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(20154 2 A 2 Hig#; 2015 4 6 A 15 AURRIME SR )

R T BT RN RO A E IR AR T 9 i s SO S AR, IR T SR RSP AEER (HONO)
TEAE (NO2) B RIRT IS 4387 7 B A AR B0 B R RO X & g e, 3K T 58 70 RO R IR AR 8
P, 8 SSRGS R B 22 S vEAr e T 8 A RO SR B I K AR Ak i 2%, 7E HONO Wi (368.2 nm) Ak
i SO R 2978 0.99965. B Allan 77 254t U5 VAR 8 H DU B S AR SR AR I (0] 320 s, XF M1 HONO i
NO2 FIFRMIFR (10) 437179 0.22 ppb F10.45 ppb. {4 F AEAHF 58 7 s 38 s W SO 150 & 2% B 6 K< HONO F
NOg BT 752 = H R SZBRULI, K I 575 21 i) HONO I B A8 Ak 55 25 43 W RO 1 0 525 B A ) i 45 SRk AT

XTEE, £RPEA R R R? N 0.917.
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AWK m KOG, A 80RO T B
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£, H M Fiedler 45 1 X St L IBBCEAS Lk,
I+ ZENCEKRE, CHNETZMRES
PR IE, FaNO, =10 NOg 10~ Ny O5 [0,
I, 14 10, HONO =17 CHOCHO ¥l | O
2 (191 Gherman %5 U748 F iy K 365 nm (&
Y 2% (LED) J&¥5 (1) IBBCEAS £ R J& T 5E

* ERXHRRAEES (S 61275151, 41305139). H ERL 42 B s g 158 SR T T (B 28) (t#ES: XDB05040200, XDB-
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I8 =X HONO FINO, FIMll &, 75 1.15 m KL
FE A1 20 s HIOERERAER 3] ~, HONO F1 NOg £
MRBZ (1o: {FWELE (signal noise ratio, SNR)=1)
43519 4 ppb 14 ppb; Wu %% 15 SR F I j s 14
5 IR S 1 52 AR g K UHONO FTNO, Yl &
90 st ik R AL 8] R % HONO A1 NOo B 47 I R
B 43 39299 0.43 ppb A1 ppb; ¥/~ —2% [20] f
FH A0 3K 372 nm B LED Y6J5JT & 7 HONO
NOo FRAEFES MM &, 7£4) 16 min [ J6 1% R AR
] ~, HONO 1 NOo 47 2 8% 53 5124 0.6 ppb
F11.9 ppb. #l, Wu % 16 R 1 1.76 m K .2 min
RAERRIE ST, fEFWEET 7 3Lk K< HONO
FINO, IR, HONO AT NO, IR R (10) 43 51
0.3 ppb A11 ppb.

H 71 E 4 IBBCEAS H A 32 207 H 5256
= HONO FEA I &, 1 SEPR RS IR AN 4%,
A AR B T 52 R KA HONO I 2 i F 72 e /b
KILVEN AR T —BE T RN R (UV-
LED) I IBBCEAS 2 &, {1 ] Allan /7 Z 4t 1t
DT B e SR AR 1] 320 s, ZI [R] 43 9
N HONO R NO, FIHRMIR (10) 43514 0.22 ppb
H10.45 ppb, F058 FH 1% 2% B XA AE T8 X (1 52 Fr oK
S HONO I NOo ¥ FE HEAT 2 H 3% 2 SE il &
AT T LR KA HONO I ARk, -4 i & 5
R5 Z WG (differential optical absorption
spectroscopy, DOAS) %& & ¥l & 45 itk 4T 1 xJ L.

2 IBBCEAS 8yl = & 2 fo 52 06 2%
2.1 IBBCEAS®BIMZ/REIE

ARAH T T8 7 1 5 O 1 BRI T AR B
IRIECE IR B IRE S 20t FENA B
AR AT ) 51 S5 738 A R 0 ) 5 T s 33 3t 2
SRR AR RIVREE . i R B a(N) TTRLR AR N
a(A) = 1 —5()\) . Io(/\j)_(;\)f()\)’ (
Horh, R(N) Jum Bt 285 7 B SR 3, To(X)
AIT(N) 3 ARRE A A& A5 ISR R FE AR
PRI RIE S 658, d A RSO A

I S AR B R (AR i 2 AT 2K
WRMAC S A P Ol 27 P AT T AR AL PR Dl e B 22
RT3 BRI R B o(N), B e B R S R <

1

~—

AR W AT AB T 2 AT e/ — 3R AUL A T AT B A
RHIRIL.

2.2 SLNEE

IBBCEAS St 30 %% B 7n R B LI 1, & 2 i
LED YGIR. 3B 58 P 22 3 iy S B 106 27 Jis Al
I A L. LED Y6 (LZ1-00UV00, LedEn-
gin) H 0 P K 29365 nm, -4 TE 20N 13 nm,
J6Th #2525 800 mW. LED i Ji H - F 4k 1 ¥ )y
(TEC) #%#I7E 20 °C+0.1 °C. H2EMKJE N 55 cm,
A R K B R 48 em. B4R PFA MR,
F R A BE SR U A R . = R (CRD
Optics) 7 360—385 nm I Bt | FARFR I 5 K
+99.99%, 8L B 2R 2 Ot fE Wi . LED
R R i € 22 7 4 (S5 R 60 mm, Edmund)
EELJE MR AR — 3 3t NG 22, e RAE G A A
202 UL, PR 5 — Sl A 25, 2Ok
J (BG3, Newport) LA AEER 137 55 (£50E 32 mm,
Newport) fl & #EAJGET (E42 1000 pm, Ocean Op-
tics) J5 4% 1 22 6 1% X (QE65000, Ocean Optics).
PEIG R TBCEL T A v, A2 T e S
e S B AN ARG B S

IBBCEAS S 4 %¢ B i 1f = /> it & i & it
(CS200A, Sevenstar) 73 il 42 il 75 6 CR 47 W41 Uitk
A —BERAE AU, AT BEDRAIEURAE G 2 I8 A B AR
E. KUK, B ORI R 4ERFE 0.1
FrifETHRE53 %] (standard litre per minute, SLM).

il A

LEDGIE |
r—
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B NPV CE|

1 IBBCEAS 3255 B HI4 R R

Fig. 1. Schematic of the IBBCEAS instrumental setup.
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JRIGCTEIRFE (may (N) - d) 5 8 ROBERI 5HE R
SRAAFE (1 — R) WIEAB A 2 Frow, d A RO
PRI (0.48 m). AT LA P IS S b sy, i A0 TR
55 OB 51 AR FE I OB B R, 2 BB X
SR 0.9997 I, Hi AU i id B G SRR AR S
B GRS R I LUAE 209 10%, BA G AE 25 Rl B
I ARG 2T O R BN, s P9 AU B R IR
SN AT 2, JUHBE R RO R BRI DL .
Ut B A R R A, B AR BT R
el eh (1) MEIEN

o) = (FF s+ an (1)

To(A) — I(A

( ;(}\) ( )’ )

o, a(N) N SE B BITE I REL aray () N

Hii M U R AL, d AT RO AR K, To(X) A

T(N) 73 AR I A& Fp AR R TE AR
I ¥ 5.
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Fig. 2. The ratio of the loss of Rayleigh scattering
(aRay (A) - d) to the loss of the high reflectivity mirrors
(1 - R) at 363.8 nm.

3.2 LED XiEREMRNE

LED J6 i i 0o i K A58 S 22 i % LED 36 %
(A8 A0 T & A2 238, 4 LED G A8 b 8ok, 455
R SR 1D e 8 3k SR ), S 56 AT 7 6 LED S
TREI AR E AT I R, S200 S A 55 s I 4%
il £1°v 26 °C, LED ¥ & i1 1 5 7R il ¥ F 32 il 72
20 °C40.1 °C, LED K H ) Bl i S Sl A
BENTCLF, A% 3 2 IS BRI B AT O R AR, A
B AR e 75 15 5 0 DU 5 PR 52 ), X6 1000 2% 6 1 i3 47
YA N — SRR, K REM LED i 40

BRI B IR A B, 5 55— 2% LED 5 AHRR, myiEE
W15 %I % LED 128 1l 42 4544 21, #E LED
e AT TR BN, DU AR A I 0 VA (RS E S
Wi (E R I 2 L ZE 9 1E, A) kA5 THLED Y%
TR R E .

LED St i 78l 4% W 75 (1% Vg -0 {5 1) ) 18] 5 41
B3 FTR, B 5 h A/NF0.8%0, 5 h 24 b a] B
W A28 1.2%0, INA LED HiE R R E.
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Fig. 3. The time series of A of the LED spectral resid-

ual structure.

3.3 HhRHERIIRE

JIs 48 58 WAL 1% 5 R 2 — R G £
72 20 S L R S e s T AR R S 1
IR PEAH, 25T 2 O 0 PR ) oo S B v ) A 26
BEW AR M 2R, B FT B FR A 8 1R ZE AR KA L Tk
E T RARIMERZE. A SCH AR AR5 1 (He
55 No) Hifi FI Y4 6 1) 22 SV Skeb s 1y S S 3 1722
(3) G v Bt & R g RIE
In, (A )
IHeEAg . aﬁay

1

(/\)d() — OéHe ()\)do

Ray
In,(V)
Ty (M)
Fordt T (N) A1 I, (N) 23 0 R 0 9 783 2 RS
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BRI R HUR T O R AL, e B IR F T G
R, do AW i S 2 1R FR R
BEAT B8 v R Eebr e B, 1 e R A R R
6, 43 BB AR (99.9999% ) AR (99.9999%)
WK TR I A, 6T A g J5 10 S AR L O 1 5
R (3) 2RI F 58 H B Fr SO 26 B U KA A it 2k
R(N).
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P 4 (a) 25 H B 2 56 W00 15 1 203008 AU
bR E B R M 2k a1 4 (b) B TR, TE
HONO W il (4n & 4 (b) £1.£%) 368.2 nm &b, 4
R F 275 0.99965. SEERAR 8 H B RO
KT K HBIARFRE, PTRER T s B K [
T 3 B B G, OS2 P

50000 T T T T T
(a)
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30000
20000 [
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i/ counts

0F
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Fig. 4. (color online) Calibration of mirror reflectiv-

WAL IR 10 — 19 cm2-molecule—!

ity: (a) Spectrum of He (red line) and spectrum of
N2 (black line); (b) absorption cross section of HONO

(red line) and mirror reflectivity (black line).

3.4 Allan FESDH

Allan 75 Z2 43 Hr I8 H T iHE RS Fa € M,
IBBCEAS ¢ & 1) i 3 't 1% SR B8 I 1] 1 7] A FH 1%
Jiik e Pl R N 0.1 SLM ¥ I# 1) w4l A
R, LR 10000 261, B IER 2 AN
2 s. KL 10000 550615 70 B M A, A A
N 456 (N =1,2,3,---, 1000; M = 10000/N =
10000/1,10000/2, - - - , 10000/1000). 43 1% {1 M
AR iH (i =1,2,---, M) [N ZGER T
WAE N L, 4 (2) 248 & HAH BLK E Xpono,
XNO,,» RGCTYIBTE] ¢ ARRH N b SRS
IfIa], Bt = N x 2 s, ANFE-FEIE A~ HONO M
NO, W) Allan 77 Z R[N

2
9 Anono (t)

M
= ﬁ Z (Xuono,, (t) — Xuono, ())?,  (4)

T Ao, (1)
1 M

T oM ; (XN0a 4, (1) — Koy, (1)*. (5)

HONO 5 NO, /) Allan 75 72 Bl ~F 5] i 8] ¢(=

N x 2 s) ALt 2 i & 5 Bz, AL 5 a] %% 1B-

BCEAS Il &% & ) i G U R AR I (M 2174 320 .

1.00

AllanJ72%/ppb
=
=
o
T

Hsf1E] /s

K5 (MTIEE) HONO 5 NOg i) Allan J7 % B~ #4i
VF1] A A 2

Fig. 5. (color online) Plot of the Allan variance anal-
ysis describing deviation in concentration measure-
ments of HONO and NOsg in function of the average

time.

3.5 HONOFNO, BKE R H

IBBCEAS 8 F (1) % 45 YR A 78 75 2 MR /S
A B 2 A R AL 5 A, ) AT S22 R R R S AR Y
[F &, 2 FE LED SGUs 1)) 1% 76 Bl DL A& HONO,
NOo IR WU, $A ik B i 9 359387 nm. 1%
A BLS 7 HONO A1 NOo, KA Hifh 4 7
02-05 M1 SO, AT S5 PRI, % 18 SO2 Z55r 1
YRS 55, S B DR AR BE e I T A S B 2 B () 4R
WIPR, SAEGIEIL G R AT DL

Bl 6 Fros sl KA A HONO FI NOo 1) 1%
SO 92, LA 15 2 HONO FINO,y ¥ FE 43 3 N
1.63 ppb=+0.104 ppb, 21.4 ppb+0.186 ppb, &
ZEMIARAER 25 2.03 x 1072, ARAE SR [16] AR
BETHE v, AR AR ) 45 M Bl S AR AR
WAL 2R B P A ok AL R 22 [ b A 2. 4l A5
I LE A 1, TH 5 HONO 1 NO, IR IR (10) 4
#1259 0.22 ppb A110.45 ppb. IBBCEAS il &% %
218 10%, AFEIA R 2 5%, HONO Fl NOy i
BRI R 22 5% P4 B3 Fr SO 3R 2 1R 22 6%, 5 UK
Wi A B R 22 3%, i R J1 IR ZE 2%.
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Wl R /cm 1
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o' Y,
2x10-8 [

Wl 2%/ cm 1

1x10-8 [

of
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0

5% /cm—1

—5.0x10-9 [

—1.0x10-° [ . 1 . 1 . 1 . 1 . 1
360 365 370 375 380 385

W /nm

K6  (MTIR @) 92l K< HONO #1 NO2 B
B (a) KR IIMRAH B, TL2UE
% (b) KE L NOo MW il, L8R A, SIEIKEE
21.4 ppb=0.186 ppb; (c) KLk HONO W% itk 412k
ARG, REIKRIE 1.63 ppb+0.104 ppb; (d) K=
O2-Og [ Hcil, LR GIE; (o) BAIRZEN, bRl
#H2.03x 1079 cm™?!

Fig. 6. (color online) Example of concentrations re-
trieval of HONO and NOg in atmospheric air: (a)

Measured (gray) and fitted (black) absorption spec-
tra; (b) measured absorption spectrum (gray) and fit-
ted NOg2 (21.4 ppb+0.186 ppb) absorption spectrum
(red); (c) measured absorption spectrum (gray) and
fitted HONO (1.63 ppb+0.104 ppb) absorption spec-
trum (red); (d) measured absorption spectrum (gray)
and fitted O2-O2 absorption spectrum (red); (e) resid-
ual of fitting (2.03 x 1072 cm™1).

4 #RE538

4.1 XKBRR=E5FURSKRSHHINE
HEAH T v 7 s 4 R I A G T A B A T A AR T

P A6 2B 1) v R 27 B 22 180G 24 R 5 WL AT 7T BT 43

HI 6 B, BB KA 20 m, K —RZ
4 K SR DU JRUE R S0 S AR S B KR AT iR

SKHRE. KGHE R 1A Bl i A7 T R T3 SR 2 30030
. HH —~EDOASEEE PO [ Xf SO,, 03, NO,
FITHONO #:47 M &, % DOAS 3 & {7 T SL 50 # [F)
— 2, IR ECE T 5 BT, D62 700 m
(350 m x 2), 5 IBBCEAS il & %% B /K 7 2 K4
30 m, EARNGLE WA 7 Bk,

7 (MTIRE) IBBCEAS 5 DOAS Il & %% B 1) B4k
(A

Fig. 7. (color online) The location of the IBBCEAS
setup and DOAS setup.

K8y 2014 4 3 H 16 H 12:00 # 3 H 19 H
12:00 A5 B9 R GE. K 1A, IBBCEAS % & I & 1
HONO FINO, PL 2 DOAS %% & I & f) NOy
HONO 1y ¥ FZ i} [a] /¥ 4.  IBBCEAS #¢ B Il &
FIHONO I J& ¢ 1514 3.49 ppb, e /MEAR T &
B BRI R, FIIME A 0.68 ppb; NOo WK 5 5
N 51.6 ppb, /M 2.86 ppb, “FH41E N 14.0 ppb.
EESTE R =R, 16 HRE1TH®ER UK
18 HR 2 19 Hi% /R NOo F1 HONO iR FE B A%,
B2 R R KA. BFRER, 75 44X HONO
5 NOo iR i T i X 126:27) = i 7 T A B
W PEALAE, 2 X o AR AR (16 H R 503 76 X
(18 H ) i, “i& vt h [X (1 2 < A% i 22 00 4
HHONO 5 NOg i AR BAK, 1 KA A 4R B X
(17 HAR), 301X 2 A1 4% 4 220 & 5, HONO Al
NO WK JZ e 5.
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2014-3-16 2014-3-17 2014-3-18 2014-3-19
T . 10 -
330 | 18 1
n
g 220 16 g
110 ' ‘ “U \ > B
o 0 M i 2 ?<’
2. 60 L L 0o =
& 45| — IBBCEAS ]
S 30 ——DOAS
z
15 k.
2
£ 1
3
2 2
o 1k
= oB® = B SRGReE
201 18 2014-3-19

12:00

i)

K8 (MFIEH) 2014-3-16 12 : 00 £ 2014-3-19 12 : 00
HIRGEE A, IBBCEAS Al DOAS MlI& ¥ NO2 Al HONO
(R BE I TR 51

Fig. 8. (color online) The time series of wind direction,
wind speed, NOg and HONO between 2014-3-16 12 : 00
and 2014-3-19 12:00.

4.2 IBBCEAS5DOAS MEHONO#
NO, iRETILRIXTEE

IBBCEAS % & 5 DOAS¥ & il & 3 1
HONO 5 NO, 9 FE A 4n B 8 Bz, 40 6 8] s AR
F IBBCEAS & 25 %, W a5 s5/8% DOAS Il &
gE W R CLE B, NOo I 2 & 4 85 5t
EC A HL LT s T HONO #dfs A 17 H e 31 18 H %
SRR BEXT LEARRT 4T, 1T FLAhT B DOAS Ml 245 R
WA, ATRER BT DOAS R BE (0.4 ppb) B 5l
L.

BT DOAS %& B (11 7] 73 HE AR HRAR, 208
20 min. J9{E-TXF L, K P 2% B 1) = R A
P34, B9 A IBBCEAS %5 B A1 DOAS 2% & il &
NOo WREERIRT LL &5 3, Ze 1 AH R RELR? = 0.937,
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Abstract

We report the development of an incoherent broadband cavity enhanced absorption spectroscopy (IBBCEAS) based
on an ultraviolet light emitting diode (UV-LED), and the IBBCEAS instrument is used for simultaneously measuring of
the atmospheric HONO and NOg. The cavity-enhanced method is characterized by high sensitivity and spatial resolution.
The incoherent broadband light is focused into a high-finesse optical cavity, two highly reflecting mirrors form the ends
of the cavity, and the light is then trapped between the two highly reflecting mirrors, resulting in long photon residence
time and long optical path length. The effects of the Rayleigh scattering of the gases in the cavity and stability of the
UV-LED light source were discussed in this paper. The reflectivity of the highly reflecting mirror was calibrated by
the difference of Rayleigh scattering of He and N2, and the optimum averaging time of the IBBCEAS instrument was
confirmed to be 320 s by the Allan variance analysis. Detection limits (1o) of 0.22 ppb for HONO and 0.45 ppb for
NO2 were achieved with an optimum acquisition time of 320 s. In order to test the accuracy of measured results by
the IBBCEAS instrument, concentrations of HONO and NO, were recorded during about continuous three days by the
IBBCEAS instrument and compared with the results obtained by a different optical absorption spectroscopy (DOAS)
instrument. The results of HONO show a linear correction factor (R?) of 0.917, in a slope of 0.897 with an offset of
0.13 ppb; NO; concentration measured by the IBBCEAS instrument accords well with the result obtained by the DOAS
instrument, with a linear correlation of R? = 0.937, in a slope of 0.914 with an offset of —0.17 ppb.
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