55 54 B4 3 1) T o Vol.54 No.3
2025 4E 3 H ACTA PHOTONICA SINICA March 2025

5] H #% L : ZHANG Peng, WENG Jianwen, KANG Qing, et al. Super-resolution Solar Spectral Irradiance Reconstruction
Method Based on Convolutional Neural Network[ J]. Acta Photonica Sinica, 2025, 54(3):0330001
MG L 57 S, EIR L AR L T AR B 22 00 255 1) O BH O i i R R A AR T A O vk [T O, 2025, 54(3) : 0330001

T 45 U 2 0 26 1 K L 0 5 8 0 23 5
% Ay ok

SR AN 3 A
(1 EBR= AR K 2E P BB, A A8 230026)
(2 Hp [ B2 g 2B 2 R S DU 22 BT v [ B2 e 8 G2 2 b 5 R AP B R F 920 %, & 8 230031)

H EHANAARALAEZ AL EERERXEIBERL RALEAEEG R, R —FETA
BAPZ MG KRB BERSHETET R, ZREH - NMNEATHELEAGLEBE — S ER
B EEMEf— R AR E G R ENEL AR, FRNEBIAH FTREEMA DR EHILK
SRR P, R BT TR K — I I FRImATR KBRS REGFELEF T
FEWEEANE, FHRFERM T TSIS-1SIMA F kit BETLLREOR > HE TR,
LREAVZ S HFEAREL TSISSITHSRS ety M AR A EA Y A F 2N E 0942 1s, TH
AP RN K PRk g BR B 5 PR

KBER . BN E KM ERRBE ARV ERN L R ENL LiER s HETHE

HESES TP79 SCERARIZAD : A doi:10.3788/gzxb20255403.0330001

0 58§

K BH 1% 48 B BE (Solar Spectral Trradiance , SST) J& 098 K FH N B4 R EE TG S MM EE S8 2
AF 5 b 3K )2 N OB R A s Y OB o 0t O I Y i A R AT RS B ) £ 6 I R )R AE R L - 2T 4
e B 6k A T A b BR R AR 2E RV AR AR A DG TR B AR A R TR A T A O ) R B s A R A
RN o R A T TR A AL (O T AR R R A S I METT RE S TE R AR AR h R R A 2R
A1, R BA G 3 4 FEE o T 0 TR A G A e Oy R R R T R S T K RO A R A
P 42 1 R

TR R R VAR — AR DK ZE R R RIS ) B W, 7 b T £ Y SST R DG IS
W AT DX sk LI o P A IR, TR 20 A A A AT A A ST o A BH YGRS UL U 4 T
TOAEACTR (8O AEACHI ] o b 5 B 78U 9 A 55 A7 [ B 225 (1] 3l 5 280 79 D 8 2% S ol 149 K H D' 38 s T SO =
4t SOLSPEC™ [SolACES \#1 SOVIM, A & 3 [F fjit K J&y SORCE A B WL T A2 #5 4 3 A BH o't 3% i3 Hd 2 ) 4
ARG T B SSTN & A o B M A0 2 X0 B BE [ A A — Se A S LA © 48 B 1 S [A) R G
HEAT 57 . ) 4 BRI T K R (European Space Agency, ESA) iy TRUTHS 1+ &1 | 26 H FH % #il X =
(National Administration for Space and Aeronautics, NASA) iy CLARREO # ¥ & i1 %" fin vh [/ < 4 =)
(China Meteorological Administration, CMA) [ LIBRA 318",

5 b T ORS00 50 R L, DR SO0 EL A R T 5 v AR EE R R AR (1 nm B 22) (OB o R Sl ak
Y Iw) P LA o R R g DG 3% 0 B R 1 228 R B DG 3 4 RS B8l %2, DOBBER M 454 Hh — Bk & 0635 0

ELTE . B E A AT (No. 2022YFB3902901) , [# 5% 11 4k Fl2: 3£ 4 (No. 42105121)
£ —1EH KM, sa23038048@mail.ustc.edu.cn
BIAES 458 X, wengjw@aiofm.ac.cn
WFs B HA:2024-09-03; kR FAH #3:2024-11-27
http: // www. photon.ac.cn

0330001-1



T oF

TR BH O 1% BOE V3 — Ak A B i R R AR R A X K BH G G R TR R BOEE R B RS R R S
2 K BH G 18 4R IR R SR 4R 10 97 ™. CODDINGTON O M 45 78 it Be il [ 32 7 — B ko 2k Ji 8 %6 1% L 1l
T, Tl T R Y R 0 R R BH O i AR A R S 6 R 5 R AE T B s )l 4R 48 1Y TSTIS-1 SIM(Total and
Spectral Solar Irradiance Sensor—1 Spectral Irradiance Monitor ) % #5 () ST ] 3 5 4% B8 RE bR, 7= A — R i =
x5t i, Bl TSIS-1 iR A& K FH £ % 5t % (TSIS-1 Hybrid Solar Reference Spectrum, TSIS-1 HSRS)™ .
TSIS-1 SIM BA P T LA AL A By I 14 B (<20.3 %0 ), AT DA [ B 23 ) s | A R A7 R 4 200~2 400 nm 6 i
o A AR
TG e CAE N B BR LA S % K BHOGIE 0938 5 3k (R 3E Lo 0 16 AR e AR B = b B K P G ok
SR () s () | [R]AS7  19%) 1 4 B SR R BH O i 4 BRSO 43 0 D3 L 10 T 1 0 B 23R O ik B e ol L B 2
=2 N B R A R R B T i B B A BE R o AR T B R EUR S R R LR IR T 50 AR AC K B
SR AifE 390 1) R AF 5, e XoF 36 [ R — R GE B AR I 60 SRR AR W K . fE 41, 95 E JANSSON P
A$ T Jansson S35 R 22 KAPPINEN J42 17— Bt | J % FU 35" (#8 [E EICHSTADT S,
SCHMAHLING F 4848 ) 7 5 T KA 3 3 i kA S B ARk . TERE A, D63 S 46 BB ik 2 BEF 9 U7 1]
FHRGRAEE L, BRI ERAE AR JRROR DA 2 TIEE G BUA L (R R KA R 2 N 5 22
T AR HUASC % 1) 7 R ESCAE Ay 5 30 A 2, T R Ay A P — A4S v 7 R 51 R A 3 R e A I R AT
P b 4% 3z B BT ] — R ALES v o WE AR R F A AR T S T A gk U B OB BVREET . AR
K2 YAN Luxin,LIU Hai 5§ i — 347 7O ACE S A8 BRI B A DG BF 5, & 113 17 2% T A 3 )i Tikhonov
E U Ak 2 5 6T AR 3 BV AR L T A P M R RN A B I R B R R T T A R R AR AR (Y
R H & R
AN S W — i A8 AR (1) S A FRUGAL 32 40 i 22 g /0 i L 8 T AR S0 1 e 1 R ERCAE SR SR R R R . X TR
W) 1. PR BSOS I M5 B R R, LR U8 T RO B AR IR, R X T A2 v 7 R AR e R A AR S
A5 dE L, H T G 43 B 2 00l R O 3 (AR A e 1 AR R 3B Ay e AR AR S ab B H — BIA R g
AL AS i e 7 R RN B T D8 R 7 T AR S i A TR DG AR T I 5 K 2 B A S T A X T R R T B Ay
Zbo ARG R R T B PR Re AR KRR A2 BT I e O 3 A o M R S A FRR A A R R M S R A o R A
AR P D R v s A5 35 T SR A 1 02 2 M L B B i A RV T — 26 T T I TR 3 )
BEXF A J7 B AN AR SCH Y — B T 0635 T SR A AR L T A BB 28 1) 285 194 v G JRE O F DG 3 e 1R R
g3 R VR R R R B 2 > ke S B I A8 2 G 5 SR £ K BH DY 1 e IR R 30 ) AR 9 2 ) BREROKR B
O T R R A3 B i AR SR, 38 i (7 FCECHE B2 RN STME 2 ey B8 90 iR 42 R A AT AT
1 RHEWAE
1.1 WEFEE
TE Ao 2 Ao P A LAY 155 20 3% 238 KK BRI 338 4 B BEASCHE MO TR B R AL o, A R T O o 3% 2 K
BG4S B — A A BRI B S S B = EL, -+, Eb | IR BRI R E(A) o EN RS K S
13 00 T RERE o n AR 43 BT 23 K BH ' 15 e TR SN O B A R B IR R R U B AR R LA AR
BIA =2 —>0,0€ 41, -« ,M— 11, W 4% 357 B 1% el 7 R 50 RT T & bR E5OR R0, 4810 4 g B 102 o 6 (A—A,) o R4,
I ' 3 BB E () AT 3 fel ok
E(A)~>" EMN(A—2,) (1)
LRI AS A E(A) 38 2 1% 20 B 232 0K BH O % 4 BEORE A, 76 NS 5B il 1, DA AR AR o BE R B LU
E'=[El, - EL]o ERSE AU 5005 00 0 38 50 BB o 5 20 9% R B OIG 35% 4 T 30 00 4k 30 3% 1ty 6 k0 37
DT o HE R B (B N<<M) o BRI 43 8 258 0K BH G 15 A REREASCPE 25 DK s R D6 15 el 7 pRRCH R (A,) |, T
AN 3 U B I 4 20 1945 5o
E;:jij(x)R(aj)dx,v,.e{l, o, N} (2)

2555001 (2), AT 15 3

0330001-2



TR, 45 o T A B 8 IR0 2% 14 ORI D' 33 i 1R ) o o ey vk

El~>" E'R(2.).Y,€{l, . N} (3)

A (3) AT LA IE AR R

Elxv=FE!uRuxn (4)
A R, R R A i AT FNEE j BT &K .

3 (4) Ry AR 3 B 3003 B BRBE EV o 2l vy 20 9 O 0 e HE B B 3B B . R, R oK R a0 B RO
IR BN () J0 R B M R I KT SIS 43 B 5 6 1 5 IR £ 0T 2 BN Ko 1) AR A5 A e, B (3)
FERCE R o ANad K PH AR 3T B Gk RRAE , o] DL 1o A4 8 4 FRUbi 28 I 2% o 2% > s FpRRAIE , DA T A e
M E'HE # EN AN IE R ()

1.2 ML

TE T P2 26 | ) FH % 25 IO 245 R Ok 2 20 6 R AiF DTG S BN EVEE 38 B 151 1% I 45 2R A n 1 1 T 7 o
RS U i) = B4 5 A PN | E 5 ) = IR |17 = N4 6 FAW oy LI E (5 ) = B £ A L £ 3 NG o8 (1
R PGSR R E R A R RO R R B e 2N N 4 DKo BRI L B o M 4
B 15 43 HE RO 1S MR S K R T EORS BE R o RO T R IR D e B R Z A TR 0 45
W EAS—4E g U 48 S B2 AR LM )Z A, B2 RSKE S MW FASFRREE 2, ffi /] PReLU R EUE
R EEAS 4 i AR PR 2 B R O BT A B RUZ T iR SR K S O 3. FEIEEMEZ R AL
FREM AN ER B — D EHZ M — DL R AR, 8 A — A I — 5% 25 He i B A v 21 e e — A5k
R BB . R Z)E S AR EN KR T 6 S AR LR D
PAF B L = RO R IR EY o

e B R Rl
NXM 1 F

F filters(K) 1 filter(K)

———————————————————— x(z) P -1
FxM

- - -

,,,,,,,,,,,,,,,,,,,, i s e A T LAY L S i

_ F filters(K) F filters(K)
T

H1 F&RM

Fig.1 Neural network architecture

N T 4 0 4 A9 R VA 2 A 44 0 5 43 MO 3 5 0 Bl A T2 W i L
T 7% AR 0I5 245025 — A A A B 2 L 1 66 53 SO0 A5 5 0 D0 0 8 4
3 3o 160 0 S A 43 0 55 2% 50 40 002 5, 2 5100 ) 5 R E O 9 R 46 13011 4 , LA 3 I
BT BEAR A  I50 2 1 552 U L T LIS i 8 43 3 S0 44540 439 9030 4 L O TS 40 Ok
13 SEiRKEY

Y177 1% 22 (Mean Squared Error, MSE ) J& — 45 22 B 401 ¢ pRBL, A1 AE 23 77 AR AR P-4, MSE
FH T4 56 5 53 929 A B I 4 R 2 7 2 ) R0, 35 R S e K DI R £ 155 8,3 B 9 5
SR I 38 T 2 BE A4 I L ST 9 2 0, G A K — B L BT R
JEREREAE ™, 0P 2 75 , % 16— B 5O~ B S 800 o 8 5k 98 0 — 3643 15 0 1 56 A %, A (LA
AR T (U MSE {4 451 5% o BOH5 51 69 T 2 O6 9% A, S PR B % O A M T X — BF A4S LR
Lgera - E ) BRI B 30 (8 A0 B0 85  2 1 19 2 5, ik

2 2

¢’E  dE
2 da

dEdE
dA dAa

Lol E.E)=|E—E| +w, (5)

Wy

R o B, B Lo B E ) TG HEA 2O — B 54— 5 02 ] 0 B 2 A

0330001-3



¥ %

— —dh)
210 —h 0151 — d()
hZ
2.05F 0.10
0.05
2.00F
0
1.95F
-0.05
1.90
-0.10
1.85F -0.15
1.80 1 1 & 1 1 _0.20 1 i 2 1 1 i
535.6 535.8 536.0 536.2 536.4 535.6 535.8 536.0 536.2 536.4 536.6
Wavelength/nm Wavelength/nm
(a) Comparison of magnitude of /, # and &, (b) Comparison of first derivative of /2, 4, and &,
— d(h)
031 — d(h)
— d*(h,)
0.2

0.1

0

_03 1 1 1 1 ]
535.6 535.8 536.0 536.2 536.4 536.6
Wavelength/nm

(c) Comparison of second derivative of 4, & and 4,

H2 BRHELHEINEE NS ER NSRS HNER T LA H L
Fig.2 Comparison of magnitude, first derivative, and second derivative of the original spectrum 4 and two reconstructions
spectra A, and A,

W U bR AR Ry 2 80T R A 2R PR

3% f I I (Spectral Angle Mapper, SAM ) 55 1k A
8 B b B AR T G A — S e 4E ) i i A
T T Tk 610 9 4 4 32 60 39 1 0 A ADLPE o PR 3 97 7% -
e BN PG RO ARL, PR AT AR AR O A R/ F Band 2
W Il A AL 40 45, B

ter Reference specturm
SAM,=cos | ——— (6) o
[l
T, e 53 50 S OGS M2 O B . R Band 1 >
SAM i E S 55 {42200 356 456 o e, 55 0 45 11 5 3oL 7
FAAE N F LA L*#T/T{E%ﬁﬂ%l‘—] EUI %ZL_$I'T"CH B3 % st i SAM 4
B /N SAM iy, 0 GRAT s i AR AR Ohy de (RS A Fig.3 Reference spectra and test spectra SAM angles

2 SCIGIGIE

21 WEHESE
2.1.1 TSIS-1SIM

B R R RO 3% A PH A R R A5 R (T SIS 1) Hi (816 335 i ARRE Wi AL (STMD) 2 — MR B, i
T A 0.2~2.4 pm 65 B A9 K BH O 35 4 BREE  S6 % 43 BE R 29 0.25~42 nm, TSIS-1 SIM 51£ 481

0330001-4



TR, 45 o 5 T A B 8 IR 2% 14 ORI DY 33 i R 0 ) o ol )y vk

SORCE SIM 1Y #% [f] 4 , H A7 Z2 T S 4 PR i T % . TSIS-1 SIM #H A% 48 SORCE SIM B T 4k 45 45 1
BEM T AR BOR IE (38 T LA S A RS T R A A R e R R v ) A AR T . R 38 I R
bt 5 4 R WF 5% Be WF % 19 SIRCUS (Spectral Irradiance and Radiance responsivity Calibrations with Uniform
Sources ) &E b % B HE AN F G0 6T R TE AT R 56 RN 4 6F R U B Kk SR A AR R B B AR R
0.24% (=460 nm) #] 0.41 % (<<460 nm) o FIFH LAAS[R] 5 25 L 28 68 T 0K BH A9 T A% F 7 S0 38 38 4 47 W00 I >k
WD AT A IE A ER AR AL, DURREAE R E A RS e M o 6 T DA K BH 4 IR BE S 2838 ok F, TSIS-1 SIM #5854k
BE AN E MR T — DB %, TSIS-1 SIM A 2018 4F 3 H i M [ Fr 23 6] o W) 2 43 H A BH G 3 48 1R &
K45 7T M https: //lasp.colorado.edu/home/tsis/data/ssi—data/ 3R B
2.1.2 TSIS-1 HSRS

TSIS-1{R A KBS %61 (Hybrid Solar Reference Spectrum, HSRS) & — B 4 0.2~2.73 pm & &
SOGB4 AR A0 R 0.01 nm (4 ARORS B ST R BRI 2 I B4l 13— {6 TSIS-1 SIM
1B 2 R Sl 3% 4 IR WS Y ( Compact Spectral Irradiance Monitor, CSTM ) W I %5 48 1) 55 45 B o XoF 4 B8 2 b
FETIF & 0 o CSIM & — 30 37 J5 4 TR £ AR R A 55, 0l 210~2 800 nm 1 K FH G R IR B . CSIM 7E 5
TSIS-1STM AH [ 1 8 £ v BEAT R 1, {H 2R JH B J2 s o % 38 T I 48 XS A E S0 iE . CSIMIAE 0.3~2.0 pum 38 Fil
BB AR /N T 1%, 6 2.0 pm BL BRI E] 1.26 %6 HSRS 2 2% 1) 15 43 3 A BH i 28 00 %4 4% 3= 25 iy
I [ 2% Ml 2R A B 2 6 25 0 O BH A R UL 25 SR 0 L AR 0 1 R R SC 3 AR A 1 K BH 32 B G 4 A o

Coddington %" 4 1 PR 41 #b A 44 T HSRS M9k S0l #2 . TSIS-1 HSRS M AR 1 P 7E 0.4~0.46 pm I
K208 K 0.5% , 76 0.46~2.365 pm Z [i] 4 0.3 % , 7E 400 nm LA F A1 2 365 nm L | 1.3% ,HSRS i A i P
C % [ T TSIS-1 SIM #l CSIM W I %5 4t AS 1 o % 19 5T ik o HSRS 4 7] M https: //lasp. colorado. edu/
lisird/data/tsis1_hsrs_files I, 413 1 Fr 7% , 25 SCAH 9 HSRS B0 G 1% 23 ¥ 4 0.1 nm.,

®1 ERARKARE
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Table 2 TSIS-1 SIM data product reconstruction quality

Method RMSE MAPE SAM PSNR SSIM
Bandwidth correction 0.222 4 6.219 8 0.082 3 25.620 2 0.482 2
Janssen iteration 0.208 1 5.496 5 0.077 0 26.190 4 0.4859
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Super-resolution Solar Spectral Irradiance Reconstruction Method
Based on Convolutional Neural Network

ZHANG Peng'?, WENG Jianwen®, KANG Qing”, LI Jianjun®
(1 School of Physical Sciences, University of Science and Technology of China, Hefei 230026, China)
(2 Key Laboratory of Optical Calibration and Characterization, Anhui Institute of Optics and Fine Mechanics ,
Chinese Academy of Sciences, Hefei 230031, China)

Abstract: Obtaining accurate, resolved and traceable reference solar spectral irradiance variations is of great
research significance and application value in the fields of solar physics, atmospheric physics and
environmental science. However, the high—precision solar spectral irradiance data available domestically
and internationally generally has a low resolution, while the high-resolution reference solar spectral
irradiance has a low precision, and the acquisition of high-resolution solar spectral irradiance data usually
faces the problems of sampling difficulty, time-consuming sampling, and limited data precision.

To address this problem, we propose a deep learning—based approach to reconstruct high—-resolution
spectral irradiance by analyzing a large amount of low-resolution spectral irradiance data. Our approach is
based on a novel end-to—end fully convolutional residual neural network architecture that employs a new
loss function, and by training the CNN model, we can learn the spectral features of the solar radiation to
achieve high—resolution reconstruction of the solar spectral irradiance. This method utilizes the advantage of
CNN in spectral feature extraction, which can fully exploit the feature information of high—resolution
spectra. In our experiments, we first select the visible band (311.4~949.4 nm) of the HSRS high-
resolution spectral dataset to add noise to expand the data to 5 000 spectra, and then convolve all the data
with the Line Shape Function (LSF) with the SIM instrument to resample them into spectral data
consistent with the low—resolution spectral resolution of the TSIS—-1 SIM. Our CNN model is designed
with some key improvement strategies to better accommodate the feature extraction requirements of high—
resolution spectral reconstruction. The CNN spectral super—resolution network consists of a fully connected
layer, a one—dimensional convolutional layer, a nonlinear layer, eight residual blocks, a one-dimensional
convolutional layer and a cascade of nonlinear layers. The network was trained and tested on an Intel
17-12650H 2.30 GHz processor and an NVIDIA RTX 4060 graphics card, and the TensorFlow was used
as a development framework for neural networks. In the training phase, a new loss function was used to
better reconstruct the features of the spectra, which is a weighted sum between the Euclidean distances of
the original and reconstructed spectra as well as their first and second order derivatives. The loss function
was optimized using the Adam optimizer to optimize the loss function, with every 8 sets of spectral data as
a batch, and every 1 000 batches for validation. If there is no improvement after more than 10 validation
attempts, stop the training. Validation was performed on a randomly selected batch of spectra in the
validation set and the average Spectral Angle Mapping (SAM) between the input and the reconstruction
was used as a metric for validation loss. The reason for using the average SAM rather than the Root Mean
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Square Error (RMSE) as a measure of validation performance is that the SAM better compares the metric
of spectral shape. During the testing phase, the reconstruction was performed using the average of the
TSIS-1 SIM solar spectral irradiance measurements in the visible band from December 1-7, 2019, fed
into a neural network. The reconstructed 0.1 nm solar spectral irradiance essentially overlapped with the
official 0.1 nm solar spectral irradiance curve reconstructed using the spectral ratio method, with a SAM of
0.002 1, a MAPE of 0.636 6%, and the reconstruction time is only 0.942 1 s. This study shows that the
proposed convolutional neural network can learn the solar spectral irradiance and its measurement
instrument features well, which is conducive to accelerating the reconstruction speed of the solar spectral
irradiance and expanding the scope of application of the solar spectral irradiance for high—precision space—
based observation.

Key words: High resolution; Solar spectral irradiance; Convolutional neural networks; Residual
networks; Spectral super—resolution reconstruction
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