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Abstract

face spectral data, as well as to understand the physical properties of the lunar soil, it is essential to

To provide a parametric basis for photometric correction or spectral unmixing of lunar sur-

comprehensively investigate the light scattering characteristics of lunar soil under various observational
angles. The Hapke model is widely used for photometric analysis of the lunar surface. However, the de-
rived photometric parameters of the lunar soil often exhibit discrepancies. These discrepancies arise from
the varying combinations of model parameters selected in different studies, which hinders direct compar-
ative analysis. To better understand the photometric properties of the lunar soil, this paper conducted
photometric analysis using the Hapke model with various parameter combinations, based on the bidirec-
tional reflectance data from six distinct Apollo lunar soil samples. This approach enabled the acquisition
of photometric parameters for both mare and highland lunar soils. Additionally, a comparison was made
between the applicability of the two-term Legendre phase function and the Henyey-Greenstein phase
function in lunar soil photometric analysis, as well as between the three-parameter and five-parameter
Hapke models. The results indicate that the highland lunar soils exhibit more backscattering than the
mare lunar soils for both the 5-parameter and 3-parameter Hapke model. The 5-parameter Hapke model
outperforms the 3-parameter Hapke model in describing the scattering properties of lunar soil across
varying observing angles, particularly for spectral data measured at identical phase angles but different
emission angles. The 5-parameter Hapke model includes the additional parameters of porosity factor and
photometric roughness, compared to the 3-parameter Hapke model, which incorporates the single-scatter-
ing albedo and two phase function parameters. The derived photometric roughness, ranging from 17.4° to
24.6°, may serve as a reference lower limit for photometric analysis of the lunar surface. The analytical
results presented in this paper can serve as a reference for model selection and subsequent interpretation

in the processing of lunar soil spectral data.
Key words Regolith photometry, Phase function, Photometric parameters, Observing geometry,

Hapke model

329

0 55

KRR BT TS REA 5 H 28 | 1k
EWOIATK, 22 B LT #8 oS . elR
S B RARR T 5 2O 1) B A2 BR S 8], AR [
LI F) 0 S D' B T A AR 25 . I MERUR
/7 A PR %X (Bidirectional Reflectance Distribution
Function, BRDF) J2& A4~ WL 4 180 AN W] £ B2 K
SPRRPE Y EHERAE, AT LU AEAN [ £ B2 T 0 —
S SR BRI Y. e B 2T T B AT R
ARV B TR BRI o P B A AR
I i) BRDF 48 6479005, 30 T LAAS 20 AH B 1 &
TGRS0, DTS WL T F3 A SCH BRI (191 4
ok R ST 5504 | FLBRIEESE) w7,

JCEE2 A TR TGS Y HERR iR 1Rt 2 G 2. 78
S B AT RSO IEIN BR E R — MR E A
JERHEATIIEE (BIIAS f R 30°, iR 0°,
2y 30°) L AEGH T T SRR SR, AR ER AT

T A5 PROULIN ][] =SOUL DA ], WL L fry
AR ROR 22 5. R, FE X HILIE 18 SR o
TR AT /3BT RIT, — AR P B s e E 23—
BRUESA I, A BRI R PR AR E O A
D W i A 0k ] — 2 TR AN [R) £ B 1 e A WL
DR, [v] o] I T 54 ' A A

Hapke 25" " LT A SHERBIE, £15F iy J50R:E
RS R TR T — Mz T Ri5 X (Hapke #52
R, AL e FURL S AR R0 2R T8 B S R R
PO B YT R ISR (SSA) L LI LA £ B . A
KL YCHCR AR BRI, RN FLBRRE | 22 B UM R
B2 B pRES, o)z T AT i 4T A B s S
S A R AT Hapke 65750 v ity 2 5047 B
YR AR BRI A5 32 R e AIE UL 2 1 4% 24 A 0K 11
S 49 B R A RO AR, G By O A B
SR R RS MBS UE, J2 G RL b i O¢
SR A3, H e FH R R AN ] WL I S T 3 A Ol BE 4 )
(6200,



330

BT IOrHETHE, 78 Hapke B 1756 B 43 B
BF, R FH I (LA AH bR B R A 2. FLrh A PRI BIER
ik e L — e IR (LG) 20i0E
B AH R EL, 75 —F 2 Henyey-Greenstein (HG) #H bR
$P0 AE SR P R []2B A T . B ELL
Fe FL S A A RE L HEAT BRDE Wi, I 1158 HAH pRi
BSH, TR R A OCH R YOG BRI 1Y e 55 0
. Mustard 5 Pieters™ it UM FERRELT ) (Hk
i A FRHC ) LLRERR AT T PR 06 R
B, IR T X Y LG AH RS AUE.
Lucey™ #2 1% Mustard 5 Pieters® #2511 4 Fhi~
Y1 (WA . WA RHC ARG TEAS [ B 1)
LG AHRES 0 V- Y B  A 4 B i OB AR eR 5L
ZHUH, S SEUEAE RS20 A 265 SR 73t
gz R e, Yang 0 AT RN A F
W AT BB DR, R BLA R TR
W VBB S I = ) R, IR EERT 1A SRR
MR BB R . Yang % ° i 1of %) 1 4 DU 5 (CE-4)
5 AR AR B R A T 43 B, RO A3 T
RGN HIER LG AR SEUE, IR 5 ET 5
55 2 0 e 75 2 A A SRR SRR O A RS B
EAFAEI] B 25 57

TEIEAT H 3OS AT, 1 A
R 38 2 LB EE 5 OCEEMLRE B2 (Hapke D FE A AY
P TR T 3 B 24, F T RARTRULIN  Tr kL
HEIE) (R, A ALBRE I 7 K s 1002,
12 KA BB TR, %R B FLB I A 0 4%
1M, 76 H M 12 15 em JEH BRI FLBRE
i 50%%7 ) e T I UL I A5 F 1 T 22 L R
70% 77 WAk, SR HDREE £ A AL, R
35 I 08 A e it I ) R P A i
PR, 7E5E T A R AR BEA TG R Sr B i, A A 2
B A I EL s AR B A AR PR A5 R

i AR 2504 A B Hapke B AIFEA TG R X HE
o3BT BT S G b i ) SROG B R AR SO T
Apollo A $E#E S 19 BRDF %4, X AR Apollo & 5
PGS HAT TR, SR TSR F S8
Y430}, Hapke BIAURY RIS, 2024 4F 6 25 H,
B 7S o Bl A ) BT N S DU R, A

* https://pds-geosciences.wustl.edu/

Chin. J. Space Sci. =AFFFIR 2025, 45(2)

FUE Oy A BRI AR . A SO Hr gt Rl o Jm Setid oS
SRS IAT, LA H S0 el BRI A s 't
TR S

1 F3E BRDF i 56 R R

1.1 Apollo A1 BRDF ##E&

Apollo 1155 K AR [91119 7 18 BRDF (8 3k LA
EEEZEM M KRR (NASA) 1725 HE 2 4: (PDS)
() H 3R Bk 2 7 5. % B0 S Michael K. Shep-
ard FI| FH A 5 W 307 B8 K 2 Mk R S I Y
(Bloomsburg University Goniometer, BUG)[QQ] ) £
H e 2k B 5R 52 JE N 7 (IoF). A8 3CH (1
Apollo H HEFE i 4 %5 53 7l & 10084, 12001, 15071,
61141, 68810 F1 70181. ZE A HTEL A F ok =S
] 9] & A9 H & BRDF %t 4%, 4 b 450, 550, 750,
950 nm PUANEEE. 4 ASH . RFHDEFIEL A TR —
ST, OV TR 32T DA EE S T i T
e AR IR, WREE T 6 AR AL A
i, SR 0°, 15°, 30°, 45°, 60°F1 75°, £ e B4k
6 Bl -75°~75°. SEE ) Hapke Y645 9 4
BH, A BEBRZ EERRA NG 9 s sh A
4 SEOH TR RN, T RN AE A AR /INEF AL
B AR A /N T 150 R XA SR SY
PISEIR AN, T LA SGE S SIBR A A /T 15009 50,
oK 728, W AR5 LA SRR AR ) fR Ak e TR I
BRDF %4 AH 175 BBl Ry 15°~155°, % AH 1 3 B2 LA
SRR SR SR
1.2 EER

IR H 2 PR IUR A PR P(o) FNERELS I B
R (SSA) w,, Hapke JEEERHRIA] fjfb Ay

Wo Mo
— P(a)+
A O

H (po, o) H (11, w0) — 1}- (1)
Hp | RN ToF, po=cos(i), p=cos(e), H (z,wo) N
Ambartsumian-Chandrasekhar H FREL. H RE AT ¥
PESIVS

H(z,wo)z{lwox {rﬁlsrom In <11x>”1
(2)

R(i,e, o) =



https://pds-geosciences.wustl.edu/
https://pds-geosciences.wustl.edu/
https://pds-geosciences.wustl.edu/

AT 4 KT Apollo ABEAE & = 6 KA & 25 69 J L 5 54T 331

Hor, v W8 R SER, A5
1 VT—w, 3
14+ VI—w@, (
B LM BREL P(a) 45 PR L Fe ik 20, 45—l
SR LG T W3R ra A e g, B
1

P(a) =1+ byg cos(a) + g B cos? () — 2] ()

To

SR by TR T BITURL A 1) B 1 O R, U
H-1~1, A AR F 7R HT A AU 5, E(EN R 5
I TSR S8 e Fm I ) WU AR B, A T
fER-1~2 S b M g BHBUE A AT 2 2
Pla) BOEIER

FHEREL P(a) 55 ZFhE Ll k208 HG HH R
ﬁ[%], EI]

1 + Chag ]. — b2 g
P(a) = 21‘ et
[1 — 2byq cos(a) + b )
1— CHg 1-— bIQ{G

()

2 [1 + 2byq cos(a) + 1)121(;]3/2 ’

Horh B by SRR BETIRIBAR, BUE R 0~1; &

B e S ML 2 5 T AT 8 7 ) A0S S 1 X 2

KMF LG AHRECT B by, BUAR-1~2. B4

bug 1 eng WIBUE RS Z2 IR I3 L AN 2508, B P(a)=
0 Fl

1+ 302

o] < ﬁ (6)

M b LG 8 HG #H p& 50, fin B SSA,

Hapke F7 thAA47 3 ANRAIZE0 WAL IR R ATk

s FE 4 AR U A 5 280 Hapke 6 B0
£l

Wo

. Hoe
R(i,e,a) = K—
( ) 4 poe + e

H (poe/ K, o) H (pe/ K, o) — 1]S(i ¢,0). (7)
Horp, K ALBRBE N T, paoe 1 e 535300 9 A5 BN 55 #1
i AR e BIARTEAE, s(i e, 0) HIARE SRR, gh
WAL TCIC R .

XT3 SERAL, R LA 07 2GR A
BE. RS CERRILA I, BRI SHOR RS 572 5
IR ME R s 1 S SR R R B A, A
SCESBTESS S BN A B IUE T B N, BEALAE B T
100 HSHHA A, BLEHE] 100 HEMLMH, &G
P /N7 RR 2 (RMSE) {E & fe i S 5.

[P(a)+

T 5 SHEM, KSHBEK L, KX 5=
$ Hapke £5 50 350 R 1) 55 By 35 26 A AL 17 L5 77
FERIE, PRI ASBIF 53 R I A 48 2205 ok R 18 S 80
Pl AE K 10 T ARIIR S EE LG, TFACABIR A
453 10 J7 417 BRDF {8, 5 H 55201 BRDF
{H ) RMSE, #z )5 AR 4 £z /s RMSE {H #f & it 5
HA.

2 4k

2.1 IoF %

Kl 1 Fis hAE 750 nm JEEBAL, 4 Apollo J1 3R
iR ToF #h£k, HHAME e A IEFRRIEHES ASHE
FEILZR RN, Ry 6 00 R AH . 25 A5 ff R 15°, 30°,
45°, 60°HF, Lk e = i JyHts, 2247 ANAE7E A £ AH TR
L HE SRR AN [] () 0 50, T AW 31 5 S 5 A i it
PR e 3R BN (AHAIEK), SR ZRERZ WAL /N
B ARSOKLL e < i BF Y ToF fiZeE X8 3 ToF
2, 76 ToF 4k I, B Mg w28 /N (HAH £
B AE R, B HE s SR N KL A A
0°HI 75°1F, HA 3 ToF #h I & %4 . 6 1~ Apol-
lo BE S TE AR R A B f 19 & ToF kY 2wt 2
ToF i e A5 Ak 11 Lt/ IME AT B DL AR ToF (A
5 25 5
2.2 LG-3 SEUIEEM IoF MENEER

fli 3T LG M BREUHY 3 341 Hapke S AR A
(LG-3) % BRDF #1780 G, & 2 Fnl&l 3 435 45
s A YRR b Apollo 10084 A1 i Y 7 b AE Sl
Apollo 68810 HILLEE5 R, 451 B/, FrA Apollo
FRTE 4 NIEK R ToF #hZR LA RORARE, Bk A
RS AEXT TG T BTl ToF th& il G
RORTAAE—E WS, AR 0°, 15°, 60°F1 75°0F
MG BSCRBIAR A, T A1 R 30°F0 45°HF, 0°4H
(e = 1) AU FA 0 e 5N o5 P 4005 IR AT Ll 3 22,
o H 2 0°4H £ A5 DY ToF jh 4R (20 €5 ke 28 HE b i
TIoF #h4k). Al LIFE 3, LG-3 152 1Y e 34 ToF
IR RBAIBIY, WM AA e = ¢ BT, A8
(1) ToF L B 55 A 110 3 22 B B85 18 a4, {H2
SN ToF {HAE e = 4 BT BE H 3 38 RS AR 5
UV

XS KA 3 2% Hapke #5517 7E — & A B



332

YA £ AR R ISE, R R B P(a) B R0 AR ) Y T
SSA B 5 ME T ZSEL, a0 Hapke F57 h
ToF {H /Y £ 2 R KR Ad i g% 5 A5 /. 8t oe

Z ) Lommel-Seeliger o £ P, 24 A §F 1 [ & B, ASILERE.

Chin. J. Space Sci.

wEAFFIR 2025, 45(2)

Lommel-Seeliger PR {H B H 5 A A0 35 K St B 3 14
B SR, S ToF 4 22 IS 14 i b s 11
X8 3 240 Hapke BB ICIE 753348 ToF Hh4k iy

i/(°) <0 <15 30 <45 <60 =75
0.12 (@ 012 (b) 0.14 (©
0.10 - . 0.10 - o 8 i ' 0.12 g
: ° 0% R Seo88 010 ° %o 00283
0.08 °0e 2 008F®g . o0°,° © e, 00®° 0 289009030808
8 00° © 8 S 0o o - o 008" 2 ga60 -,
5006 8§83%00° o 006 S°%c0p o . o0 e unEE &
= O,OUOOOOvO o . 0;“7.i007‘7n o 0.06 - O‘COéOOOo X .
0.04 oo > oia 8 0.04 Ooo oo OOO 0.04 © - o
o ° o o o o o ©
.02 o9 o 02 oo0o0o0 e
0.0 cor 10084 00 12001 002 15071

0 a i " " " PR —
—90-70-50-30—-10 10 30 50 70 90

0 " 1 1 L
—90-70-50-30-10 10 30 50 70 90

0.24 : 0.12
(d 020 (©) ®
0.20 - o %088 g I 0.10
01688200090 o e 0168, oo™ 0 o 580 0.08 - g o© o0 02288
’ ,000000o Oo 0.12 ‘Ogogzoooo » ’ ‘§800000000 »
80.12F°, %0 600° : 0.06 890000 ,°
0 G o o o ° ’ Wi G ™ 3
0.08f o ®00o000° 0.08F © ®eooo0 o 0.04 © i
Oo oO Oo Oon o
04 L3RR - 0.04 ® poe R .02 Oe & wnmard ©
0.0 61141 oss10 0 ¢ 2 70181

0 PR T BRI S| I S S N
-90-70-50-30—-10 10 30 50 70 90
Emission angle / (°)

0 P " " "
—90-70-50-30-10 10 30 50 70 90
Emission angle / (°)

—90-70-50-30-10 10 30 50 70 90
Emission angle / (°)

B 1 A Apollo AR 7E 750 nm BRI ToF #iZk
Fig. 1 IoF curves of different Apollo lunar soil samples measured at the wavelength of 750 nm
Wavelength /nm - 450 - 550 - 750 - 950
0.12 @ oM ®) 014 (©
0.10F  Begghisseseed 012 0.12
sl e 010 ¢ - . . 0.10 :
2 0.06 e, T, 003 TREET g Wy 0.08 34
0.04 006 538" b Bagi., 0061y, ., 08
0.02 - i=0° 004 %tgse® i=15° 004l * 8 p,ned? 72300
0 - : 0.02 0.02 | :
—90-70-50-30-10 10 30 50 70 90  —90-70-50-30-10 10 30 50 70 90  —90-70-50-30-10 10 30 50 70 90
0.14 (d 014 (e) ®
t 0.12
0.12 0.12 - 010
0.10 0107 0.08
g008 ‘. . OO . 006,
006 . " 0'067':{ Lo P ooal gENeppiNE, ‘
0041 *y, T Lt i=45° g:gi; feennnaentt gmeoe 002F Te.LPtilet g

0.02
—90-70-50-30-10 10 30 50 70 90
Emission angle / (°)

-90-70-50-30—-10 10 30 50 70 90
Emission angle / (°)

0 |
—90-70-50-30—10 10 30 50 70 90
Emission angle / (°)

& 2 Apollo 10084 ToF HiZkf) LG-3 SUIALER. 15 ToF MR HZZIEAT S 2R, MR B 550, 750
1950 nm #Y ToF fhZk, 73l E-F# 1 0.01, 0.02 #10.03
Fig. 2 Fitted IoF curves of Apollo 10084 using L.G-3. The fitted IoF curves are represented by

the diamond symbols. IoF curves are vertically offset for clarity, with 0.01, 0.02, and 0.03 for
the wavelength of 550, 750, and 950 nm, respectively
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Phase function parameters fitted by using LG-3 for Apollo 10084. (a)~(d) show the values of phase

function parameters before eliminating duplicate phase angle data, where “All” represent the values fitted by using

spectral data of all incident angles. (e)~(h) show the values of phase function parameters after elimination, where

“All” represent the values fitted by using spectral data of all incident angles data, including 0° and 75°
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Fig. 6

Single scattering albedos fitted by using LG-3 for Apollo 10084. (a) Fitted SSA values before

eliminating duplicate phase angle data, where “All” represents the values fitted by using spectral data of

all incident angles data. (b) SSA values after elimination, where “All” means the values

fitted by using spectral data of all incident angles data, including 0° and 75°
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Table 1

Values of phase function parameters and single scattering albedo fitted by

using LG-3 for different Apollo lunar regolith

Apollo 10084 12001 15071 61141 638810 70181
e -0.02 0.07 0.26 0.23 0.14
e 0.50 0.46 0.35 0.38 0.37
@o 0.31 0.34 0.56 0.52 0.32
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Fig. 7

Fitted IoF curves of Apollo 10084 using HG-3 at the wavelength of 750 nm
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Fig. 8 Modeled IoF curves by using HG-5 for Apollo 10084 at the wavelength of 750 nm
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Table 2 Parameter values modeled by HG-5 for different Apollo lunar soil samples

Apollo K bua CHG SSA /(%)
10084 1.52 0.29 -0.08 0.24 18.19
12001 1.31 0.27 0.02 0.30 20.56
15071 1.27 0.23 0.14 0.33 24.60
61141 1.10 0.25 0.24 0.55 17.42
68810 1.49 0.22 0.29 0.44 24.20
70181 1.52 0.23 0.18 0.24 20.84
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Table 3 Parameter values of Hapke model for

Apollo lunar samples in Ref.[32]

Apollo K bya CHG SSA /(%)
10084 — 0.34 0.30 0.34 14
68810 — 0.34 0.34 0.56 15
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