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(scanning imaging absorption spectrometer for
atmospheric chartography), GOME (global ozone
monitoring experiment), AMSU (advanced micro-
wave sounding unit) F1S-5P/TROPOMI (sentinel
-5 precursor/tropospheric monitoring instrument)
S =S EAITAT LATELL AN BOR AT WL I Boxt 7k
VRIFATIN 5 S, A BE T L EON , B R I [R] A as
(] 3 BE AR, AH AT R FEl A BROULI , Sk R IX a7
Bk ik St AR A e it 1 5 vk Pl ds 22
Oy RIS HHLEE L HEOR, EATHEA S 2 B
FOIFCIRIKIRIR G LI B A ). M 2
GPS LI | Sk 8 11 DL K PO (CE318),
EATIREAT 2 0 P m L AR T S Y
R NG AT

222 4 WO F R (multi-axis differen-
tial optical absorption spectroscopy, MAX-DOAS)
JE— TRl I A 8 I Al RO AP R R U Y
J7 i ML R X RA T NO,y, SOy, HONO, ¥
I, HCHO 25 224> A [R) i £ 2 ) (1191, [ g
SEARAESHE R AT K28 2R AR
R a7 2 S 5 S W S N S 1
MAX-DOAS $AZ i il Ay B 35 KK IR Y
— B ik, 2011 48, Trie % 19 Fl MAX-DOAS %
BEAE 495—515 nm BB KA T, I
HTATECHRAEXT HE, AHOCHERT 0.75. 2013 4 Wagner
45 111 FH 2 MAX-DOAS R4t 7E 543620 nm
1 608—680 nm BN 7K VAT B AR FEHEA T S,
T Ml B S I 18 S ) (aerosol robotic net-
work, AERONET) LA KRS 4 o0 Bl i A 7t
b, S5 R — 2k, 2013 48, Xk 45 P
Mk MAX-DOAS REE7E 560—610 nm 7 BIXF K
VR B EE AT T, H S CE318 HdiE Xt 1t
HF—F. Lampel 55 1617 F|FH MAX-DOAS &%
Bk 1 TE ] WL DGR S BEAAFAE K IR . A
FH MAX-DOAS XF7K P50 5 3t S8 4F A W g 5T
{BAEE I 5 TR AR D, R iR AE e AR ]
DS e Be R EEA Y. I H, Borger 45 B A
Chan % 16 7 B ¥£ S-5P/TROPOMI fil GOME-2
%) K D B R T T K VR EE B VR R X0 AL
MAX-DOAS 7 W 5 e #5553 1 7T D i 5 B S T
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I B R TE 7K YRS A AT DA ] s 0 i S S, NO,,
HONO il CHOCHO 2T i AL e FIER 2K,
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Tk
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MAX-DOAS Z&111 X 3k 201943 H 4 H—31 H
B AR 0], AR — PRI T S5k
4 RGN 7 R 3R BGE T MAX-DOAS 1%
S, IR & IE RB0E AT A WSO8
1E, I IER SR BOK IR IE BRI, 5 2585y
Br T 2R 3 T & L A% 3875 (optimal estimation
method, OEM) 1 PriAM 543 52 i /K 5.3 14k
Fyal AT, A MAX-DOAS 78 n] Wi I B
KR B B, RFFEK PRl R Lk L) e F g
IR I 1) 6 R AP F 2 L

2 MEFEHE
2.1 MAX-DOAS #AR

MAX-DOAS £ AR LA 4 5 DOAS iy 5 4ili, 78
RIGOULIN ) Hehihy E3Gm A8 o (BB iy
6] R P07 1] 1Y e £ ) 2 ORBHECR DG, DT AR H
KA G AR 25 ] 43 A 181, AR Y B R A
SEMIA-H/R (Lambert-Beer) g £ 10

I(A) =1Io(A) -exp[—0 (A) -c- L], (1)
Horp I (\) R &b Rl m rEIOE, I (A &
ARASEIR, o (A) AR SRR, ¢ R
FFRIE, L RO

KAt PR T I 22 A e <A By Wi
SR 9 JREUA 5 RIS RS R R
RN Ry NG C 1Rl B S R A 11 PR =B 11533
UERBR LR E (optical density, OD) 3% H i 12 4%
AR 4 a7 S5 A AR, AR OD, PR 5H5ifES
TR3F IR A 7 B/ D et &, RIAT3RA U4
1 &HE R B SCD; (slant column density, SCD).
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In I]? &) _ znj i (\) -SCD, — P, (2)
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T B 5% “ T (R PR G S
RS % i (Fraunhofer reference spectrum,
FRS) #F M HNER TR Z A e HOR P 0y T8 20, 38
TR I IR BINR FHR T R A o« = 90°HF
HETEVE ISk, BT3RS MM o T
IR SR 22 0 BRI (differential slant column
densities, dSCD),

dSCD = SCD,, — SCDyt, 3)
90°f £ J7 6] i) dSCD HL & A7t 2k B 045 B, %
B A B v 2 Sl 1) 9 dSCD 2 90° 7 [ 1Y
dSCD B FBR-F-iit 2R AR, 5 AR

ASCD = dSCD, 2900 — dSCDa_goe.  (4)

RHEHR BE SCD 5 ZUAR A T8I Fry b 3 5% 141
G, R T N T AR EE (vertical
column density, VCD), B2 £ 2855 K2 R
e sl Ay
dSCD 00> — dSCDu—gpe  ASCD
AMF, 00> — AMFo_g0-  AAMF’

VCD = (5)

KA FiE HF (air mass factors, AMF) 4
TR A LI B | S IR A A DA SR
ARG, ARG AR (RTM) it
B ASCHRI A SCAITRAN 2.2 158 20°F1 90°4
fIH) AMF 155] AAMF, FE254 20°0) ASCD &
/KA R VCD.
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AR SR FH 00 B 2k B T R OGSk B AL
WAFFE T (AIOFM) #1534k~ (MPIC) Hfm)
K PriAM Bk M-1421-23] 2 8 b (i 0 2 3 T
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Hrp o 2 A2 RS M, 1 NPT ER, FoR
RPN EL, y R, 7 MADITE.
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Oa,n ST N FR I 1R 22 A G 0 152 22
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Levenberg-Marquardt 55 A TIE I, )5
BT AR, AR IR N

Ty =z + [K]STTK + (1+7)8, '] -
KISy () - 57 o).
(7)

Horbra, o Ml 23 S ST SEHT RS m . S
M FARZ T ZH I (M x M), K; HHE K
BOERE . e —MEIERE, HTBURRE &
B PR BT B3, S, i S 15 22 M Jy 22 46 [
(N x N). Lt mufl s R SRR 4 B e
A — SRR EAE N o, R (7) kA
Aoy, AR (8) X, WIEALEATIE, AR
HEWE (8) R, UL

[F(@it1) — F(2:)]' S5, [F(zit1) — F(xi)] < M, (8)
Horp Mg, b 250 ERR A

Sy, = S:(KS, KT+ S.)"'S.. (9)

PR IIRZE T B R STRRZE (S) .
MR 25 (Sw) FIBEIRIRZE (S:), BiRZE (S) &
SRR R AR 112,

i TR RS T Y AE KA P AL A2,
PE 255200 F ASCD 2k BUR &SR BLAT i A9 I
L, TR RO RS A e, TR
Al B R A T T ' BRI BB R e
He22 R JE (aerosol optical depth, AOD), - <%
JRETH ' R BB 2 S R R AR R 2 131,y T e
ITE B RS, 24 B A BRI ] 8 5 B
SR ETH TG R BUR L A bS5 e RS0 %
AR R EZ N R, £ DOAS I & O, 1)
ASCD [ /N 3 B 19 1% i i A2, I H 2
DOAS £/ £ B 5 TR R 3 BE A RS A
] Y RABURE, BT AT UG 3 240/ O, 19 ASCD X
T T B A AR R AR 1 s,

3 LhikE

SR E F AN R s A i
B OGER AL, WG, R s h L B
BRI RS E R A, HARWEAEEN,
T I O i e s B Sl T A A
0°—90°, H AL 0°—360°. KFHYGE T 2451
FAMUER B R, LA AL, PR
USB #2 K B0 A7 20 s i . R FH 7 2% Avantes
FIEBOFRHE T 25 C IR . iy
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Sun position, elevation
angle, temperature and
pressure profile, a priori

Sun position, elevation
angle, temperature and

aerosol extinction profile Spectra from MAX- pressure profile, aerosol
et al. DOAS extinction profile et al.
! : !
SCAITRAN RTM DOAS fitting SCATTRAN RTM
X
' ¥ Y v
Weighting function O ASCD for cach Water vapor AS,CD for Weighting function
elevation each elevation
U J ( J
¥ ¥
Optimal estimation Optimal estimation
J\ ‘—J
11 v
Aerosol extinction Water vapor
AOD . . .
profile concentration profile

(

J

¥

SCAITRAN RTM

!

Water vapor
troposphere VCD

B 1

PriAM 53 3 S e oK PR AR 1B

Fig. 1. Flow chart of aerosol and water vapor retrieval by PriAM algorithm.

#1 MAX-DOAS BHi%E
Table 1.  Parameter settings of MAX-DOAS.
Spectrometer name Avantes Longitude 120.67° E
Spectral range/nm 285-453 Latitude 36.35° N
FWHM/nm 0.6 Measuring time 4:00-22:00 LT
Temperature control/C 25 Azimuth 0°
City Qingdao Elevation 1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 20°, 30°, 90°

285453 nm, itk HE R A 0.6 nm. ARHFF
MAX-DOAS % 111 DX 3583 %2 2 76 7 83 i BV 2 X[
FEAMEFFS (120.67° E, 36.35° N), BHEH &SI
5 DX A W Ity VAR 5 Bl 30 m, (W T X,
MR PR Tk e A HER B SR NO, XK
TR e ISR AR Sk BE AL AT LU WA
MRRAAGO, $fG kA B T 7, FEE
BEOGHI AT, B 2 4Rk R A 2019 4 3 H
22 HAMA N 10T A 1. o i 4 R SR R 4
KSR 4:00 A, JFHRELTE, B 22:00 H
. TR R, AR R g,
TR 22200 BRI ARAMN A 3 AT FH TR IE IS L.
A XL 3 TR SR R e 5 A f Sk 0°(LE L
) B, — RSB HHEMIEAR LS 1°, 2°, 3°,
4°,5°,6°, 8, 10°, 20°, 30°, 90°FL 11 M. Sik
SRAE W ECR 100 K, BUI AR PR A 3)
J%, 22 1 5 MAX-DOAS {8 i HAK BB S8,
&l 3 MAX-DOAS Wi J5 3 5]

& 2

MAX-DOAS B 7 WLl 4 37
Fig. 2. MAX-DOAS telescope observation field diagram.

SZA Stratosphere

Direct sunlight Scattered

sunlight

/
//

= /‘ =10°
Lower tropospher%&

MAX-DOAS _ T __ _Blevation _____ 1~

&3 MAX-DOAS Wil J5 34 5]
Fig. 3. Schematic diagram of MAX-DOAS observation.
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4 EWERSHN
41 KEEEFHKENRE
4.1.1  RABOKAR & 69 R

A G DX ) ST 6 3 7K VR WA B PR L
$§ HITRAN 200924, HITRAN 2012, HITEMP
2010261 F1 POKAZATELEY. i T /KA IO
W S s H e SRS B B S RORXTNO
A AT A, ARIAS S B 4% PR %L (slit function),
TR 5 S 06 2 R 1 HE KR A R IO
T (X R T 2L R v ) T B R,
MTTFRBUHF DOAS i i /K 158 RO S 2% 1,
T, FRIEAN

Horbro (N), 7K IR o BRSO, H oA as
BERLL

& 4782 T UL HITEMP 2010 4 1] 1 3% fH et
T OMBIFFY 4 BRI T K RO T A 434.0—
451.5 nm P B UK VAR 25 5, ORI [R]9E  45 14
T (P = 1013 hPa, T = 293 K) A 7K 7% WO ifi
Fr SR aE RBCE L, WA 5(a). BEH— KDL
WERE (2019 4F 3 H 9 H), BERBUG M 4 Fhkik
W2 2% R OGS B s 51T DOAS 14, M T
L 20° 1345 K35 VOD, RIEC 200 #a 4E hom
B, A 52 ULE 5(b), Bl HIRZ2E (root mean
square, RMS). & 5 B, 4 Fgcdi 2 S 1 7K 7R
RMS Z [H) 25 5AR /N, ANRVEHE T K PR 30 I
S 2% O K IR SO R W, B — 3
PE. ASCfd ] HITEMP 2010 BRI T /K 5 500
WS .

1.0

o) =0(N),®H, (10)
T, 90 40F
8 [ (a) HITEMP 2010 (b)
3
g «
(e} -
g g 30
o :
g =)
8 N
|
>
= £
=]
8 S
& E wof
&
%
o
8 N
435 438 441 444 447 450 1.0

Wavelength/nm

B4 KIRAROR NS A ARG R

0

Wavelength/nm

T
Slit function ) (c) H,0 cross
= section
3]
L 0.8F
o
G
E
5 06
a
o
Z 04r
=}
o
E
o 0.2r
7]
2
2
L L S ol L L L
1.0 435 438 441 444 447 450

Wavelength/nm

(a) HITEMP 2010 7K 75 i 43 R IBOLRE s (b) e b4 (o) KA ZOR S 25 0w

Fig. 4. Obtaining process of reference cross section for effective absorption of water vapor: (a) HITEMP 2010 high-resolution water

vapor absorption spectrum; (b) slit function; (c) reference cross section for effective absorption of water vapor.

T 10

wn

2 (@) — HITEMP 2010

g — HITRAN 2009

< 0.8F —— HITRAN 2012

g — POKAZATEL

g

Z o06F

s

i

=

g 04r

e

9]

Q

n

£ 02r

-

o

Q

m 0 1 1 1 1 i
436 440 444 448 452

Wavelength/nm

B 5 R BSO8R AT K R A ROB SO TR L

RMS/10-3

1.0
(®)  w mITEMP 2010 20°
e HITRAN 2009
0.9 A HITRAN 2012 %
v POKAZATEL . ’,
0.8 F M
+ %
L ¥
0.7} f .
¥ 'R 4 " ™
v ¥ v, vy
v
0.6 ¥ W 4
t'!
0.5
0.4 , , , ,
08:00 10:00 12:00 14:00
Time

(a) 4 FEUEIE T K IRA BRI S AR ; (b) 20°0 /8 T DOAS L& 5822 %) L

Fig. 5. Comparison of effective water vapor absorption cross sections under different databases: (a) Reference cross sections of ef-

fective water vapor absorption under four databases; (b) comparison of DOAS fitted residuals at 20° elevation.
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412 taFeBiii s M2l OD FAI% 2.61%. ARWF55H, DOAS #l&

AT DOAS JyVIHEURYG, Sk okt % SOD ST 4 < 10° molecules/em, I
2t IR, ik e TRRXTACURBRERAGERE .
N T T e
WA R, TR R P e Con kL PRV S AP A  2 ff ds €.0%
B e p o e K DA AT 5 BB 0L L) T 4
RECEBUY. EPAEIMEE SOD, it
AT LB TR TS, k00 i APBEA I A

1 4.1.3  RIERF
O(A)Sam:—@ln{exp [-SCD-o(\),J@H}, (11) ‘ o R
¥ MAX-DOAS 3153 R 16 % 7517 DOAS

HEH 0 (N) g WHLFIHCHRIET, HLT AVRVTSCD W iy e R o2 12300 W14 S 90° 9 il
BEME L, JUFE N 2 x 10% molecules/cm? # 1 x YE 4 FRS, 14 I B0 434.0—451.5 nm, HIEE
10%* molecules /cm?. HIFIBICHTIE ) OD WA 6(a), BRI R, R RMS /N T 107 Bkds. Sk
ElH R SCD /T 6 x 10% molecules/cm? Hif, ZAREALHE HyO, NO,, O5 il O, 3X LA LI T 7
OD Hl ODgy,, 1922 5 AR /1N (ODgye, AR FNR LSS AR R NO, F1 O, #, HoA A i is
(6 IERE ). [ 6(b) SRR AR 442.6 nm &b AIHEFT4% ring JGi% PO 3 2 B T Tk YRR I
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Fig. 6. The effect of water vapor saturation absorption on the OD in the blue band: (a) OD difference under different SCD; (b) the

difference before and after OD saturation correction at the maximum absorption peak at 442.6 nm.

# 2 DOASHIESHINE
Table 2.  Parameter settings of DOAS fitting.

Parameter Source Fitting spectral range 434.0—451.5 nm
NO, 298 K, 220 KB —
O3 223 K, 293 KB
0y 293 KB —
H,0 296 K20
Ring Ring spectrum calculated from DOASIS[:;]

and additional ring multiplied by A% |

Polynomial degree — 5
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Fig. 7. DOAS fitting retrieval example: (a) Residual; (b) HyO; (¢c) NOy; (d) Os.
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. 8. Comparison of MAX-DOAS measurement data and ECMWF data daily average.
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Fig. 9. Correlation analysis of MAX-DOAS data and ECM-
WF data.
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Fig. 10. Effects of aerosol state and line type on the retrieval results of water vapor profile: (a) Five aerosol prior profiles; (b) the

results and errors of water vapor retrieval under the five aerosol prior profiles on March 6; (¢) the results and errors of water vapor

retrieval under the five aerosol prior profiles on March 22; (d) the exponential water vapor prior profile; (e) the envelope of the average

kernel on March 6; (f) the envelope of the average kernel on March 22.
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Measurement of atmospheric water vapor vertical column
concentration and vertical distribution in Qingdao using
multi-axis differential optical absorption spectroscopy”
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Abstract

The method of retrieving the vertical column density (VCD) and the atmospheric vertical profile of water
vapor in visible blue band (434.0-451.5 nm) were studied by using the multi-axis differential optical absorption
spectroscopy (MAX-DOAS). First, the method of retrieving the VCD of water vapor was studied. Owing the
the fact that the water vapor absorption cross section is of high resolution and it cannot be effectively measured
by MAX-DOAS, a convolved cross section with the instrument slit function was used. In addition, the
correction factor for water vapor saturation absorption was also used to obtain the true VCD. Second, the
water vapor profile retrieved by applying the nonlinear optimal estimation of the trace gas retrieval method
(PriAM) was studied, including the effects of aerosol state and the priori profile on the water vapor retrieval.
Influence on the water vapor retrieval from the aerosol prior profile linear changes was unapparent. High aerosol
state has a significant influence on the water vapor profile retrieval and it was still within the total error
tolerance. This indicates that the PriAM is applicable in the water vapor profile retrieval. Using this method, a
continuous observation experiment was carried out at the MAX-DOAS Aoshan regional station in Qingdao. The
retrieved water vapor VCD results were compared with the daily average data of the European Centre for
Medium-Range Weather Forecasts (ECMWF), and the R? is 0.93. The comparison of the near-surface water
vapor concentration of MAX-DOAS retrieval with the ECMWF and sounding data of the University of
Wyoming shows that R? is larger than 0.70 and 0.66, respectively. The two comparison results demonstrate that
PriAM can retrieve the atmospheric water vapor VCD and profile accurately. The vertical distribution
characteristics of water vapor in Qingdao was analyzed, and the profile results show that the concentration of
water vapor in Qingdao was distributed mainly under 1.5 km in height.

Keywords: multi-axis differential optical absorption spectroscopy (MAX-DOAS), atmospheric water vapor,

vertical column density, vertical profile
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