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Research on 3D voxel-based cumulus cloud modeling method using ground-based cloud images
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(1. Nanjing Hydraulic Research Institute, Ministry of Water Resources, Ministry of Transport, National Energy Administration,
Nanjing 210029, Jiangsu, China; 2. Key Laboratory of Taihu Basin Water Resources Management, Ministry of Water
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Abstract: [ Objective ] The rapid formation and movement of cumulus clouds are the main meteorological factors causing
fluctuations in photovoltaic (PV) power output, and their shading effects on solar irradiance significantly affect the operational

stability of PV systems and the accuracy of power prediction. However, traditional cumulus cloud modeling method based on 2D
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images fail to reflect the structural variation of clouds in the vertical direction and lack effective expression of key physical
parameters such as cloud base height, cloud thickness, and internal particle distribution, making it difficult to meet the modeling
requirements for high resolution, real-time performance, and physical consistency in PV applications. [ Methods ] To address
this, a 3D voxel-based cumulus cloud modeling method using ground-based cloud images was proposed. The geographic
positioning of cumulus regions was achieved through image preprocessing and spatial registration. An automatic extraction method
for cloud base height and cloud thickness for cumulus clouds was proposed, and a cloud particle density parameter was introduced
to construct a voxel expression model with physical constraints. Combined with a GPU rendering pipeline, efficient modeling and
visualization of cumulus cloud morphology and internal characteristics were realized. [ Results]The experimental result showed
that the calculated cloud base height had a relative error within 5% compared to remote sensing inversion result. The cloud
particle density distribution was consistent with CloudSat profile observations. The GPU-based method outperformed traditional
method in modeling efficiency and rendering performance, maintaining stable frame rates in 3D scene interaction. [ Conclusion |
The findings demonstrate that this method can achieve rapid reconstruction and efficient visualization of cumulus clouds, verifying
the feasibility and accuracy of extracting key parameters based on ground-based cloud images and providing an effective model and
data support for PV power prediction.

Keywords : ground-based cloud image; 3D cumulus cloud modeling; voxel modeling; cloud particle density; GPU rendering;
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Fig. 1  Workflow of ground-based cloud image preprocessing
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BEAN, 2 PR SR i A I 8 il 1 e 2 2 A
R, CRZ B A R U ORI,
2R 1 B BB R BH 8 6 DR, Bk b 3R A K
P B R e /b R B A IR B K368 i 1 M < 1 P R
EXT Ak

P, ASCER T T —Fh e T < R B
mWREI R Tk . TR IREXR, B
M AEACFIT 0] LS BB A m i KR,
RIEHEE R F B EETT R R B R LR, &n
RIS KRR E IR 2 8 B 4 B B = R = 5 i
AR T IR & BT

156

BT b 2 S AR B = R T 3 vk
53R =AR,

HR—, Mo REE CT,, 5,

R A R Z B = KB Bl R, Rk
TG S E R R OCR Y BB R EKE
T6] - e OR824 Dy e 7 1) b B KSR LAY 0. 85 4%
R FRFET MANR = UL G5 RNy, 3l A
JFWFSE G 25 554 P IRIR 268, BRI AN

CL 8

max

T "m0 (7)
TR ELA |, SRR = 6 7 = i 3850 b
MR RIERE T, , HEARXN
CLmz]x
€l =0 85 (8)
BB, RTBRELEEHNHRREEREL,
A,

R 0 R FHAR S R e A 2> S BO R = b =
BRI RHERIR, ARPCEEE R, RSOk =
RGB B feffe 28 HSL (225 10], JfF 42O L jiE
SEREMH. BT LLAEUT SR P S B A, R &
BREMEBRRSE A, M Bz AR AR
TR EAREL L, T T EALSAR S AN =
R, AR N

Lo

Ly,
L, Ly, AWEERRN S, Ly, NBRENS
JEME; w AOEAEN BRI ARLG T o=
JEAHE

WRIEAKX(9), HERHMEWEEE T SREBER
SEPEAH L, PSSR RS EAA L, ZIBIR AR, 5
AW

=e™ (9)

1. Lo
T=- ;ln L, (10)
MTFREMROEMER, RIEAK(10)1H5H
T, ik Py TEAT RS E R RE T, Fi/ME
Tpo TEMCEERN b 385 e KA S/ IME A — L T5 1%,
HREH—LW BRI EC L, ZIEBHITERETE 0
1z, HEARXN

T-T,.,
]L'T:Tmax -7 (11)
HIR=, Wi KR BEE CT,, MR sEETE
B, iR RBRE CT,
WHIEL IR —IH B s & KRR CT,, DA EGP TR

THERBRERE L, TR MERERXN RS

KFKEBEAR(PHRL) $E56%5 2025 F% 10 #



JREEE €T, TR AN
CT = CTmax x ICT (12)

2 EF GPU W =HEEHN =@Mk

1T = 24 T R P 7 A i ot e ) D ik
BAUL H bR X G AMR SR, AR T SO RS 40 B P
B, EHEEE AR, BB BN A s
FPRFAIE X LS AR 2 R R R B AR M 20 AT A 75
Ko I, AGIAT =EERARREE, KER
Je = HEAs A iR/ N LT TT, R AR LUR R 2k
ABANL XS HARSEAT = 4 B OB vk, Hlm R
TET ][RI A H BR X 52 00 SR 2855 N T 25 4 4
MRS SETFIRRME = B AR A BT
R R, M HRERERRE R IIEE SN
HRE e, Besh, BB AR BLE (GPU) B IFFATIRIE IR
IKERALBERE TS, AR T MBI R B AT G
HBHCR, 25, ARSI T —FEET GPU By =4k
HA R Z AT,
2.1 BRzaHFEENERITERX
TE= AR MASR R, A Yo LT —Fh
[ 5 RO B89 37 7 AR ZRAE S PR 2R A 2 A8 ) A A
FIL, Wk 6 Frn
AT = R S R R O — R K
Ly WISLTTIR, L, WA R
KXo = X
B img_ length (13)
K, X, X, W mas AR R T Hi 3k = F
7S 1) Y B AE X Bh o7 1) b R ORM(E, B D E;
img_ length AKEIE J5 0 JE 2 [ %) IR KR
PR AE =GR 23 (B AR s 22 H AR 5l v
MERR (%, v, z) PUE, .y, z BIEIERER
X SxsX
YwS<y=<Y,  (14)
Osz=s7,,
BN BE B 38 R =
HPEREE B, 3 AT E o R R I A
07 Ak s L N aR A Ay, S it
— 2O BT B O R A A it

woxel

R S 1% £

818 51 25 0 e )R Y/To—"f
R R B AR L 0 B =smes s
M, KX AR T%ES &7

- (EPSEi BuY i NE N AR TRV 8713
FER T 5 bR, =% 2 At

KFKEBEAR(PHRL) $56%5 2025 F% 10 #

710.1102(03]02]02(0.1

Vrmge, &/ 2 THEREN=RARRIREEETERR

El6 =#EHFERZKETE
Fig. 6 Schematic diagram of 3D voxel-based cumulus cloud model

G, BEERB G A ] S A e, AR SR T
TR TR 7 TR R MR 38 s ) 7 B 22 1] ) pR R
A SR RO R AR R R, G X
JERUA,  EUREMORL 73 B2 BT B e RS g o, AE
ST AT T8, PRI, SR T —FPE TR R
23 (AL B b BT T

MK 7 s, WTE-DMRAINE, Tk EsL
T UIHZ R O 80 I R R R ol A bR &R
o’ —wyzo MM MERNAEIRICH (x, ¥, 2), I
NEEAR R T AR EARZS, AR = ST
RRWR AL V,,, HABL TR NSRRI T
PREEV, o AEDCEEAN b ORE MR EAR B A A 07 )
H=2K,

(D) RBINRE AR (Voxel = V,,) .

()R NIBEAL TREIEIRKRR (Voxel =
V,&& Nz=0),

) RaNBEAR R BIRRIKRR (Voxel =
V,&& Nz#0),

X BRI R I E SRR, Sk T

4

1

__"" 0.1 0.1 \'.'
l'/ 0.1/0.5(041]0.1 '\\
™

, LN 0.1 | ZRFHE
101101101101 (0.1/0.1}0.1 OAI|>/'

--Q__ﬁ‘_L_y x

/A;_d_ﬁ/

g EEBRERARR

BRANFEENZHEZRZTE

Fig.7 Schematic diagram of 3D voxel-based cumulus cloud model

considering cloud particle density

157



WrmdE, &/ ETHEZENZRARRRTEETERR

GPUT iR IH R 2k
Y U I g Vol mmsommh P
o " | [orfor]y

: [ | . ‘ X | : ) ‘ . : l'/ (:1 0.5/0.4[ 0.1/

: KRS e i e BT e g T T
: : : J : : ¥ : '\I_o.l 0.1{0.1{0.1010.1|0.1 olL/’
U AR ) | RUESOEESH ) 1 R ! St
____.__,._____— TTTTTTTTToT TTTTTmTmmEmmT SRR AR

T JIRLP Rk Fr BeA g

8 ETGPUMZ=#EERZEESE
Fig. 8 GPU-based 3D voxel cumulus cloud modeling method

WHEp ) HHHEAR N

0.1, (Voxel = V)
xz + yz
_ )= , (Voxel = V,&& Nz = 0)
P,y = d
z
P,y oy T (Voxel = V,&& Nz # 0)

(15)

L, (v, v, 2) WERTERRH S REBALTRR TR
Mebps d NRREHE o —xy V-l L (2=0) BIKRE =R/
AP RIF IR K 2, W BRI,

RIEAX(15), ZRERN =k 7% EHHE MR
0

(DB BINREIRE (Voxel =V,,): HTHNT
ki 5, IR ERE, Rl R, Hitik
E—AFEENTT S 0.1, FH T3l A IX I
PE R LU 5 7 BRCR

()N HA FRBIETHIERER (Voxel =
V,&& Nz =0): ZRERATH = NIRRT
B, Hzob R AU SRR O 3 R i A bR R i
FKCPEEER] d A, d BN, R FREBR, )
Z AR, mRTFEEBN,

(3) A= W AE IS H AR 2R (Voxel = V,&& N
2 #0): ZREEM T B, Hob 9%
DRk R BB o ) NI, JF

I BE N 7~ TR P2 B A 07 [ 9 0 A, B

R EEYEIN, R, HER AT, B 7SS
XA T O LR
2.2 ETFTGPUHZHEZMN=EERFZE

i 2 LA B I B[R] 3 B X R = Y
AR O R AR T R, i R SR 5T
TTPERERT K, ASCHEH —F LT GPU By =4 AR
BT, DL TR R T 5 A R R n] Ak v g

&b
He /J o

158

IR CPU BiALEE S GPU FH A7 AL 1 Bip ]
2y, A 8 s, 7E CPU S seitaa th = 5w i
=PRSS MR ILE A GPU TE YL 4L,
W TGOS USRS F B G2sSC &L
YRR B,

BT GPU I = 4E R R = Ay ik 2 =

/I\ﬂig%o
IR —, BT TGS G A TR AR AR AE e

TRUE g Bl GPU JE B L h i eE — B B,
52 7N CPU A AR ol s A bR, I8 2o S B
ARG =BV, BB YR B AR AR Py A
bRV, LAUilR GPU i Y& &b Jr ST 5 i o 2,
NI h N SRS {5 s S R A = S SR/
E2W)

Vclip = Mproj XM, XM, .0 XV (16)
o, M, SRR, M, B, M, K
PO

R, FET U g iR % B B A
ES

JUfrT G gl 1 T 4 6 g Hh i TR G,

TR T2 hl i A AR, e SUARZR R 8 AT
MABPRFITR ARG ], FE2 il U i 4 2 R 5 A 4k
AR IO A b, 3B B 1 TUAR B T B A ik,
B9 froR, ST 8 AT AT ARBRANS T AER L sl 19
HAXARRR, Lo L, SRR, SRR

Lvoxel
L =
2

(17)

BIR=, TR BEORN =GR X EE R,
Jr BOE @A GPU E R b iy i Je — it
B, AT LA € A i AR R A 2 T S
B, JERAE =R T BAH p & R R SCH . Bk
R R, G, B, AT 5y ko b 5 g
i, PASEE o R BUE S8 0 2 1.0,

KFKEBEAR(PHRL) $E56%5 2025 F% 10 #



(-L,-L, L) @y nN(L.-L L)
(-L, L, L) L)
iy (L.-L.-L)
(-L, L,-L)¥ O, L, -L)

9 EETRLIRMMRRSITE
Fig. 9 Schematic diagram of voxel vertex coordinates

and vertex indices

MR SRR TR 2RA6, HERE a0
M RGBEWE N E (H 0. 8, 1% BH & bl = kL 7
B p Ak, p B/, B, SCHLAE B
) =B IR R AT g, R E 0 s W] B S 4L
R YN
color. RGBA = (0.8, 0.8, 0.8, p)  (18)
L FRTR, IWSCET GPU SEM T =R E M
AR FE B, RO IEUE CPU R B T AT
T, A 2% i JL AT DR 1158 A Y4 78 GPU

Vrmge, &/ 2 THEREN=RARRIREEETERR

R PEE Y AR AT, BRSO = 4R R R S
SRR TS

3 R

3.1 HEFRIE

ASCIR 6 B P B NERL 2 JF 5008 2+ 2019
4£9 H2 H 10: 40(GMT-7) REMMIL K, &K
AL PR SE RAF R IE EER [ WLIE 10(a) ], JFIR=
A XY, Shn 2 AR Landsat 8 1 BGE 4 [ I
B 10(b) 1, 5280 M &R KRS 3 G2 AR 10 5[] e o
HRAE A5 e S5 25 2 AT % 80U 7 WGS84 Ak ik
AT 0y b B AT 55 B . 4 E 39.641 7° N—
39. 838 4°N, Z:J# 105. 052 2°W—105. 307 9°W
3.2 Z#RRERSHRITEMRIE
3.2.1 =AGEELRIE

Xt 2019 4E 5 A 13 H 10.40( GMT-7) H 3k = K
HI R = 1T = 3w IR, iz B AR P SR G
8 MBS, mEE RS INE 1 ),

g B 5 T b 5L 5 R P 1 2 i s 3 4 SR 1) e
Wik, ASSCHF R T 5 38 G A5 R 8 1k X b 4 b

(a) R IE M EE Z 2019-05-13 10:40 (GMT-7)
10 WMEZENRZXEAEERZGEHMHEER

Fig. 10 Mapping results of cumulus cloud region from ground-based image to remote sensing image
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Table 1  Cloud base height calculation results ( ground-based cloud image on 2019-05-13 10 : 40 (GMT-7) )

1D CBH/m 1D CBH/m ID CBH/m 1D CBH/m

1 1 289. 306 7 1 410. 506 13 1 400. 942 19 1 286. 090
2 1451.265 1 476. 886 14 1231.901 20 1 316.975
3 1 360. 093 9 1 216. 653 15 1 426. 908 21 1307.747
4 1243.215 10 1 415. 541 16 1 215. 653 22 1233.678
5 1 540. 601 11 1 251.029 17 1 370. 868 23 1490.319
6 1 587. 650 12 1 560. 253 18 1 564. 607 24 1 544. 145
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Table 2 Comparison of cloud base height ( CBH)

calculation results

W A M %:F Landsat 8 1] ngijﬂfﬁ’g A%

D RS /m FHAEEH/m
1 1 560. 573 1482.475 | -5.00
WIS EEGEE 1] 2 1 224. 806 1198.756 | -2.13
2019-5-13 10 : 43| 3 1410.413 1345.256 | —-4.62
(GMT-7) 4 1 689. 674 1614.563 | —4.45
5 1 269. 988 1196.358 | —5.80
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Fig. 11 Schematic diagram of validation of cloud base height for cumulus clouds
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Fig. 12 Schematic diagram of cloud particle density in vertical profile of cumulus clouds
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Fig. 14  Schematic diagram of 3D cumulus cloud scene
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Fig. 15 Comparison of efficiency among different 3D cumulus

cloud modeling methods
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