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VEAR A SO T W PR VR A A o R ) SR DX

BT, AR PR E ERFHTE 2D MAX-DOAS, T 2024 5% 22 (5 H 1 H6 A 15 H)
TERUMITE T RESEAM, B1E: (1) RARMAEIEL R Bro, SIH I & SR A0 72 = B Aifs
B, RAE BrO EAN RS Y5 50 T R 22 57 SO JZ 0 ATRHE; (2) G5B AHOME AT, WA RIS e 5t T
BrO 5K AR RN AR R; (3) 4if R RIE WPSCF 4 BRI e 5 X K ik ik 1%,
TRIHIEVE B AR TR S X 975 et e il BrO ARG SL R g2, A iR MV AG IR IR 58 i M iR AL 2

AR A 21K

2.1 WR5NERIEE

LG fURL T WL AR 5 % i R BAE S AR I w6 101 (HY, 120.96°E, 30.54°N), ik 55 m. ¥l fiZR
SRARUE, TEIU 55 7 O 540 e B b A B = A S T A (1L, WL P U1 32 Y Bl S5 VA SRR IR 25
SO, TS T I R R B SR ST AR

AHFFAL R AR 2 E R 2D MAX-DOAS, #2035 Avantes R AERHAL, J2F, —4EH3)
V&, B RG SHA LR IC. B KBS B Bl & NJEEF, R 18 5 16 A Fh 1 R F
G (charge-coupled device, CCD) MR, i HH TSN T8 MOGIEAZ 8 5 FUALFE (247261 Sl sl AR T/ Uk B
296-460 nm, YIS HEE 0.4 nm; 4T G SR AL 0°-360° 51 0°-90° F4#. kG S Bro
e ELA T, W70 Dy 255° (IEAL 0°), 34T 2 MM 4, R RERa s 11 M. 10, 2°, 3°,
4°, 5°,6°, 8, 10°, 15°, 30°, 90°. W= B8 H 4 b (8] 08:00-17:00, 2 75 H A1 6AL 3G BRI B WL
5 DLRAT RAE B2 0 6 A AT K e A, AR T KT O 2 91 52 A 2R A 5 e G Dl oAb #E Y
BUANBR Az 250 W05 0 H (i B S G R, DA CCD 15 5t 5 HL P I

7E MAX-DOAS #i#fs [ i b, 2 50 I DA 20X 43, AT RN S st AN e ik 27280 Sy spoud il 4
[ = Ak, RGEFFNICE T M PR AR Sk FO RSy R M, T4k Bl W 5 8 00t o s
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Fig. 1. Location of the Hangzhou Bay MAX-DOAS site

2.2 DOAS REREBSHRIEHNE

MAX-DOAS VA AR RG9S, R B AR AE SR A ) L 35 B (A R A W A 5 ey S 8 JH KUk
IREERFEE AT, XTI o, WA X FIRRDETE, BAESHIFEM 98 I(X, ) A Lambert-Beer
SE RNy 1929

I(\ a) = In(\) exp {— Z/ e (A, $)ni(s) ds — Tray (A, @) — Tarie (A, a)} J (1)

Hoob To(A) NSERBIRSTHREE, ou(\,s) F1 n(s) BN @ FERSROLE s AR IARE A M
Trey 3 Tane MBI Rayleigh BUNAT Mie BUNT= A M504 # 6T, RIS IAE 0B LR,
(1) 5 A T 2

T\ @) = IO(A Zaz ) + Tray(N, @) + Tatie (N, @), (2)

HA Si(a) = [ (o) nils) ds NRHEIKIE (slant column density, SCD).

DOAS J5iEII O AT 70 B AR W S5 K 5 D8 s e AR 5 A, S Bdtl £ r i SR AR 22 R AL AU
AT 55 82 51 36 P 1Y AR Ak, SO B 2 25 0 S5 4 (0 Al WS HEAT 10065, ACHIE TR (A — 13 7 3 A )
RIDEHE [rer = 90°] TENSHENIE Les(N), X EROGE AT Z0E, RS HIHN T SH 0k 250

RHEWRE (differential slant column density, dSCD):

DA\, a)=1In Za (A) AS;(«x ZakA + Cring R(A) + £(N), (3)

k=0



Hr ol(N) AAEBRIHEWE S5 Z AR, AS, (o) ASUE ¢ 15 dSCD, >, apA* FHT
FAE Rayleigh HU5F, Mie B B AR M B A8 584 (PR FY 2 01T, R(A\) A Ring RUNHE, cring NFHIUE
FHL, e(N) NFRZET. dSCD 2 XN

K RIS 60 A M85 Fraunhofer £ B P-IitJ2 15 SISO I 4 2% 22 43 S sk s 91,
RHE R E 5 B AWK E (vertical column density, VCD) 2 [t 2= i & K ¥ (air mass factor,

AMF) #5THKR:

ASi(a) = [Ai(a) = Aiawer)] Vi = A (a)V (6)

HAr AA; (o) NZESZRFER T (differential air mass factor, AAMF). XT3 B B4k ) i, SCD A<

] RIR R ve PE JR R P 5 B PR AR

Hor @y (z) AR TEREE 2 ARG (BB FE M), wi(z, o) NS LA e U R R . X 2
i B8 R 2 S U8 1A T T S A

AR KA QDOAS #F (http://uv-vis.aeronomie.be/software/QDOAS/) #AT LA, W
P S 2 WSCBIITT 22 A H3 e 4% R BB ARUS DT IC B AR 61 29 5 56 (£9 0.4 nm), %44 dSCD AR &
T B 5 WSO TR SRR L2 1, SR Aol L2, Foh, SR 23R A O ISR T RSk 000, il E &
AR (Rl A 75 SRS, R G 4 FAE MAX-DOAS S i S I8 20 SO TR AR A RS IR U RUBE P B L 2 i
BI2FT 7RI A 45 Rt T 2024 42 6 H 15 H L2 10:15 BRI (7104 8°, RBHRITff 23.52°): NO, dSCD N
2.09 x 10'6 molec./cm? (RMS 4 3.58 x 1074), 05 dSCD A 6.84 x 10'7 molec./cm? (RMS A 3.69 x 10~4),
BrO dSCD 4 6.55 x 103 molec./cm? (RMS N 3.47 x 10~4), HCHO dSCD Jy 1.18 x 10'¢ molec./cm?
(RMS 4 3.63 x 1074), O, dSCD 4'3.02 x 10*2 molec.2/cm® (RMS A 3.58 x 1074).
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http://uv-vis.aeronomie.be/software/QDOAS/

# 1 AR DOAS &S8R E

Table 1. Parameter settings of DOAS fitting for different trace gases

Parameters Source Oy NO, HCHO O3 BrO

Fitting Spec- — 338-370 338-370 336.5-359 320-340 346-359

tral Range

(nm)
NO,: 294 K 13 = v v v v v
NOg: 220 K BT, 2 v Vv — — _
O3: 223 K, 243 K B P v v v v v
Cross section
O4: 293 K 2], v v v — v
HCHO: 298 K 1%, v v v v v
BrO: 223 K 4] — — vV — Vv
Ring — Calculated by QDOAS
Polynomial — Order 5 Order 5 Order 5. "Order 3 Order 5

degree

a. Ip =1 x 107 molec./cm?; b. Iy = 1 x 10*° molec./cm?.
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Fig. 2. An example of DOAS retrieval fitting (10:15 a.m. LT on 15 June 2024, elevation angle 8°, solar

zenith angle 23.52°. Gray line: measured optical density; red line: fitted result)



2.3 ETRMMETHEZ RERAFHEE DT

AEFFRA PriAM 5% B JFR IR AR 5 IR B RIE. 1% 5H7E L SCIATRAN & 5 44 i 52
4 1361 S IR A L, TR ISP AT KSR BE R ASTIMAN 18] K BH LA 2% 2 RN £ 1) ASCD Wi R, F45 4 i
AL F3% (optimal estimation method, OEM) 2137 gy 84 (T EL /0 A6, SR O, dSCD i S iE
JEVE F R4 [ S 622 JE B (aerosol optical depth, AOD), FR¥ I i 753 2 ) S R AG BAE N IEE T,
#BE—# i BrO, NO, il HCHO R B R B4

SR b, WllE R y NS ARNE dSCD, IR & x A7 R 5 01 BLERZE, W
MITRERT 5 Ny

y = F(x) +e, (8)

Hrt F i SCTATRAN 5000 S U 3 [F4f 52 AR R IE S, e A EIRZE A&, /£ OEM MERL T,
T AEE I B M I AR R BR A

X(x) = [y = FEOI'ST 'y — F(x)] + (x —x4) 87! (x — xa), 9)

Ho x, RSB, 8. FRRRIE ST 2R, S0 RSP FARE. Hoi, S-SRI E I, 1T
G TF S0 SR 5 U2 D K 55— SO e 20T, T R0 B X T2 36 2 3t
RE (.

T OB NI B PAM RIS SASRAR. 05 j ORI Jacobian FEFEN K; =
OF JOxls,, WHARZS [ LS4 7 5

X1 = Xo + (KIST'K; +8,1) KIS [y — F(x;) +K; (% — %)) (10)

A B ARG R AR AL AN T BB BB, VO RIEISIOR 15 B B 4 i .
PRIZHRE (averaging kernel) & XA

A == =GK, (11)

Hrr G Jyai s R
G= (K'S;'K+8S;') ' K'S; . (12)
2542 F 1 2RAE S 5 SRR LS R AP BN K W RIS, 1745 2

DOFS = tr(A) (13)
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B AME S H H1E (degrees of freedom for signal, DOFS), S Ml X %} BE £k (04 IR RE /1. P15 DOFS
g R 19351 MAX-DOAS S M SN 0-2 km 758 30 FRl e R, DRI AS SC i 482 B i) 8 1% S S
N AR A RFAE.

AWPFd SCIATRAN IEVE AR A AR, i A e B ER 4 5 H - CINDI % FESESG Fr 72 B bR #E AL i
A (0-52 km, 0-4 km P9 200 m 555450 J=), RIS AEREL 0.06, R ICEUSH I 82 5 AR PR 14
FIEL 0.92 5 0.68 181, 2 fEEg 3k AR AN 55 m, X AU 5 I AR P T R 22 23 0 20 0.69% 5
0.36 K, X dAMF K520/~ T 1% U829 SR T A IR 5 e I B 4 51 N AN i 52, TR bk I vk PP fg i v
JE AU THT O m AL

2.4 HIERTEEH

R B 45 R RARRME ST SEE, FE2. 11 AR 2 hr 5 O6IE UAC B R4l 1, #E—2PXDGig a5k
TS5 RO AR 2. JGiEM G S ZEE TR (RMS < 5 x 107%) ik QDOAS &4 R, 4
BRFEK, B AR ARG LA A (BRI & 81.05%). T BrO XZRFFRF, # QDOAS Hiih
1) dSCD K H fitting error FL[RIfIA PriAM/OEM J i, T80 &5 2 )7 ZZ 46 R S., AN A A
WA AN 58 BE AL S 5 R 4R 20 3R (193537 i J5 Bl Bk v VB S 74 (AOD > 2) FEAR, I BADY 4347
(k= 1.5) HIBRGiT B (RATRAE 77.53%). MAE D 2024 /£ 5 3 1 H-6 A 15 HiL 46 X, 5k
B R R TR B A 200 26 K.

2.5 [SEVENEE R TR TR R S 5 4

AR EE NOAA S BT E (NOAA-ARL) & MR A8k T Bk B B 25 & Pl b 7Y
(hybrid single-particle Lagrangian integrated trajectory, HYSPLIT) it %< )5 M #LE.  BA 4 A )
KR A EEE RS RSO (NCEP) 24512 BB FI4LE (global data assimilation system,
GDAS)(ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/).

TELEYR DTHR B SL (potential source contribution function, PSCF) J5i%&FH LLi2 W BrO & EARX .
FEVRIX D12 80505 BT 78 i X 3R 40 s 18] 20 326 0.2°  0.2° (3 x §) IR, 55 i M I PSCF & X
A

PSCF;; = —2, (14)



ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/

Horb ny; P& NAZRE BRI v i 2B, my; 0T BrO W BEHE I 25 7 IR ) o s 2. A 7E L& B2 2
BrO #FR A (volume mixing ratio, VMR) % 80 H 7 E/E N RIME.

N A B re 0 i 20 A R BE AL, SR F DB A2 U5 DT R BRI 8L (weighted PSCF, WPSCF):

BUBREL W () ER IR S 85 ARG XTSI ME nave BE:

1007 Nij > 3navc;

070, 1~5navc < nij S 3navc;

0.42, nave < N4 < 1-5navc;

0057 Nij S Nave-

WPSCF 8 (A% s SR 53 BrO AR R TR 1) S i A8 LR IR X .

2.6 HHBHEIE

A TS T 2 FhAMBEER SR SR BrO 1l 250 A 73T A MAX-DOAS [ i 7= (1 70— B A
5. [RS8 (AU, M), KR kg T 56 1 E X S dE 0 (NCDC) 4547 1) NOAA Hidfls e, MAX-
DOAS B4 it bE 3 iEAE F DU R =284 B0 kk: (1) PR IR A (CNEMC). B K
R e W PR T T A 5 D4 T R X AR BBR S, (365 2872A, 120.79°E, 30.75°N) #R4EH Os 55 NO, /iR
J&; (2) Sentinel-5P/TROPOMI Xfi#ii/Z NO, 5 HCHO H:¥#fE /™ (COPERNICUS/S5P/OFFL/L3_N0O2 5
COPERNICUS/S5P/0FFL/L3_HCHQ), £+ NO, # i 7E Google Earth Engine (GEE) L3 # 41t f2 v £ 51 BR A%
qa_ value Y5476, HCHO X Ei#t—2 KA cloud_fraction< 0.4 HIFEZS; (3) MODIS MAIAC 1 km AOD
7= (MODIS/061/MCD19A2, V6.1), 4 AOD_QA fiZkifiE R ¥ cloud = clear, land, normal adjacency,

best quality 14 Jt.

3 #HRE5®

3.1 MAX-DOAS Ri&F¥8% iR ELISIE

KGR MAX-DOAS SIS~ 2k, ASCRAEE2.6 T ikl . PEEREFTR, X Os,
NO,, HCHO JS I 45 AT Z U5 b (B3). M e S I IE FH CNEMC 1955 2% R 1 X BRI
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* measured —— linear fit 101 * measured —e-linear fit « measured —— linear fit
250 . o . 10 .
3 . ..... 0.. N . . . § )
© 2004 ° o Coe 4 o 30 . .o . & 87
o o % ~
o % o L 20 & 25
S S150 B Y TR SN PEN = 89
oz 0 Ten it e’ 20y z s
¢
O 100 .:.° %0 5 g £ 49
5 T b =050 10 £ 827
° . p=057 PIN p=052 a -
0 y = 0.26x+59.76 0 . P y=113x+693 | 13 0 y=053x+1.44
. . . : : . . . . . :
0 100 200 300 400 500 0 5 10 15 20 0 2 4 6 8 10 12
MAX-DOAS O, MAX-DOASNO: MAX-DOASNO,VCD
(5° dSCD-derived, pg/m°) (0.05km, pgm3) (10% molec./cm?)
2.0 3.0
¢ measured — linear fit = ¢ measured —— linear fit
[a) c 2.5
9 151 3 Vo .
o< a 8207
5§ QB c .
T gL.od S 1.5 > .
=2 <z .
o E < 8 1.0 e
g s 2 . ~
O 90.5 S5 r =0.65
x 2 2 .
= . g) 0.5 p=0.71
% y=0.77x+0.33 :z y = 1.55x+0.57
0.0 = 0.0 T T T T
0.0 0.‘5 1.‘0 1“5 2.0 0.0 0.2 0.4 0.6 0.8 1.0
MAX-DOASHCHOVCD MAX-DOASAOD
(10*® molec./cm?) (360 nm)

K3 MAX-DOAS i) 2 IS LI IE, BHE: 5° M1 O5 dSCD JUME AR E S CNEMC O
ANEHE X EE, PriAM BRZRIE I (0.05 km) NOy 5 CNEMC NO, /MHE X L ; MAX-DOAS NO, Al
HCHO H¥J VCD 5 Sentinel-5P/TROPOMI Xt JE I FER X EE; LK MAX-DOAS AODsg0 54
Angstrom FEEUMEZ 360 nm ] MODIS MAIAC AOD X} Lt 20 (0 szl yfk /) — 3l 5
Fig. 3. Multi-source validation of MAX-DOAS retrieval products: comparison of
geometric-path-length-derived O3 equivalent concentration from 5° dSCD against CNEMC hourly Os,
and PriAM near-surface (0.05 km) NO, against CNEMC hourly NO,; satellite comparison of daily-mean
NO; and HCHO VCDs against Sentinel-5P/TROPOMI tropospheric columns; and MAX-DOAS AOD3q
against MODIS MAIAC AOD extrapolated to 360 nm via the Angstrom exponent. Red lines:

least-squares regression
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3, 5 MAX-DOAS MU s HIFEZ) 30 km. X T Og, %5 RS I USR5 i & Fa e 1, AHE 58 R H
5° &AM dSCD, &)U EFEE MR FA SRR E S, 5 CNEMC /MY Og WREEHEAT HLiL. HUA A ZH
RURSE b~ 1 km, SN Lo = h/sin5° ~ 11.47 km, B dSCD/ Leg 75325053 15 i #5708 i Bk
fE IO gEREOR, —FH RRFEIEMZ (r =0.59, p < 0.001). {HR U HEFRIE LS 2SI =M 2 U
XA ROCFERIEZI; [FIS CNEMC AL MAX-DOAS B84 8 7 WL E 28 (M AR R L AF e it 22 5 (181
A REILIA) S E T B HOR

NO, NRH PriAM B4k i RACZE (0.05 km) THLEHKE S CNEMC /MEELE:, =3 r = 0.56
(p < 0.001). NOy KAFHF i, WeFEZ otk isobh BE e 2, 3 ) ~30 km (=23 Bl 23 NO, —
FME MR, EREREE R |, MAX-DOAS H¥J NO, VCD 5 Sentinel-5P/TROPOMI %}ii)Z NO, #
WRPE—BUERAT (r = 0.71, p < 0.001), FWA7E2S [RIVTHC 58 AR AOHE IR B RUBE | NOy, BT AP — 5. ik
4k, HCHO H¥J VCD 5 TROPOMI HCHO KRR RZEN r = 0.77, MAX-DOAS AODsg 524

Angstrom F8E/MES 360 nm ) MODIS MAIAC AOD M=% R2%CH r = 0.65.

3.2 BrO 5 O; ¢thZES#

o i /A €
§° . ‘\,- ! ‘ \‘ /P A 5
! bl ‘ ‘; I f 1 1 X4/
a E 1 O } | | o INV 4 40 E
8 § 0 b LI "‘ ook it | | 1‘1 | “ NON 8 §
S bl il S\, (. ‘4 1 [ i A\ N © 2
= ESE IR AR i R A I SR A\ & i IS
I R RN AR R RN AR T B D S VAR B
;| -5 - | ‘l | ‘x i v ol v I 11 V“ i f | { | \4 ‘;'
N l | ! ' lJ Lo =
-10 i T " T I " T " T z T " T "
2024-04-30 2024-05-04 2024-05-08 2024-05-24 2024-06-05 | 2024-06-09  2024-06-13

DATE
Bl 4 BN A BrO 5 O3 dSCD [T R 421K,

Fig. 4. Relative temporal variations of BrO and O3 dSCDs at the Hangzhou Bay site

Bl425 1 T WA MAX-DOAS 7E 5° #1411 BrO 5 O3 dSCD IBAIF . Siit iR, —#H R
AN ST 1] 2 R SRR P RIS (r = —0.46, p < 0.001). 2B BrO 5 O3 dSCD ULl Kb Btk
RIS MG R S REFFEIER (Br + O3 — BrO + O,) B38 (AR — 5, Esbr KA
Hh T 1 AR S B 2 B R R A VS NO, JRE THE (WEL3.37), FEFHERCRIF h NO i
SEAEF FIRERTBRAG O5 WREE; [WIRS, A EHE, 155 O Mk, ARSI SR Kl S A 3 45 A 1]
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BETE BrO-Og PSR AR, A LI 21 1 57 ¢ B n] REAE 22 P DA R SR RV R T 45 2R
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331 ABR, REAKRAE S LG0T R E I

AT RN B LG KM TR SRS SR RRHE, A0 TS AOD K 4275 Qe R )
(¥ 53 B BCRAAE, MR PIEEL 5 A 21-25 HS 6 A 11-15 H/:BIFEAARXTE -5 M5 0, I+
B 2 5 U (R 2T e 5 An . 5 A 21-25 H, AOD #1 HCHO VCD (i B iR Az %4> 54 0.37 F
1.02 x 10'® molec./cm?, & F A A% 0.42 A1 1.07 x 10'° molec./cm?, H NO, BRI, BrO KFEKH;
5 G AR S SR RRAE, DR e SCAMEAHE . 6 H 11-15 H AOD #1 HCHO VCD i B b i %5 5l
9 0.71 F1 1.46 x 106 molec./em?, & T4 VU544 0.66 A1 1.30 x 10'® molec./cm?, H-AE:E NO, i
BETH A BrO iR BEARNH AR, Rk SCAABGHS Y. T30 B 7 A <5 Qe 354 LR ARRHE
T SRR X 4L .

BI5fE/R T 2024 4 5 A 1 H-6 A 15 HFUMIERE MAX-DOAS #illft) AOD, BrO, NO,, HCHO #H
R FEE I 1) 3 470 R 30T AR B I P, 3 i P 2R 23.04°C, I XGE 2.44 m/s, W) 24
FTEARACE AR m X 8], By E S, AOD ¥ 0.49, BrO VCD ¥ 2.98 x 10'% molec. /cm?,
Hp By IX BrO 5 5KF—8 B8 M2 R, NO, VCD #{4 6.49 x-10 molec./cm?, HCHO
VCD 48 1.10 x 10 molec./cm?, 52 N Ai5 G, B9 B0 K.

MARESIHRHES, 6 HSHRE 5 A1 22.45°C FH2 24.37°C, K 2.47 m/s BEFES 2.41 m/s,
6 H BrO VCD f1 AOD EB{&/KFm&T+ 5 H. BrO VCD H 5 AK 2.79 x 10 molec./cm? F+ZE 6 H K
3.26 x 10 molec./cm?, AOD H 0.41 J+ % 0.60. %7 BrO MM AFaniitE xR A 7>, H REG AT S
T 5K 1 SRR 8 I R AR (AT 75 485 4 T TR U OV Ak B AR R V5 e BEEAT 43 #T.

MBS FF0E, BrO I8 & At FEME sk 1iE. 6 H BRI & 6 H 11-12 HAT/E BrO VCD Z2k&E T
MLMATE S KF; Hdr 6 H 11 H BrO VCD 1A E| HIJIE(E 5.94 x 1013 molec. /em?, XI)% AOD HIE N
1.27, B ZH %, 75 6 H 15 HISAE - BrO 5 AOD 7E 2 AN 5aid 72 h KB B, FERSIE R
G FE T e S G IR %A B AOD, HCHO 1 NO, th HIBUA FIFEE T+, KB BrO H5% ] gt 5
AR AR N, V5 G R B S X ik L R OG, R AR D 5 4 6 SR S AR ik i A L [ g
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Fig. 5. Time series of AOD and VCDs of BrO, NO, and HCHO, together with temperature and wind
vectors (blue shading: relatively clean period; red shading: pollution period; arrows indicate the
downwind direction with length proportional to wind speed, reference arrow: 5 m/s; azimuth is defined
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NO, 1 HCHO fREFEAC/KF, AOD T 18, KU ILF B BrO & 5 vl Bl T H AR 2h A IR A 0%
(1 et A P (51 [ B A i R R T B A, A0S et i SR AR

T G T 1) ) 2 30 B A 2 B XU 52 i RRAIE. BrO VCD B 48 A 7E 55 PG R IR AE (KUA) ~ 2100, JRU#E
<3m/s) F,6 A 11 H BrO VCD A% HXIEME 5.94 x 10" molec./cm?. 5iFEE ML, iZ X EIX T
NO,, HCHO }¢ AOD [FI Ty, RWIZH B BrO Y38 5552 3N A 500 IR0 5 A =00 I A7 AT T v 1R 52
RSB NO,, VOCs Jl S I s Air SR A A JE S50 S REFR 5, AT RESLF) 91T BrO A= iU A0S
020 A2 R, AR R ZRAE XU XA R BrO VCD 753/ i -5 15 Y IR 4E R R AR I T 0K, &
LW A58 BrO (K75 G e A = 22 H IPE 55 X PG R KU X R BV Qe A v S L6 BrO 4ERE T —

SE TS OTHR, (H S AN b 74 g A iR A

3.5 BrO 558, O; rff¥nthEXHR

Hfg BrO 58K, HCHO 1 NOo HAHEAE X T8 75 HAE OHUHI AT /3 A R AE 2 G B 2L &I945 H
TS (5 A 2125 H) 5548 (6 A 11-15 H) 0-2 km &R A BrO 5 =% Pearson < RH1
T B AT

FETH I I H DX 5 T, AR AR EHEBE N /N, BrO 5 50R ) IEAH G 3 B4R 7
TR BEARZLTZ: 0.05-0.4 km JEFEIA, F&EE BrO 5 AE MK RECN » = 0.68-0.86, M4BT HLZ 5
FEHA AR REUR R PTIL r = 0.92, X — & R, 15 BrO 5 RN £ 2R A TR gL
FHEW, 5 it X e 58 R R T AR AR S B SO PR IR BT AR R CA 8. AR IR S TS 1 km P E
i, 05 BrO MM HTIR IS HRIE T2, S I 2 SR BrO R I sE A FR.

9 BrO 5 UARMAHKIER 0.4-2.0 km ¥, RWER TGS BrO HyRETREE T W b
FUA S — SR RRAE, HEN R R P XV L SR A o A i AT (MR HETS, AEAAHETS B & Ak 25
AL SE) AT REAS Y S RUURL ) Bl IR T A B s M ORI, R T BrO AR B58). (HY5 i BrO &
W (FeFIET), e RAVE R, it i E A 52 BrO AR £ L. ik — 217 (h
SUBRANT BrO 2L 5400, B2 KH 0.05, 0.2 81 0.4 km =2F¥% AE F£4E 0-500 m THLE S
AT, % AE =5 L BOKE 1 I 575 S BUNREAR RIS MR, th, S IR U AL AT 4 SR e i oy
Br, VERANFERRIE S1 R S1. 45 EIR, & AE 41 BrO “PHIKEZEL MK AR 410 3.24 %, [ NO,
5 HCHO “FHIRE D52 8% AE 41 3.14 f5F0 1.77 f%; iih)Z BrO 5 AE ) Pearson % REN
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r=0.84 (p < 0.001), HAEFHEE (r = 0.73, p < 0.001) 57544 (r = 0.86, p < 0.001) NHEZE. FES
VAR PR DG J8 R IS L g M YRR T B R 2% A (R A .

JER T HE HCHO, JUH 0.05-0.2 km HCHO, 5 BrO B4 8 1EAH G (AR5 Je IR I H B 21 e
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1.6 kn fJEIN. FEi% B A Y, T BrO-NO, MHSERECN r = 0.58-0.87, 154l — B i %
r=0.75-0.90. SiEE WML, 594 0.05-0.4 km NOy SAFRE BrO 2 [0 ARSI 58, 585 4
K2 HEMERRTNHE. EREY BrO 5 NO, AMUEITHZFIER FZELL, 0.4-1.6 ki 2 =4
R L NG 3 R S it ipe iU R = e g uw PR Bl AT
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Observation of BrO and ozone precursors in Hangzhou
Bay using MAX-DOAS: Anthropogenic—marine

coupling and potential source contribution™
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Abstract
Reactive halogen species play a key role in regulating the oxidative capacity of the atmospheric bound-
ary layer, yet their behavior in complex coastal environments affected by substantial anthropogenic pollu-
tion remains poorly constrained by observations. To address this issue, continuous multi-axis differential
optical absorption spectroscopy (MAX-DOAS) observations were conducted at a coastal site in Haiyan,
Hangzhou Bay (120.96°E, 30.54°N), from 1 May to 15 June 2024, using a self-developed two-dimensional

MAZX-DOAS instrument. Bromine monoxide (BrO), NOy, HCHO, O3, and aerosols were simultaneously
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observed. Spectral fitting was performed with the QDOAS software using dedicated wavelength windows
for BrO (346-359 nm), HCHO (336.5-359 nm), O3 (320-340 nm), and NO5/O, (338-370 nm). Aerosol
extinction (AE) profiles, aerosol optical depth (AOD), and the vertical profiles and vertical column densi-
ties of BrO, NO; and HCHO were retrieved with the SCIATRAN radiative transfer model and the PriAM
optimal-estimation algorithm. Quality control comprised wavelength calibration against mercury-lamp
spectra, dark-current and electronic-offset correction, root-mean-square residual filtering of spectral fits,
fitting-error weighting in the optimal estimation, AOD thresholding (AOD > 2), and interquartile-range
outlier screening, leaving 26 valid observation days. The retrievals show that BrO, aerosols and ozone pre-
cursors were predominantly concentrated within 0-1 km. During the relatively clean period (21-25 May),
BrO remained low with weak temporal variability, and its average volume mixing ratio (VMR) below 2 km
was 5.15 ppt, comparable to the marine boundary-layer background of 2-10 ppt. During the relatively
polluted period (11-15 June), the 0-2 km BrO VMR rose to 6.69 ppt and reached a daily-mean maximum
of 9.74 ppt on 11 June (AE = 1.13 km™!), coinciding with elevated NOy, HCHO and AOD under weak
southwesterly winds (wind direction ~210°, wind speed < 3 m/s); the vertical stratification was more
pronounced than in the clean period. Over the whole campaign, the differential slant column densities
(dSCDs) of BrO and O3 were moderately anticorrelated (r = —0.46, p < 0.001), consistent with bromine-
mediated ozone depletion, although NO titration, air-mass transport, background Ogz variability, aerosol
heterogeneous reactions and boundary-layer photochemistry may also contribute. BrO and NO, remained
positively correlated throughout 0-2 km, most strongly at 0.4-1.6 km (r = 0.58-0.90), suggesting shared
sources or coupled reaction pathways. A stratified analysis based on near-surface AE terciles showed that
the mean BrO concentration in the high-AE group was about 3.24 times that in the low-AE group, with a
BrO-AE Pearson correlation of » = 0.84 (p < 0.001), indicating that aerosol loading co-varied consistently
with BrO within each period. Weighted potential source contribution function (WPSCF) analyses of BrO,
AE, NO, and HCHO indicate that, during the clean period, the high-WPSCF regions were concentrated
over the near-shore and marine areas east of the site, pointing to a predominantly marine origin of the
associated air masses. During the pollution period, the high-WPSCF regions extended southwestward

from Hangzhou Bay toward the Yangtze River Delta hinterland, especially above 500 m, consistent with
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the enhanced inland transport identified by the trajectory cluster analysis. The spatial overlap among the
BrO, AE and NOy WPSCEF distributions across the 200-2000 m layers supports the interpretation that
the pollution-period BrO enhancement was jointly modulated by transported aerosols and NO, together
with near-surface environments favorable for heterogeneous bromine activation. These findings highlight
the synergistic influence of marine and anthropogenic emissions on coastal BrO chemistry under the East
Asian monsoon climate, and provide observational constraints for understanding reactive halogen chem-
istry in industrialized coastal environments, with implications for regional atmospheric oxidative capacity

and photochemical pollution control.

Keywords: multi-axis differential optical absorption spectroscopy, bromine monoxide,
aerosol, potential source contribution function
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Table S1. Tercile-stratified statistics for near-surface aerosol extinction (AE)

AE#4 n AE KX[E]/(km™') “F¥ AE/(km™!) Rp.o  Rno, - Rucno

1% 30 <0.28 0.17 1.00 " 1.00 1.00
Hh 30 0.28-1.01 0.45 1427 1.32 2.00
= 30 > 1.01 2.06 324 3.14 1.77

¥: Rpro, Rno, Fl Rucno 7 5I3m4 AE 41+ BrO, NO2 fil HCHO Pk BEAEXTFIE AE 417393k BRI R AL.
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Fig. S1. Stratified statistics of BrO and associated species under different near-surface aerosol
loading conditions. (a) Box plots of BrO concentrations in low, medium and high AE groups, with

boxes indicating the interquartile range, lines indicating medians, and symbols indicating means; (b)

relative enhancement of mean BrO, NOy and HCHO with respect to the low AE group; (c)
same-altitude Pearson correlation coefficient r,(BrO,, AE,) and mean AE profile as a function of

altitude. The near-surface AE is represented by the average of the 0.05, 0.2 and 0.4 km layers
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