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depths (AODs) accurately. Calibration of the direct solar radiation data obtained by sun photometers is a key step in
obtaining accurate AODs. Unfortunately, there are significant errors in the AODs obtained for heavily polluted regions,
such as most parts of China, by the use of incorrect solar calibration constants determined by the widely used Langley
method. To overcome this problem, in this paper, we propose a method for performing an objective assessment of
Langley calibrations that combines the surface shortwave radiation observed by a pyrheliometer with the SBDART
atmospheric radiative transfer model. We verified the feasibility of the proposed method using two and a half years of
solar radiation data obtained by the multi-filter rotating shadowband radiometer and the normal incidence pyrheliometer.

The results showed that the accuracy of the AOD retrievals was improved and the solar calibration constants could be
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constrained to a set of stable values.
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radiative transfer model
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Fig. 1 Schematic diagram of the method used to evaluate Langley calibrations
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1 Langley EfrHEIR EX M KSITHRR
Table 1 Characteristics of the air pollution during the Langley calibrations
Langley PM2.5/ug m™ PM10/ug m™ fie UL /km
TERRT S H 1 HE wAME mKkE HBE &AME mKME HBE &AME &KE
1 201345712 H / / / / / / / / /
2 201346 J1 28 H / / / / / / / / /
3 2013411 H30H / / / / / / / / /
4 2013412 H9H 31 18 58 82 45 124 / / /
5 201447 H 14 H 41 35 47 88 71 103 26.1 10.3 35.0
6 201449 H3 H 22 10 33 60 27 83 22.5 12.0 35.0
7 20144E11 AS5H 44 16 103 89 39 218 16.0 4.5 30.5
8 20144E12 21 H 23 12 54 69 40 137 19.6 7.3 35.0
9 20154212 H 44 16 76 142 56 224 13.8 35 35.0
10 201544 13 H 21 14 32 73 40 131 26.7 15.5 35.0
11 201544 H27H 32 24 42 86 66 113 143 5.8 26.4
12 20154F6 H4 H 28 13 48 81 44 138 18.8 1.8 35.0

%2 Langley EFRREV, MG ITHHE

Table 2  Statistical characteristics of the calibration
coefficients (V) obtained by Langley method
MERSR Vy/W m? (nm)™!
BERE ¥iE ez RAMA IZONI]
415 nm 1.250 0.100 1.088 1.401
500 nm 1.517 0.093 1.351 1.649
615 nm 1.332 0.064 1.213 1.416
675 nm 1.236 0.060 1.137 1.346
870 nm 0.786 0.031 0.736 0.844
940 nm 0.650 0.137 0.426 0.937

B, AL 2 ) b K BH B B 5 NTP SR Lk
S WL 4, BT ARG SR S E b 40 A A
MZERK, EPE-64~-41Wm2Z[H, HER
MZERK: RERE/MEN0.936, FWIAHE L
DA AR /N 6.4%, AOD JIHZE Ml K R KMH
N 1.074, R BABIADE LE STE IR K 7.4%, AOD %
T R/ . DANIP B UGE bR REZE R (<1.8%)
VER T RE , 9 2H K BH L B4 S B0 485 SR b S
SHIEE LB E AN, AR T 14, Bed
HIZE 8 4H Langley 5 45 5%, B 54 H 7 AR AOD
Hl o 43 2T B HE % SR ASTADUE AU I AR 300 AR} 2 1 A
IO, Fbram il T BARIE (8,0 HE/hREE

(S, Z7%. TELEE 5 EPWYV ik % FINIP & b8 R
MBI, BL2.16% 1E N S, —S,q FI B
BB A (BRI LT SR ZE S8, 9
“H Langley 7€ br 45 R HAUA 55 6 4 A ES 8 2H i 21X
— 5 tF, RPWHELEEEE L ER R ER
TEAE. SEE4MBESAIa, BEIRE | e brss
SR P2 AR S A RO S O N A A R AR B A A
I, AH S, =Su THEOR, HKHIZHE IR REAER LY
WERERK, FHARE. fimENREG. A TR
TEIE— 4, DLLA RPREE T 1 H S, =S /D
28 8 H e RBAE NI EIRAE R, ¥ 124
Langley 7€ 5 5 %055 7 Bk LLEE 8 2H 7€ A 2 £k 1T 14
—tk, ERWE6HR. BMZN, 1. 2. 64
12 bR RECES 2 1B UmZFAMENL, X 44
JE B Z O LI B AR LA R 5 1 I B AR X AL
N (=23%~22%, Kda. by e 1D; FHA4HE
RECE AW, SR A BB AOD fwkK, i H %
BRI RAE G AN TS, P A R 0.936
(KEl4c); 5. 9FI 104 E b RECE MR, 51k
Fi 3 B AOD f /N, DAk, B34 SR A FUL(E izt K
TSEiE, LA RE 08 1.074, 1.049 F11.060
(Kad. g. b, M3 TR ek ZEH T ™
Hf/h, 7EREAT AOD i fd FE b O b . B
6, H—1bZ JGHI5E 6 41 b R B /IME A & oK
B 5129 0.988 F11.014, fRHEAK (8), HLLEHS
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Fig. 4 Direct shortwave radiation simulated by the SBDART model as a function of that observed by NIP: (a-i) correspond to the 1st, 2nd, 4th, Sth,

6th, 8th, 9th, 10th, and 12th Langley calibrations in Table 1, respectively

HiEbs REOVEAE, WL RERE 5 & 1) K AOD 2
AR ZE N 0.0139; [FIEE, 5% 8 4 Langley & A% &
BRI 1. 2 12 405 bi R HO B ) B0k
AOD [ % 2 43 7 N-0.039. —0.025 F10.030. -
WA ERRRER, N M E AT, KW
A HLUETE AOD f K % 22 KT 0.025, U FHX) B
[ 1% Langley 7€ b3 45 508 o] 4 U1 ok, ALt
I S A A X A T A B e e O DU

K56 Langley & hn R BB A B A 47, JEH
RO B K E bR ZE 51 7 0.025 LA o

4 REN

FLIRRRATRONIRZE . AT S
H 15 72 LA RS AR B (R T SRR 22 BT AT AR I 21 B
FRER SR 5 WL AE O B R, WX iR 72 K
FOATREIE A AT R R AL B Mgk
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Fig. 5

wavelength exponents («): (a-i) correspond to the 1st, 2nd, 4th, 5th, 6th, 8th, 9th, 10th, and 12th Langley calibrations in Table 1, respectively. S,

and S, ,, denote the maximum and minimum slopes, respectively

S o TS, iy 73 IR AE A R AE M B /IMEL

Wi, NIP W& ) B S5 36 & 7 3 NS A
(FOV) I ) /I8 £ BEBURH 4, T SBDART A5
JOMEL DU AL FE 11 1) S5O () LS R o, Rk, W
Hig FH—EER. MTHEERSRNE, A
FEFOV N I BUR 58 5T BE AOD. <375 i B B ) I R
2.0 Z FOV/2 HUR 1 T 71 U 58 B2 FI FOV R

Slopes of the linear regressions between simulated and observed direct shortwave radiation for different 550-nm AODs and aerosol

max

KT 48 A (Box et al., 1981; Kinne et al., 1997;
Russell et al., 2003) . &4 T, HTFRERKT
L R ) O B /N, NS FOV Y [ IS
R 5F AT DL 2% (Shiobara et al., 1994), Leln, 1
SZA<80° CRAFELINS576). AOD H0.5. 1L
A A N3G O, N2 BER S R FOV
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PP B e N T AR U AR 1 2%  (Shaw et
al., 1973), BEE WK H ] WO AT ob B, <
VI R SO R8s/, Hog I RET /N A
B i B R R B, HENFOV A P Bl S 2 o 3k —
WM. X TEGTIIEBRAINIPTE, HEA
FOV 18U 8 5 5 2 5 WA 17 0.1% (Halthore et
al., 1997), [k, SCH7EHR| A SBDART #E 4L E i
NIP W AE BEAT X LOR, 2 X — b Z R BT
NIP S o i )87 30 BBl e 5 1 5 480 R KPR W iy, A
It, SBDART X NIP Ml 1) 58 5 B B H 4 S B fURS
FE 5 KA LA DA R RT B K B RS FE A R
FI) ) i R0 B8 5 OMI-TOMS KA A&
BEIATIUER A2 TAERY, 752 B R m R
., OMI-TOMS Jx i i 2 53 7l <1.0% 1 <3.0%,
HIX—RIEREAMGETHE . cBmMRAATER
& K /N (Balis et al., 2007; Kroon et al., 2008;
lalongo et al, 2008; Mcpeters et al., 2008; Antén et
al., 2009) . S5k, KRBHIGEETEXT PWV I i
RERRT PWV K/NRERS M &, HAKE
Bl LN <10% (Han et al., 1997) . Alexandrov et
al. (2006) £ ] AERONET. GPS Fll {3 3 4 & it
PWV % 5 MFRSR J i 45 R 47 % b, K
MFRSR 5 11 % % i 22 5373 /N T~ 2% #1 3%, MFRSR
XF PWV S HS [ 5 CE318 8 K BH % B i1 il GPS AH
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Y, FETULRRHETAE, thibe KA RE S =
SO 1% 20N 3%, PWV i% 2 [ kA M X i & A
PWV &8 454k 3 4% Han et al. (1997) 545 BiH
i, BUETEE N 5.83%~23.07%. K74 H T AN
SZA. 550 nm AOD A E K ABEL T, HREA
MIAKVR R ZE 51 R B B AR AR ME A R 22 . BT
Gy, T R R ZE N 3%, HlERNE
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Fig. 6 Normalized ¥, at different wavelengths calculated as each
individual ¥ divided by the 8th one in Table 1
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Fig. 7 Relative errors in SBDART-simulated direct radiation caused by (a) ozone and (b) precipitable water vapor (PWYV) for different solar zenith

angles (SZA), 550-nm AODs (7), and aerosol wavelength exponents (o)
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T R S R A i (T oA B SN S NI PO
ARSI /N T 0.04%, AT LLABE AT, KRG
() B PR AR SRR 22 B PWV 56 B TR, 5 RBE, I
FEPWV 9 0.18 cm I I8 B f: KfEH, &4k, PWV
<0.4 em B, KEGIRITRZRK, PWV>0.4cm
), AKEBHRMRZR N, WimtER R, 75 AOD
A K I HII N 1S BB RS, HAKKRSEB
75° K BH R T A B 4 S o KR 22 208 1.5%, T A
F MFRSR %k} 35 [ K 22 1 X AOD . i K F5 Uf1
PWV £E %15 73 54 0.54. 1.06 F11.37 cm, AU,
IKVR G B R ZE R 2 LT <1.0%. b4,
S AR YR 51 2 1 B4R 4 % 22 3 Bl SZA (138
MG, ANEEE, SA SRR ZR AOD 7t
MmN, KRG =ZR AOD EJtim EJt, X
S TAENIPOGIE T Y, BRAERIZKIR S Sl ek
BRI L AR, T A R BRI AN s A R
VAR HE SR S e B EEEE R R, AT 1 55 R
S KRB . iRAERZ T N, KR
B A X B S LR 22 OF , S A Se i v AR IR
A (Halthore et al., 2000; Bevington et al., 2003) :

172

aF dir ’
5f;r::{§5( ) 5x3] , (14)

ax;

Hrp, pREFEINMMANSE, (OF/oy) RARF,
XE NN S BN BURE, BRI E S A
B, xRN G R P R R, o N
MNSHEIRMRZ . T BRI R /N BT LA
ZWEAT (B 72), KHIL6F,, 5 H KIS 5] r)
REJLVPFEAZER. BT ERMASEGIRIRE
LAAk, SBDART A B 515 2 th 2 0o B 4248 S kS
FEAERSIN, T NIP FRU0II 5% 22 D) 2 52 i A 4DL{E -5 00
MAE %) Eb 2 5, Halthore et al. (1997) X 4T
TS HT, A AR R A B ()45 22 5 ) N
1.8% H10.67%, I 51 &I iR 248 1.9%. 1
Barnard and Powell (2002) & BL1E PWV A~ i
JE TN 0.07 em HAE R AUH: B & 250 & 350
DU (1 DU=10" K E K) 1HHLF, ¥ MFRSR
AOD % \ | SBDART H i+ 515 2| ) B8 5 5
NIP W0 I {H 1 2 <1%, F U7 R A . KiK.
SBDART A5 I NIP WL I A £ 35 47 1E — € v 22 11
BUN, B S A RE S5 0 IAE 2 54T R A
1% LA BRI, X TAXER IS AT IRAS R4 (3l A1
AT DL 1.5% 1 2 B4 4 S A 400 R0 I A 2 2

ZEMFIWTARHE o 7R 2euli i, H T NIP P JCE bk [8]
B3 a, PRI, SCHRs B A S A ADLE ROU IU A
A Al 22 149 ) Wi 1)L W8 S DR TR K OE A R B S =
(1.8%), %{H 5 Halthore et al. (1997) 15 H A M|
AR R 2 1.9% 424

TE 4% AOD Hl o K /)NS5 L 3 2 S 4004 -5 00 0
HIEAT o X LREE, B R — R 38 =2 2
SADUI R ZE R, DRk, ASFE LA R R
AR AT R BUH PR IX e . R EVER S, AOD,
WK IR O PWV B B A R R 2R AR AL
(Xin et al, 2007; 5K & #& %, 2006; Che et al.,
2015), HPWV XA IIEGRE /T2 ALK (Xin
etal,2016), [k, 2 AOD Flk K 18 B 4 7
Mg, AR RLEILI e [8] A PWV A7 AE— &
ZE5E, X A R NIP SE bR i # DL M PWV iR 2
SRS A A SRR . AR Th AT A, KRB
[RIREADL 15 2 5 AOD Al PWV A 5 K /N FLAT B 5 A #t
PE, 1ESZA<T5°W), e KA A /IMEAH % 1.2%.
R, 7E2.5 a WIET By, NIP JE br 2 200w 1.8%,
WRAEAIX (14) A%, PWV HINIP 5E br i #% 51 i
AN EPE N 2.16%, Rk, iZ1H AT /E NASIA
AOD Ml ZHEF, B4 B AME S5 W IHE P&
RFRRARERHERE . T EHERFRERR
B 7% A R sl 0, AT DK A &€ 1 5
FERS

5 &St

) FH 78 %2 2013 5 6 H %2 2015 4F 12  MFRSR
FINIP A &2 ) X 5 4 3 [X. Langley € A5 51 2 ]
AOD J i iR Z 3T TR, IR T — MRS
SF A 455 X0 45 5 b THT A BH B 4 20 S 00 00 50 90 A 56
Langley fE b8 RECG B 7. FELRWR

(1) T 752 2.5 a i) MFRSR WL 5 k1 L4532
12 21 Langley EFREE R, Bk 870 nm B & & br R H
B /NCAAL, FUEERIE E bR R B SIRK, |
Langley 7€ #718& B% 1) AOD J i 1% Z8 38 K T B AR iR 22
JaE (0.01~0.02), FIALEIRETG Gt X AR AT 3
Fa5E 1) Langley € bx 240 o

(2) FI| H SBDART % 5 A% i A =X A1 Hhb 1 L 422
5 S WU %o WL 36 1) £) 12 2 Langley 5 bRl 4
HPEHEAT TARSG, AT 2 4 e b R BUR TS I
AOD P& K, H AL AOD Jx i 45 S KA 2=
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/NF0.014, FWIR % J5 ) Langley 5 b5 R 5%
BAEIN AOD A T8N, %7 ik W4 A
% Langley & bz A B 1 14 7 51 A2 1) AOD J I8 15 22 ,
1) P i o P A 5 T A S L e R U
Ko Langley 5 b5 R $ALAT FTAT .

gt SRR R RIS = B AR AR
56 5 b 2 A A ST T () 22 R I T R S A S T A AR
U 2 UL B R, BT NASA GSFC #2732 il 75 1) OMI L&
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