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Abstract

Nitrogen dioxide (NOz) is a phytotoxic pollutant that affects plant growth both directly, by damaging
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vegetation cells, and indirectly, by contributing to ozone formation. While field experiments have
demonstrated the significant impact of air pollution on crop growth, the large-scale effects of NO,
on vegetation productivity across diverse plant species remain poorly understood due to limited
observational data. In this study, we investigated the influence of NO, on vegetation productivity
across China using an innovative approach that integrates satellite-based observations. Our find-
ings revealed a strong negative correlation between NO, concentrations and vegetation productiv-
ity, indicating that elevated NO; levels are associated with reduced plant growth. The sensitivity of
vegetation types to NO; varied considerably, with savannas being the most sensitive and evergreen
needleleaf forests and shrublands the least. Specifically, reductions in NO, concentrations to the 5th
percentile were estimated to increase productivity by 27.73% in croplands, 14.71% in savannas,
12.50% in shrublands, 4.28% in mixed forests, 3.58% in deciduous broadleaf forests, and 3.21% in
evergreen needleleaf forests. These results are consistent with those from field experiments, rein-
forcing the validity of our approach. This study highlights the potential of satellite observations for
quantifying the effects of air pollution on vegetation growth at regional scales.

Keywords

Air Pollution, Nitrogen Dioxide, Satellite, NIRv, Vegetation Productivity

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 3]

BEMPINOX), FralE =AM EWNO), AR Tk FERAE YRR N s 8= A
MR SE R[], 1R LR, NOx HEE A BRI T A1 Tl Ak DX 2RI b, e R AE T i
X[2]. JeriiRFFERM, mEER NOx SIS a1, MY A KEZR 3], NOx XA 5 m 2
WHE] . H5G, NOx AJ PUEE TALBENAEH Fr4], BEHAMHEYER, IR SBUEPSET[5] [6].
HWK, NOx Xt 2 RE(O) M EERIR[7], Oz &Rty m EA TS, SHE/RYIM8] [6].
R, NOx @i Os (17 s al Bzl P A4 K9]

N TS G RO AR AR K B, 2 T A T T R E (OTCs) Al HH 2 AR B 5
(FACE)YEI AR, xS i 7 F T4 NO» 5 O3 XHE#E AE K IALHI[8]. 11, Sheng and Zhu (2019)44 41
PRBRMAE B Bz T 6uL/L [ NO» WRIE R, FEWZERIM: it SR & & F K. Z8lh, Marzuoli et al.
(2024)R 5 THE R Oz AbEE T, BEARL/ N FNTHAL/NEZ (7= 8 R . RS OTC 2582 F T Fe i vt =,
TSI R, {2 OTC SE50 AR GE PRI E SR/ NMR SR AF,  FTREAE PPN Y5 Qe sema i i s 22 [ 11]. N T f#
PXEE R, —RF SR T FACE R4, @8 R TIEY W E W EEE MRS, At A
LB AF(12]. RE FACE RGRA —wMhHF, HEHBFEFHAEEOR, X3 & AR MBS Z R
T, XA AR ARV N RS 2 BR[13] .

TPEB RN L2 B A IR 78 5 A0 H 2R MR A O AR MR B, ORI T TS e AR M )
BHTA[]. BEHEAC ZH T S e COR BT E R 14]. thah, TR H Rt
P T 2 S5 G A AR K SR 15] . SRT, T A X e 98 S8 vh e A FH ML IX [ 16].

UEAESR, HE NOx HEUR KRG In[4]. SR 10, NOx i o [ Fh BRI A S AT AT 46 . NO, & 17 B 8
7 NOx HEBU) RAFHEFR[17]. At NOx % f EA R 28R A 7= Dy s, JeAr 145 & TR R pk Fa 4
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XHZE NO» VLR AR AT 2= 2047, PPAS NOx HIFEH . [FII, AR TESRIUN 4R 5B e in 45
RHEAT T B IR, AT TR E IRV NOo X i [ 22 R 4 SR A 7 T (5

2. BEKRIESH®
2.1. TROPOMI NO, ¥i2

Sentinel-5P AL 7 XHAE I (TROPOMI), H 2018 4 6 AJKLIK, AR EEHR)ZE NO, (1)
Hew Wl . A5 72K 3 Google Earth Engine “F- £ 1 Sentinel-5P OFF L3 4 4E . 1% il 1 2% [H) 43 7%
FON 1km, GFEREEA. XREE B FRZEEBRE NOWKE .. BT XRE NO Ik E 5HE NO, ik
JE 2 A s — ok, FRAME TR E NO2 i SR xR gl A K (R B2 18]

2.2. MODIS #3#

2.2.1. HEHTIEERBIKIE

AT FE A8 ) - 7 o5 SR BE KR T Terra Al Aqua 414 () Th 23 8 R A8 154 (MODIS) - 31 78 75
FIMCDI12QUMA 6.1 Fa = i o 1% A3k M8 55 B LR F T — X, YR T MODIS P2 IR /-2
. AFEFCR A T E R ER AP RIAGBP)Y T R, P SR MR 500 Ko AT b4
HHAENA BT H G AR(ENF) ¥4 AR(DBF). JRZZAR(MEF). #EARA(SHR). R (SAV)HLK
H(CRO). TE/HTH, BATH A HEAR NS TFHGER NG IR — N5, BN “SHR” 5 FfFE, ARARE
MR WA A “SAV” FKAOLE 1), FATERE TEZR@O6 HE 8 AEAB AR, Byt EEgEE
KAEH i AHE R
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Figure 1. Distribution map of vegetation types in China

1. FEERERSHE

2.2.2. NIRv 3%

T AT 2L A I 5 ZE(NIRv ) &5 F TR AERE A AR I T S0 SRS DR 22 AR i I, i 2 b v 00 /< g 3
YRR 0, H NIRv SAEE A )1 2 [AAFLE B2 R PR DG 17]. FEARBFFLH, FATEET MODIS
Terra MODO9A1 fiRA 6 7= it H A3 3] NIRv, {ENMEREAEKETENR. %77 Mgt 7 500 m 25 (8] 7 HF 20 8
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KA BRI %, N 75 TROPOMI (73 #FZILES, FATH NIRv £ds SRR 1 km 73 38K,
2.3. TerraClimate #{32

TerraClimate & — >4 BRI b 2 [ 1) 7 2o AU g K & P AT Eais 48, 38 H T2 BROK 2 Bl 22 1
IR BE/KEMZIRE. BbAl, TerraClimate i AE R 1 H & MR K &P AT 5 45, 8 H /K &P s 7Y
HiESEAE. BK. REMGEE G AT PUEY) TR B AR T AT A R B A K g R
HIRE K S A . B e i A S K 25 K B Google Earth Engine “F & [ TerraClimate Z(#E4E, 251
I HEHREN 5 kmo

24. ZLEMEEFER

PL 50 km x 50 km H—AN KPR, KRR ALE 100 4 5 km x Skm /NG, 26 1% K k& P93 2 6
IR AL 1 25 B 4 ST 22 TG 2R PR HUL A A 2R DA R I A P B8 A 0% ) — A e A= K () 52«
N]va. = BNO2 XNOz,i +BPr XR‘,I' +Brx XT, i +BTn xT,

max,i min,i

+Bypp XVPD; +a,, ; +c, +e; #1

i, A R B Brox FRRA AL J1%F NO2 IR ;- NIRv; Al NOy; 73 Al A5 1 A7 B WIN 2 1
NIRv XS ZE NO2 BT HME s Py ARGEBEK R Tt IR IR s Toin (AR RACIREE s VPDARE T
PRI ZE s avnis oo e 70 AR A7 B FA B DX IR A% ) 1 Ja3 Ao AR ([ 2 2 ME) 64 ] RO L Ak 22
P o %08 SR B 2 1) 25 B K T A5 321 Bros  LAISZ FLE AT REA LI 1 1A DR 30000 45 SRR 520

2.5. fHE NO, RV HRBEM £ = il ss

N T AL SZ NO, s AR A 7= AR 3, B 48T NO, 381k :
NO, ;= NO,,,, —NO,, #2

A, NOpavg A X FIZETT NO, “FH4I7K T, NO2sw AMMME I 5 AN E /A8 1EFR NO, FRILE
HHTAT B A B B ARRNGE S5 G BT %, A IR 21 0 B s 1 O«
IR, NO, & A FHE #5281 NIRv 4545 0 oh B A =l R
NIRv,, = Pyo, X NO, ;; #3

2.dif

b, A FREL Brox WK 1 PR, RIRAHRZE NO, AL AR T /2 4% NIRv HI U At & . NOsair X
R NOL P IME AN U5 7 I 2 4H
BT AR A 77 7 GPP Bt NIRv Zet:39 00, A% GPP y:
GPP =B, X(NIRv —NIRv, ) #4

X B, NIRvo ZREYaY K N ZER ) NIRv 18 . R EH ik, NIRvo &N 0.07 [17].
GPP,, =By, *(NIRv,, —NIRv, )#5

cur

A, GPPew Fs T H 0L T I 71, NIRvew 75 2T ) NIRv {H -
75 NO» iR FERARAITE BN, #4271 GPP AR & m] AT R U -
GPPI()WNOZ = BN[RV X NIvaow #6

A, NIRView ICEBRL NO, IR NIRv I8 & .
w2, > NO, G AR 71 GPP AL R Al RoR A :

GPP change% = GPEyvo2 100% = Pro, (NOLavg —-NO, )
NIRv,,, —NIRv,

cur

x100%#7
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3. &R
3.1. Z&MRFERIERE

1 MR ZEMSE)V IR E R (R M B a4 7RI 2019 4R 2020 % REFIRE B 2 (1 5%
Pl 7E 2019 4FAI 2020 4, ZAYFE SHR MR AR 7 R E i, HIE R R R, RIFZSEAITE
SHR M # KA b LB e Ak . % ALE CRO. SAV Al ENF J T £ Bt 1R 4, MSE {i7E 0.0007 £ 0.0011
2 I8], R2AEAE 0.52 #1] 0.65 2 [f]. %R E DBF Al MF 77 1 ()4 it £ 59, MSE 184> %4 0.0008 A1 0.0010,
R2E 53724 0.50 F10.49. XEALAE 2020 FHIPERERS IF T 2019 4F . XK ZE M EE R iF i@, &
RIS, 1ZAERLAE BT A A 2R A 48R B K 4F, MSE {H7E 0.0004 % 0.0011 2 [8], R*{H7E 0.49 £ 097 2
], IXUegE REH], FET TR MBIE N NOo Wb E R A7 1SR 4L 7 ] 58 (0 7

Table 1. The mean square error (MSE) and coefficient of determination (R?) of model predictions

= 1. BEFUN 5 IREMSE)FURE ZH(RY)

2019 2020

MSE R? MSE R?
ENF 0.0009 0.52 0.0011 0.52
DBF 0.0008 0.50 0.0008 0.60
MF 0.0010 0.49 0.0010 0.51
SHR 0.0004 0.97 0.0004 0.96
SAV 0.0011 0.54 0.0012 0.57
CRO 0.0007 0.65 0.0008 0.58

3.2. FEMEX NO, #1 NIRv B%3[8] 576

Kl 2(a) R 1 o EE Bl A RHALZ NO, 178 [B] 40 AT 00 o B rh s 1 XSO AR 0 AR 25 IR A D e
BRI ATIX 38 NO, W FE (173 [R] 73 A1 S I F Pa AL 7] 25 B @ 38 = B FE o ZR SR i X 1) NO, MR BERR
&, Wi 30 pmol/m?. REETEARALT I KL E A X, NO #EHZE T 50 pmol/m?, BE&T
AR A ARIEHX, JLPR2EE R . X —8E ) NO, 2 58 /K T X B AL A4 s 1 7™ 2 g o

K 2(b)@or TAEA KA, 8 MODIS 453815/ NIRv Z5[A] 4341 . NIRv {78 H B & 2 I H
RE AR . BRI NIRv A FEE PR SR XIS, WARR X . ZRAHIX DU 7
R X o TR NIRv B 0] HH IR A R X, EFEPEIRRIvEE, P 5y v S A i R s 55
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Figure 2. Spatial distribution of the tropospheric NO: column density (a) and MODIS-derived NIRv (b) from
May to August 2020. (We only show the regions containing the six vegetation types analyzed in this study)
B 2. 2020 £ 6~8 H(a)%FiRE NO: #£7K E F(b) MODIS NIRv ##E%5 8] E(E s R B/R T AR
FHER R PR EE R X 85
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3.3. EHEF S NO, BIME K2

Kl 3 @R 1T AR ARAG IR S AR SR A AL 7 0 B NOo BB B no2)e B won fEL SR T HE
B A= TR NO, 5 2 R SRR E , FLAE R B K 3% B BURME . T B NOL(HI N i fE, B NO, X
PR AR AR K A HIHIER . FEAFE# A, ENF Al SHR X NO, % #& iJW N &M%, S oz
N—=0.0006, H VKA MF il CRO, —#11 8 no2 $29-0.0007. DBF ] B no2 H—0.0009. 1fii SAV *f NO» [
Wi N e e, N—0.0017, IXEELE R W], SAV Fl DBF Ji 28 5 % 31 NO» 15 4L (A FI 5200 .

ENF Im -9
DBF - o

MF [ 3
SHR -9
SAVHd @
CRO  J

T T T T T T T
-0.0018 -0.0016 -0.0014 -0.0012 -0.0010 -0.0008 -0.0006 -0.0004
NO, coefficient

Figure 3. NO2 coefficients from the regression model for each vegetation
type (evergreen needleleaf forests (ENF), deciduous needleleaf forests
(DBF), mixed forests (MF), shrublands (SHR), savannas (SAV) and
croplands (CRO))

& 3. BEWHLER(EFEHKENF), EHETITHHR(DBF). B ZH#K(MF).
FEM(SHR), EJR(SAV)FNKH(CRO))AI NO, BE

34. ZEHERMNERE N R

P2 R T NPMEE T RESR LT NOy B2 /KT AFAEBESE A1) NOL IR EAFEE & £ 57 .
HH CRO Y NO, R ¥ ey, 152 48.0 pmol/m?; SHR K2, A 35.0 umol/m?; MF F1 DBF 43514
18.6 umol/m? Fl 18.2 umol/m?; 1] ENF £AK, 1N 13.5 pmol/m?. & FiX e R FZ /K, HAMEE T 1E NO,
WRPERE WA SR 5 AP B SR, S NIRy 454k 455K 8, SAV 1) NIRv 1@ K,
it Ak 0.0251; H%JE CRO (0.0159). SHR (0.0123). DBF (0.0091)F1 MF (0.0079); ENF {80 & /N,
X4 0.0042. % THYOEEER S NIRv Z [BAAFELPEAR G, X2 NIRv BT A= i o . 78
555 HAMENO, JHEE 5 T, CRO FR I fe iy AR 7= 7738 a5, T3 27.73%; K2 SHR (12.50%)
MF (4.28%). DBF (3.58%)#1 ENF (3.21%). X% ™ & 7 8 it ol 3% 2 05 B ke $ i vh R AR AR 4 7 B A
LN LISV N P
Table 2. Average NO: concentrations (umol/m?), 5th percentile NO: levels, and the associated productivity gains correspond-

ing to the 5th percentile reduction for each vegetation type

2. SHEWER NO, FHRE (umol/m?). 58 5 B NOx K58 5 B ML XS N B4 7= S1iss

Vegetation  Average NO2 Sth percentile NO2 NO:; difference NIRv gain Productivity gain (%)
ENF 13.5 6.5 7.0 0.0042 3.21
DBF 18.2 7.9 10.3 0.0091 3.58
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gk
MF 18.6 7.4 11.2 0.0079 4.28
SHR 35.0 15.5 19.5 0.0123 12.50
SAV 24.6 6.7 14.9 0.0251 14.71
CRO 48.0 153 32.7 0.0159 27.73

3.5. S AP EERE S HRGREE 51

4 R 1 VS LN B NO 80/ 51 AR A A 7= T 2R R IR 0 AT e S5 SRR, AR SR B s X
MAEF= D4R TN B3, IR B X IR NOL IR E R MM XA & o EASE SRR, ERb P RIX — B2
FAIX, NO, A R 1T 18% M) R F A A K. LR, 78 NOo W FEAHXT B A AL A1
PRI, A7 7748 28 i BN AT FR(<10%) . X BRI T NO, V5 Y il i A2 7= F7 10 i e, et
FEAE T A AR X

48°N =
xR
z
®
40°N O
>
=
32°N S
O
o
24°N -
16°N Yo
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E#i1E, HELEK.

Figure 4. Spatial distribution of vegetation productivity gains due to NOz reductions

B 4. NO2 B/ bR E = WG E =8 9
4. Vg

AW IE S TR EE, PRI T NO s E AR A= e . AU, NO, W 5wk
T NAMFAE AR R &R, HA RIS B 2 (e B 22 S 80K, #% Ay BUIR BT HEF R BLR(SAV). T& 1
£ H#K(DBF). & H(CRO). B H(ME). A M(SHR) A S84 HAR(ENF). Tl MK NO, I B2 ¥ B 241
FHEM A= F7, JEHGE TR E R AR HLIX . TR NOL W JERR IR Z 5 5 B Bt 5t T, A& H(CRO).
FJF(SAV). FEARM(SHR). JRAZFR(MF). & i iE - AR (DBF) Al 2 &L I R (ENF) 19 28 7= 77 35 8 43 93 8
27.73% 14.71%. 12.50%. 4.28%- 3.58%#1 3.21%.

AN [ L S ARy o 7 22 S T e 2 U DR T TR BT R (LMAA) A2 46 [ 19]. ENF 458 SRAE il o 2o
B LMA, R A0 B BE R 5, AT A 5 52 31 NO, I . AHf, ¥ HEY)(n DBF) A
BAKH LMA, B2 5523 NO, M H[20]. TRASAR(ME) R A7 R R Ak, 2RI o 45 0 sk vk
[21]. FHELTII S, SAV RIH s MBUSRME, X 52 AT f—3, R SAV X 2375 S U
PERCSI[22]. SAV BN Fr o B m S AL T B DU BONTRIE RS Bh T B s A SR A e, B T
X NO- P 551« ZEALlth, FEYINT NO, [ BUS Mt R AY | A KB BRI I 858 2% AR IR AN [ 1T e 23] [24]
WIKFE FRMUNEZSEARY), Gl KA LR EBE IR, JUHA % %2 3] NO, I 3
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AT T RAG T T NOo X S AERE A A 7= 5, 43 WA H (CRO) 27.73%. HLJFE(SAV)
14.71%+ HEARM(SHR) 12.50% FRIK(MF) 4.28%. ¥ Wt [#H #R(DBF) 3.58% A1 £r &1 HHAR(ENF) 3.21%. ]
BT THETT NO WA A 7= 352 W (1) SCERECH A IR, (HIX 25 5 5 Lobell er al. (2022) B 5t —5, %0
FARAE NOL IR B IL R, A /N R R K77 853 N 729 25%F1 15%. NO, il Py Fl 3 24
B IRE R . — RAEA Os BURTAMS, [HHEZHIEY AR RN EIEMED R R, FBIRA" . B
FRE T IXHAHLE], R NO, SR SE T BN T O3 B .. MBS, KT O MAFFLR, fHH
A= IR IREE N 10%3 20% [25], 7524917 O3 IKE R, /INERIKFE R = &5 b 1 33%F1 23% [26].
PAMEE ) NO S UL ) 1% 1945 35 51X 88 Rk B — 5.

A AT DA e TS A 9 2 S B A5 S R e A K (27 TR R R T DA K BRER S, A — B
AR O B, TS BA MR R A &, X Rl A S RGN AR e A R [ 28] EAL,
AR SRS R SR B IR T 3 B R R BRI AR F RN, RIS 3G N S SR FE[29] 0 1K B AR R
TSIV GEE, NIRRT NO, WU [30]. N T WA IR IS I E RS, AW 70 IR RO
JEJE(AOD)N N [RNAREAY v, BRT 50 1A AR 77 J 6 NOfRa .o anfE] 5 Bz, AOD FIIIAXS 455 )1
TR R, RATIEIRAEATE T B s gg /N, ] 2N TE, X T A S AE AR A .
i G B BT I AR B AR SR (B BB, WAUE R B AR R LA ) 8, R FRAT S F 7 Z K A1
(VIF)RAZWi i A8 & 2 [ (4L 2kt o 45 R EoR(IL# 3), NO». NIRv. AOD FlIF&/K & (Pr) 2 [A] (1 3L 26 PR
S9(VIF < 1.12), T KIKEZE(VPD) & s AR (Tmax) Al K AR (Tmin) ) 28 B A B 3L 2R M (VIF >
8.98). 1XFKH] AOD 5 NO,. NIRv. [F/KEEA G2 M ERmE/N, AOD XHE#E A 71 A 32 2138
TR SRR AR, TR B AR B KA . R K BH 5 2 (SIF) &) 2 B TR KR A
TG R ED R e, F AR AR 2 1) 3 R e R 1A SR R . DR, FRATRA ToRE BA
MER 1 km 23 HF5 00 NIRv, AR BAEKARGL, AIHRLR T 7 b 45 S 1% e 2 RS B

ENF - @ AOD is not included :':

@ Including AOD

DBF - '
MF .

SHR _.:‘—

sav4{ @ ®
CRO - .

-0.0018 -0.0016 -0.0014 -0.0012 -0.0010 -0.0008 -0.0006 -0.0004
NO, coefficient

Figure 5. The regression coefficients for NIRv in each vegetation type simulated with and without
the AOD in the model (Unit of Bnoz is NIRv change per pmol/m? NO2)

Bl 5. #HBEAT AOD FH TRIUSER LR NIRv BRI (Brno2 BAAE umol/m?
NO: # NIRv FEk)
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Table 3. Collinearity analysis among all independent variables

3. EETEHEMSN

Variable NO2 NIRv AOD VPD Pr Trmax Tmin
Tolerance 0.89 0.91 0.94 0.11 0.93 0.07 0.09
VIF 1.12 1.10 1.06 8.98 1.08 13.80 11.74

AW T 53T s 1 1B AL A 5 RIS YRl A2 N2 AR A 2E A B2 5 i ) B A AR 3K
T7 i RS AEAN 7] X IR (8] BE T T NO, FIREI, SR 728 T i SR A8 R BRItk . AT TEE SRR B
T NO HETSAE B0 A AR AN v v A A D007 T A B F1 . AEARSRI AR, AT R
REEELT TR W TSR R, DUE— B4R TH X NOo XA AR 7 152 i (A RE 77

5. &hig

FEIXIRE Fe AT R EEE A 1 b B 2 R b A8 b — S A B A A 77 e . AT
I TE 2 R B, AR B SR A 77 ) 2 R EEAR R A DG, P 7 AT e i A K
AR, SRR AN A R BURE 2 e 3, Hodr, BRI BURME 5 i (—-0.0017), H4REFI
PRFHVEE AR B BRI 5 M1K.(—0.0006) o X BE45 5 27 AR R 45 R — 8. WA R0, B A ATk
FEE BAR 21 H AT 058 T e e AL ] RS B v b [ R A A 7= 00 o TRV AR (3G I o 2 25 (27.73%), HIR2
FJR(14.71%) REARMR(12.50%) VRAHR(4.28%)~ V& IR T AR(3.58%) FH 5 SRET I #K(3.21%) . X HEHE K
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