRVTRE L REHEAT 1. GEOS-Chem /& =#E RO AL AR AR S, PR LA T DAR S BE RO AL 22 BL
E Z AT E[27]. ABEM[28] AR AER29] 1 RIS MERUTERI B A . AR5 GEOS-Chem 1
AEFRHLIARE 2.5° x 2.5° (B x ST BIBLGE RAE i S AT, DA ) k8 1 J7 20\ 38 2R 2 [X 3
RIS 0.625° x 0.5° (ZFF x £ )G PE R DT+

GEOS-Chem H MERRA-2 (The Modern-Era Retrospective analysis for Research and Applications, Version
)M TG B IR Bl X LEHE R T 5 [ [ ST A TR BRI (NASA) T Ja ) 4 2R BERL R AL 7
»% GMAO (Global Modeling and Assimilation Office)e MERRA-2 % 7 B /K& 10 KF1 850 hPa X,
REMELIE . HRAEUIAT BRI R R E IR EHRE30]. HIRMRKT 70 9550 0.625° x 0.5° (&JE
x #5[%), 5 GEOS-Chem B ##%—%. EFEE T, MERRA-2 KL EHEKH o-p IRE 45,
—HL 72 o o, SRR AL WA XU S A R N () 2 HE AR 3 NI, T TR BE L WP R A
YRR I R > HE RO 1N

GEOS-Chem K] b 0L, b 5 7 itz R - REY - IRE &Y - UEK - KR
PEZENLAI31] [32]0 PSR (HoS04) fHBR(HNO) AR B IR ER B« BRER B AN B Eh A I
3L Fountoukis Al Nenes ] ISORROPIA-II 7 # R HEAT T 5L A[33 ] A2 UVA BT AR T 1
GEOS-Chem 3K [1)/2 Liu S5 [34 8¢ H 15 %o 10 SR ST, W8 Mari %[351PA & Amos 55[36]
IS TT RBAT VB 1207 R 1 IR RUBE T o I e AR R RUE R /K B I o Bz b S A2, LA o
ANTEE BRI AN R TSR35 o I Rl i e A s M2 OV B 5 I R R AR SR AT 2, b 0B
RIS Wesely 253781 Zhang %5 [38] (i HLBH Ef BRAE AU B4 H .

A5 BT GEOS-Chem #5231 A 9 IRHEGE #.5K H CEDS (Community Emissions Data System) [39],
I BLAE AP [ X 348 A [ 22 4 9F R HERUE B MEIC (Multi-resolution Emission Inventory for China) [40]#E4T
. CEDS ZIFEH A ER A NIRHEBGE 5, MEIC Wl He oK 7K & AL A BT EE o [ [ X | /R R
LEZAMNMMTE SRR, —FH B BABEIN 0P, BerEi S 43k DL b B 2 F RS e i)
U OL, A e 2 A0 % 2B HE IR [41] [42]

3. RIMX AN RHEMET S 5 B4
3.1. FEEEARAIZE ST

GEOS-Chem AU 2016~2018 4 7R V10 X K E M A HEB(NH; 1 NOY) 2 (8] 0 A i it an 4] 1 B
TN (ERLIURT B, AR 0 X Pt NH; HEBCT- 38 9.24 kg Neha byr !, AHETT S, NOx HERGE B,
N 6.12 kg N-ha byrte NHs HEH A RUR S S, 1A 89%, HARIEKD.
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Figure 1. The spatial distribution of the annual total nitrogen emission averaged in East Asia from 2016 to 2018

& 1.2016~2018 FE R T X THRZ 8 5% E

ML ER /3 A K, NHs HERE ZAE T T A0l M & B0l B AOE B E 42 d6-F 5. Y )1 2 DA K B
X, e i e T ER A, S 41.9 kg Ncha byr . NO, HEBUH i ] 32 B 42 b T Tk 5 REVR Y
PO R E LR, K=MMIX, 535004 27.0 kg N-ha Tyr ! F1 25.0 kg Nha -yr 1.

MEFRPE S HT, ENFELL 34.2 kg Noha ™ yr ! (2 [ P HEBGE AT 51.3 Tg Neyr ! FIHERUE & N IX
i K HEBOR,  H NHs HEBOR NO HEBUR S B3 8, 70708 36.1 Tg Neyr ' f115.2 Tg Neyrle 1
EVE MRS RN 204 Tg Noyr !, 2EFHERE 15.3 kg Nohayr's HA NH; HEECN 11.0 Tg
Neyr !, R SEPEEHER 54%, BT 9.4 TeN-yr ' B NOHEi . 75 55 0 3th DXyl ME B HE U &8 13.9 Tg
Neyr'', Hoft NH; HEBON 8.1 Tg Neyr™!, NOx HEBCH 5.9 Tg Neyr ' HdaR B, AR EZKAHLX BT 7=
ZiR. BT RBEAFUL RN EEEREMZES, WS EHRE L S 02 A A

3.2. EMRHAET RN

R DX M B HECEE AR E 2 Brs, WS MHEEHEBUS B A AR EE AT 1.0~2.0 kg
N-ha month™! Z [i], 1 HHERK, 5 HxmaE. HFEZFHHHIE 2.9 kg N-ha 'month ™!,
FERAZE(2.2 kg N-ha 'month ")) 1.3 £, B4k 2B E FHILZ - A FRHE » B 78 X 38N NH;
ARSI ZE T B2 58 T NOLHE, AT 2N HHEF R LA FHIRAES . 111 NO Hl F 2k 5 AN & sh T
FEAE ARG B s T NS AR P AR TE X A BB B T SRAE S R, WO LI N H T AR A
B [43] [44]. P E NH; HEBCRAE 2 2 55, A5 2.9 kg N-ha “month ™!, & Z5 51, ¥ 1.7 kg N-ha~"-month ™',
EIEHLIX NH; HEi & 22188 {E 3.2 kg Nha \month™!, 1] 5(d), 7E5 AM 9 HNZERT G 2 AUERHE, I
WEAE 53 7314 4.9 kg N-ha"“month™ 1 2.7 kg N-ha ""month™' . ZREFIEHL X NH; HEBZE T AL IR B A {Lfash
L ENEE R IXARRL, AR AR X AUE, 43714 0.8 kg N-ha !*month™! #1 0.5 kg N-ha !"month ™',

4. FIMXFMRRESHEEERER
4.1. FEMRITBEEE ST

2016~2018 %EZR P Hb [X Fifi Mo A= 250 75 1 SR OB B 8o 29.8 Tg Neyr !, HABPIFE N 17.1 Tg Neyr!,
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Figure 2. The seasonal variations of emissions in East Asia from 2016 to 2018
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E T TR 12.7 Tg Neyr ™, BRI A 20.1 Tg Neyr !, & FEALRITREH) 9.7 Tg Neyr ' Wif&l 3 i
s I JREREAENR UL 28 B A, S5XIBBE KA EDIME . Hm il X84 o A 75 FEK
g e i () Hp L RS B RE G0 DA B R S8 G IV 2 S R X o e v Lt BOLLE DO )| 2 b R 5 L kb X
391N 29.2 kg Ncha™t-yr ™ A1 47.2 kg Noha " yr (8] 3(a)s 8] 3(c))o M0 T-UCFEAZS IR0 A, 0 32 B kT 546)
PR HE R, B o A P R HE R I R B ARG R B AR LI, SPIUTRE R AY BY 14.0 kg
N-ha lyr ' Fl 9.8 kg N-ha !-yr '(J&] 3(b)« &l 3(d)). ¥ PEZUTRE FIRAE X 3R 3= 24 v T N TR K I8 1)
W E R R BTEE R E I X, DU S R BN (<0.5 kg Neha hyr ). HIF 70 X 8 A 4% [ 5 o B R 3 PR T
P, N 8.8 Tg Neyr!e HUURHFE, WEMHEIIFSEN 12.8 Tg Nyr!, 2EFHUikFEEN 12.0
kg Neha 'y, Hi®FERIIE. ERATURE. SRR ITEME R T U258 5.3 Tg Neyr''.
2.8 TgN-yr'y 2.7 Tg Noyr ' fl1 2.0 Tg Neyr o AR WP HB X 75 R UTRE B 8N 5.9 Tg Neyr '

20 20
18 18
16 16
40°N_¢8 14 40°N 14
12 12
10 10
8 8
7 7
@( 6 M 6
5 5
® 20 A ® 20 W
3 3
2.5 2.5
2.0 2.0
1.5 1.5
0° 1.0 0° 1.0
0.5 0.5
0.0 0.0
60° 60°
(b)iE AUk
20 20
18 18
16 16
40°N 14 40°N 14
12 12
10 10
8 8
7 7
M 6 M 6
° 5 5
® 20 A ® 20 M
3 3
2.5 .2.5
2.0 2.0
1.5 1.5
1.0 1.0
0° 0.5 0° 0.5
0.0 0.0
60° 60°
2R 2R
(OE=R e RITAN 2 (AR TVIE

Hf7: kg Nhalyr'.
Figure 3. Simulated annual nitrogen deposition in East Asia from 2016 to 2018
3.2016~2018 F R LM X FRFEZIE]) 5376

4.2. FI0ZR I XEYS BTN ER

T S B R R AR R T DX R R B TR A A RN R AR, A SRR TR R G
ZRA B X VPR ST R 2 o TR HE B (D/E, deposition to emissions) FH T2 B i 4 B HEIS DT & 2 7] Y
MHAER, HOMRMEWE 4 frn. K 4%, & D/E BIRMIEZAFE. B, 2 E MR EER,
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FhdbassTt, SEOEWEONEE, (2 NRUEE . £ ERWAEERNBEER T, AFHER
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Figure 4. The ratio of Nr deposition to emission in East Asia from 2016 to 2018
B 4.2016~2018 FF AR I #XFE M FURFEHEREE

2016~2018 75 M1 [X 3% 14 S0 2 B 1 H P32 A0 E [/ T 0.7~1.27 kg N-ha *month ™ Z [H], 12 H
UiRERE RS, 7 HikEld, HAERENFNEZR, ERVFRHUIREEG.8 kg N'ha 'month )24 ZF(2.1
kg N-ha™"smonth™"){{J 1.8 f5. H[E. E[EAIZ B WM X3 M T H P2tk i i in 18] 5 iR, R E A2 &R
W ZE R, 5~9 H P K& 100 mm month™, H4ERKEER 70% (4 5(b). HFHHE
BIEMEHSCREE R CEmART RHE, FEREACRHERRAL A T AR R, o B TR IR
R S AR B o B, A SR R U e B Z= AR TR B8 1.8 kg Neha 'month™!, 2 47%(0.6 kg
N-ha'month ™ 3 fi%; FALZEIBIT(0.9 kg N-ha™»month™) & Z=4FE 3T F4 78 A% Z5(0.4 kg N-ha “month™)
(1 2.6 % o (EXFTFUTRET 5 BRI AN, BOLAA & A 55 RHBOE AR — 5. JUH I R AT IR,
H 5 NH; #8097 6 H. 8 AR 11 A HBUERE A 5(a)). EIEMXBEVIFERBEN “Fm&R” 1k
B, AR o8 J5 ST B 2R AR R R S o A ] B RS X B 2 NH HEsusb, LA R T 2R K(6~9
)5 P 7K (>160 mm month™ )10 R (14 5(d)), NHs B m K PE IR KBS B G 2 PR 1.8
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x 10" molecules-em ™), £ PR AP 2 1EH FHLZR NH3 WREERRAR, B 200 5 2R IS 2 44 e 1
1.5 kg N-ha ''month™!, & Jif 0 F-T P B4 28 42 4F & (K117 0.2 kg N-ha 'month™'; i F W2 FEXIHB )G, £l
NH; HEBOE I B K>, S8R NH WS (A& 2= P4 BN 4.2 x 10" molecules:em ™), T-ITFERL
RNIBJF R T FiRE, KA PP EEE 1.4 kg N-ha 'month™, i Jf TR B 28 44 5 {1%(0.2
kg N-ha 'month™). AAEIRITEN 57 MBEKFE A, 7 HikE(E 0.4 kg N-ha "month™", (R i )i
NOx HERUE 1, 18 5 AikI&ME 0.4 kg N-ha \month™ (] 5(c)). 4 B0 H X 5 b g 2 B AN E A = LAAL,
HRERAMTARERIT, SAEZFEREWRTE, BHFYEKEFTEUALE, EAKT 200
mm'month™ (1 5()). BRICEBTUIES, HARUTREH P25 IS 5 RARBUH R (K] 5(e)).
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Figure 5. Monthly variations of reactive nitrogen deposition and its influencing factors in China, India and Southeast Asia
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LR P, R B HEBOR 2 JRUBE KON 2R 373 DX 1 2RI e 1 22 1 31 A0 3= 5 AR A A R . v
AENEEAE RS PR T S HEOR IS D/E - AE,  TAFHAIJEW/REE & D/E XS TR ) 22 K=
ek SR . AN TR [ SR DX PR SCHE IO 2 XU R AN A AR 284k, 3 BCHE TSR 2
TARAE o ELETETERA. NH; HEEA NOL HE S AR 2= KUK 2= T AR (A R LA, s
PERUTRE . T UTREARYTRE LR R M A BRI 2 “ B AR FORHE . B RE M X PRI 5 S HEIL
AR W2 K 2= AR AR AN A, S BERAC R T IR AN, HoAb R SRR ST R 22 A 5 0 W HET
AR BR S o BT FU o0 M, SX L BT R PR A2 A 2 B R T 7 W XS PR R T 224K
RS TS, BT RGRE R T ARIZER,  HR R E TR S (K% F A0S BR AL 72 DT R e
SMEE R ANFET R E AR, R R X A2 X ss, oK HAasE, HUTRENZTE
A BT BRI 2 AR A

5. G 5itie

AR FEET GEOS-Chem BB T 2016~2018 = A< MV H0 X 35 P ZUIIHE AL -5 U0 B I ) 25 20 A A,
FEERFT T AN [ ] SR 1 X 3P G HE ORI 258 XU R 7R R P T e 22 [ 4 A R 21 A8 R 52

FR 1 DX P S DR B R X R 2 5 . NH3 Heilc: B4 b TR0l R a1 B 4L
SPIERFIEDREALER, femnlik 41.9 kg N-ha 'y, NOx HEBOU 4 b 78 Tk %5 4 1) A 8 K = #1(25.0 kg
N-ha lyr )AL J5(27.0 kg N-ha byr ). NHs HEBS/ERE = HBLEIE, 1M NOL HEBUE A AR 75 SR
TE, FERRBNEN. RIHL X ETE RIS 8N 29.8 TgN-yr !, FH AR ITR(17.1 Tg Neyr ") Flid i &
DUBE(20.1 Tg Noyr D 5o B2 A R X B K KSR EHEBOR, S n]iE 51.3 TgNeyr !, @i
[(20.4 Tg N-yr DFIZREII(13.9 Tg N-yr o ZRIEHBIX iG MR DIRE B8 29.8 Tg Noyr !, FLHBITFE(17.1
Tg Neyr YAIE R IT#(20.1 Tg Neoyr D) (53S0 . JURFEHEREL(D/E) M, A E(0.79)FENE(0.69)
YENFEZHBOR 20K D/E 18, HiEEERUE EZE R AMHRE S AFH4.94). JBIH/R(1.76)% = D/E
DX 35 1A 3 PR DT B ) 32 K S AR S S T O S o 28 0 1 XS P R DT B ZE T AR A0 52 25 MR KRS e K,
X 5 P KR HER S S X B E A, i rp [ PO )1 203t8(29.2 kg Neoha™'-yr DYRIEI L #(47.2 kg N-ha 'yr™),
ARAR X 0 A5 1 r [ 5 R M 5 o T . AR A s, R W0 3 X T % 5 5 25(3.8 kg Nrha '*month ™) &
Z¥(2.1 kg N-ha 'month )[#) 1.8 {5 FEARIZERFEKIIRB) T, HEEZFRIE(1.8 kg N-ha "month™)ik
AZE 3 o )[R g 0 2 X5 4 /K 5 B8O 2RI RS A i (1.9 kg Ne-ha ''month ™),  FUT F# 5 %(0.6 kg
N-ha "month™"). ZRegWHLIXZ H BEKE NS, TEERDIREFEN R KRN, K5
OB AR,
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