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Fig.2 Data characteristics of low—altitude UAV-based quantitative remote sensing of vegetation and the three major kinds of

techniques for acquiring spatio—temporal information of vegetation
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Fig. 3 Spectral response functions of typical UAV-based
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Fig. 4 Schematic diagrams of four typical UAV flight patterns
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Fig. 5 Radiometric correction workflow for low—altitude UAV images, where dashed boxes indicate optional steps
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Fig. 6 Geometric correction workflow for low—altitude UAV images
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Fig. 7 Preprocessing workflow for UAV—based vegetation point clouds, where dashed boxes indicate optional steps
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RIET 2Rt g, i WAL ICP 38 i XA R i
SR X TR R AR, DA S = B R
%) DX IO BE VA5 IR (Rusinkiewicz A Levoy, 2001)
2 JUEE 1CP 3# 2k AN [R) RUBE RAFEAS B (1) 55 2= A 31 48
BAARACECHE IR AR & (Fukai 1 Xu, 2011),
T3 — B LL B Y T 9 BRD A O OE 3 A A AR 4R 1k
(NDT), HAZ.O BB S = 0B S B3R X
AR A A, SR R MEAR RS s 2
(5] 1Y 22 SR AL S W s (Biber 1 Strasser, 2003) .
FHLE T ICP, NDT 38 £ 8 28 43 A 1 FF B2 i
THE, BEA A/ NS S, B S 2 b B
FNASF AL E LS S o o5 2 B v Y 1 = 4R AL
PR5E IR TE R 2 — B b 34 7 ol 2 .
Ab, BRI AL | R TIRE R MERE T
A55, MHRGRIELEL AL (Huang 55, 2021;
Pomerleau4¥, 2015). AT AT HAECHE, i
B DI S A Ee v PR, Rk, B
ol 2 MR AT 2 B FH AL DX Sl 0 2 B v 7 o

E(Rt) =S (Rop, +1-q) (11)
i=1
S, B(R, o) IR RS, p RUE NS PR,

g EEWEZE QPRI RS eI S
FR i, oS REE .
3233 A=EEA—K

moamEmEH—1 (height normalization) — %

L HIEPEW; (terrain filtering, BV 55 2 K P8
rh o b T S AR ML T ) R T MO R,
O JE G 8 = A7 i B I — e Aab 3, DL R BR P
()52 o b 8 AR Ry a2 T Ak A 45 L [ A
G AL U R R T AR IR
Bk, WA T Y AR . B TR E IR
SEF ML BB ESE (Meng 55, 2010), A kBHE
AU P L (CSF) Fnr ik A FL I = £ 19 0 %8 12
(PTD) (Cai %, 2019) J& ik A P8 4 4
BOR)TIZ WA e MU, TR AR B X R T AL
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WO B = b B bl )z il o i X
TV U8 % I 1) ML T e AT HIbAS AL sk R AL R, iE
TR D 06 i 2 Dl 25 b R A R A5 381 1 B I — Ak 5 Y
Mz,
3234 {RERALMRELLLE

Mo R E Ak (voxelization) 5 Mt #% 1k

(rasterization) Z3 5l &5 o5 2= 40 Ry — 4R K ) %
55 LA RS A R . R RSN TR
BT AL 5 5 S M b B, (A 5 s WA B
W BR . ek — b ferh, RS =2l 4k M
3 H AR A R s B M E (W
R RE) o 5 s AR AR B A P
SN R WA . —AER TR AT T AR A, O
A A SR S B A AR AR AR SR RO, AT
DL T =4 fm i i it . Mpop SrR R IA 5
T AR AL BRI A S B B AR (DTM) |
BRI (DSM) | )2 &SRR (CHM) 4%,
Horf CHM 7] i DSM I 25 DTM A5 3, o n] DA ph e
H— b5 B 8= ELEEMS A 2. 5 B AR
B2, A R RS 18 8 S 1 A B i B S0
ST P 0 N I 4 [N R Sty = K = 11 )
SRR, AR S 1A st . Rk, A
568 PR A9 K T) B AT BE 52 CHM A BT, 4%
T 57 308 3 A 1 5 12 ol e B vk e b 4 3 B il 2R X
1, (Zhang %, 2020).
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25 BIL P B S AL RS (o — ki A S R 5 L
fuf A A ) 32 g ) R I A R ) TR R OT R
JE, TEULRE b, MO R A RHE 1 R AR 1k
A UL, I R R R I A3 () A nT RS R AR
A, HLAZ OGR4 38 SURR 5 RT LU U B AR
(Bailey 45, 2020) . flan, — 4% 5§ 1% fi 455
SATL {2 b 22 47 8% Sk 359 5 HBEHL 43 76 1 w7 5
2, UGB GO M A3 HhoRy AR S B8 0] L
(RN E I 057 N VAR DA E I /s ol R oSl
INFORM 5 5 5 B AR 23 vhodss 5e o8 169 1 e £ B L
A oL, JLAT G 2E A Y SSCALE W 48 314 ik 1 Ak
Gy TE S A R 23 (A HEBEHLIE B . 3k S5 50 7 4%

HE B R R R T R 3 R SR
KR

SR, B 97 36 5 46 2 LS R0 7 = A PR
G ROZE N HA B E A RIRYE (Gascon 4§, 2004;
Jin%, 2021), fEmr 5@ R RET, ik
(RN L) 25 4y S5 i R AR oy i, R
ST R IR LT 2548 S B 23 [R50 A A G 2
N2 AZ TR A g A5 22 7 B3, FEURITR
(1) A B 3HE B 5 A8 SO 4 B e (Li %8, 2025)
T ™ i 125 28 LA S A s 5 T LARD 2 R A R
HiEM&M. CAEMETIA ERRERE” Sk
T R b A B ) 2 R) S o v e EOUL ] )
SZEMRERR (X (12)), KU T YR
(1438 PP AR T R RS fy (R XU AR R ==
2014) o JSAEMIRAS 2 200 28 B N, FH 1 7E &
NEBESRE (Wands, 2023), {HEHF5EH
SERMHASE AT (Lin%, 2019), Hok= 24
e . JC AR Bl IR A B o, R
I NHLEE HA o oK B 2 R 90 4 BE R,
R e S 5 L3 8 B DG TR AR AR I 2R 5 R
T2 R A PR 2 PR PR RE (Roosjen
A5, 2018; Wan%5, 2021), JHH I ] ffi Fi 28
R (F22), EXF T B SRORS 4 il 1 % R FH T 75
D) BT Ay B 3 R S i A 7

lim (o-(h + &) = o (h)) = 0 (12)

X, RORESTRIYHER, AR R AS[A) 43 W R
i, CREWEZFIERE, o(h) MR 2mE,
AL R TR 2 () A8 5 5 AZTT ]9 2 [ A S

O3 K G EL Z JRR 2 RUBE B £ B = S A i
BB 2200, B2 T AR A &7 st {155 A
FH—Se g it S8 A, Filan, COSINELAS| A
— AN Y BE S O R ROR G B KRR
A, KRR T ROBE Y JR BB i 1 i 4 R T
W05 7K S 1T 04 B3 B AR — A R &R 4h
FIAM R g S e S5, R4 #GoT RE
(1 — 1] S S R 745 B 18 ) 2 BRSSP 22 ()
(AT 2R (Jay %5, 2016)., 75 EFERE, COSINE
BT AN JRy 38 A S 45 4 5 I 4 T R S R
AT AT IR, A A p AR B T 2 R R B
BLA A0 R AE LA B I 2K 25 B AR 1 T 28 22 (8] %) 4 L
FILA e 28 L2 R ARt o i AN AR B SR 4 T —Fh
T BRI T 2B TR R (Fang, 2023),
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w o R, N, A RS T SR R
RPN EL IE SO 3 AN A8 BRI AE R (o HERE R (93
P& (Thalainen Fil Mattus, 2022), Jf H 22386 vl 41

HF 5608 AR 28 S 505 A B2 K H A% 1 5
FROE, VRS AR TT R A SR 22 7
5 9 J22 TOLH 1) SR 5 DR A I Sk LS 1 i S T
(Thalainen 5, 2024), % TOUIEAAS IS A9 fif i P
SAEBE, AR LRSS PERTE
S AR RE T -

F2 HARESHMERERI T ANBENERSERE
Table 2 Summary of the applicability of typical radiative transfer models onto UAV data
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25 00 0 1 A A 2 e S AR A1) T 4 A
B, g geit @ty 0k B 2 AT B 28
S R IR 7 B PO N TP B U N SR
YR S SR A R S B W S 50 R R
ZIER . Fae b, fRgit @iy kILFsE
AR TIFEAE2ERE DT B A e Il 1 )
L PEDL A 2% > FERNTRBE 2 2] Tk 4l i . 3
o, HER A G TE TUER A R A2 I REA, B
By AR S R AR X BT E A . M
NAR RIS EL, i A i o RO R, R IE
HRLRL, fez, WISh ROERIR . 2R, AU
IR FAHIBESE, EUMRESH . WESH%E N
ATLIE MBS B (Verrelst %, 2019, 2015).

XFF R R B AR S, HaKs
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WS W0 e ME LLEAT S, i e 2 A
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XS, I EARRREE N Z R, 82
BRI R AR . SRR, Y ATLF
BEA W TT I 755 73 B 3 2 06 Gt A 1 ) ey A
TAE.

34 EAVEREHRERENHRHAR

341 EHESYRE

AP 11 38 SRR S S A 5 T B A2 FL N 110 =3 [ 4
MR AE 50 Jm P L R 2R , X SRR E ] e o —
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T PR I RS Y, BRE S PR GE AT
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AR

IERMAE
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TSR RIS . 5 SR SN BIK ) 12 R 4 2 0K
sk (E8) . 5 B 9K ) vk 38 2o O Ak 2 S i
F4) 5 S I 5 e S A i A R I ) e S R A 2 )
PYVERCOC FR,  SC IR A% fan A A0 v BT 3 A B 2
By (X (14)) . gipy oy s
AR R VLS DU gy ik o AR B S B B ik R
FHIWE S 505 18 IR =2 8] (2 > Bt 45, Ml
SHASE S BRI ROE TR (28 (15)),
HETRE A I S5 AR N AR S B . %
IFEA & — ML 2T b A, e ) i AR R
ALK AR A RSB, A nT L o b g S
WA, A T8Ik sh ik, &k EAHE
B RN R Y R, FRS b AT R AT ]
SNBSS AR SR (A . A o
i) (VerrelstZ, 2015, 2019),
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Fig. 8 Two categories of vegetation variable retrieval methods and strategies to alleviate ill-posed inversion issues
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A CERALS], DA TS8O E RS (Chen 4,
2022) . FHFSE % B AR G 25 (8] 4046 5 LA 4%
TE MR 28 5 w8 B S 55, AR B
PLERE S I & 8 = 5] AS R4, 2T AR
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o AALZ £ BE LIS K ) f BE 293, Rpai ot T &2
1) J52 358 7 R of R AR B 1 8 S PE - (Roosjen %5
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2018) . ULAN, AT WF5E 5 SR QA a3 14 AR Bk
TCEMBRENEMN (FerreiraZ, 2018). WESH 5
AR BESER A RN (Chen S, 2022) ., FHBLE
I TR ERR (Zhang %5, 2024a) %,
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HIERE (L%, 2023), FEAFAKYILI A
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B TR A R R 2 S5 A . N
WX — R, —SERFSE R ISR
R AR A, BIR A A a  R
O B 250 bl 0 b TSI S 0 0 T 2K A A A
TR “HLER+ 8" XK S 0 S A (Dong 45,
2024) . ASKAE, T IC AN B2 H0U
LRI RIS, Bz RO IEEE 5 i A
PR AR
0=f (XXX, .X,) (15)
LA, X, X, X,, X, 0000 R CTERRAE | SOy
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B S ALY

342 HEHE BRI

I SCHIRE R B AR R BIE 55 o 2R, TR
Bl & LATR BE 27 > AR I N R BE 53 ik I B0
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WS8R A 5 T A AL B R B 2 > HE SR RN AR A
CAZRERB R G MG T IR 5 2] 1 1 J%
(% R Bk & SRR 5 s (Ma %%, 20195 Osco 5%,
2021; Yuan %, 2020), FF5145 1G9 45
MWL (CNN) N IR, LAVGG. ResNet Ky
R 1) A5 1 A T il PRI AR O3 2R AT 55 v R B
o, WA S BRI 2% 280 13 FH T i 2 A e H BRI
TS5 o BEE T 4 T AT EE R B K
WG F MM EESPGI A, T B ARk Y
YOLO #l Faster R-CNN,  JH T-1ff (73 ) U-Net Fl
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JE2E I K R, HAE AL B AT 2R 78 S5OM 2 S B
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T 5T 32 BT8R A PO 25 284, IESE AT
738 SR FH A % 27 ) B8 BRI ASE 7 B0 R f 35 7 R 2 1Y)
B4 35K (Cloutier 2%, 2024; Tu%%, 2025; Zeng
&5, 2025), HAHEERIE, FHX 2GR
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—SepF oY L pE k2 I A ) L S MR A
s, BRSO T BOHE A . A I U)K
Bds A S AP EA T, i A A S s
SR BT A ghebriE (LiSE, 2022) . F I
SRR B 2 ) BV AT B AR TE 45 . Bs AT SR
SR AR N TR R 4 A DI A A 2
TR A ARIE S F R, B AR ORIR
B2 2] R R Ty o A, A A B G



2102 National Remote Sensing Bulletin i & 54k 2025, 29(6)

FEUR AR KA TR, SFAFEYAEA A K
B ARRDEH AR AR BREE SR 1 15 B br T
FEAEAE (Gao %, 2024) . #orAF 22t i 72
SR 2RISR . 2 AR BRI 2 AL
AEJs (Liu 4§, 2018b). UbAh, i HIHEAL (4N
Segment Anything Model) £ >&y —Ff [l [n] 38 H 4T 55
BRI T iy, R B . iz bR
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DREA R E] (OscoSE, 2023), SRIATERE A%
FIRRAR H AR IR BIE 55 i T B T

343 HEFEIJLAM=EN

T I0 AL B R #3210 TR A
S B D o B . O TR R Ik A A
B X0 A R A i geiE e, ARG AR XA 4
i 221 00 F B R YR = g . M, 4B
SN B 2 (RE 2 AR B R 2 A5, BRI
PEREE . BT H RN R ARS ik L 2 E
Wy, —MXTEESHTHIEIEN . S s mER 1k,
PAACKE I AN 4> B] (Yin F1 Wang, 2019) . Gk
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TR Z0 i, S B0 IE 08 Sk LR L, it
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Fig. 9 Key demands and frontier issues faced by low—altitude UAV quantitative remote sensing of vegetation and their possible solutions
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Abstract: Spatiotemporal fine-scale vegetation monitoring has been a key component in applications across agriculture, forestry, ecology,
and environmental fields. Low-altitude Unmanned Aerial Vehicle (UAV) -based quantitative remote sensing of vegetation is one of the most
effective techniques for fine-scale monitoring. The advantages such as ultra-high spatial resolution, outstanding flight flexibility, high-
frequency data acquisition capability, capability of obtaining multi-modal data, and exceptional geographical accessibility, enable UAV-
based remote sensing can be tailored for specific ecological, agricultural and other needs. Compared to satellite-based remote sensing. UAV
remote sensing exhibits significant differences in data acquisition modes (such as radiometric and geometric imaging, laser scanning) and
data characteristics (such as ground sampling distance, data richness, and data modality), gradually leading to a unique methodology and
technical framework.

Since 2010, the UAV remote sensing -related research has grown explosively. A significant increase in publications, technical
innovations, and interdisciplinary applications has demonstrated its expanding impact across various scientific and industrial domains.
However, a comprehensive and systematic exposition of its knowledge structure is still lacking. In particular, its theoretical scope, technical
framework, current advance, key challenges and potentials remain fragmented. Despite numerous studies focusing on specific UAV
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applications, a holistic synthesis is required to integrate scattered knowledge and establish a standardized methodology for vegetation
monitoring.

To address this, the present paper introduced the basic objectives of UAV-based quantitative remote sensing of vegetation, presented its
technical chain and knowledge hierarchy. The paper systematically summarized the current status, advances, and unresolved issues in four
key areas: active and passive remote sensing data acquisition (including UAV platforms, typical sensors, flight mode and configuration), data
pre-processing (including image radiometric correction, image geometric correction, and point cloud pre-processing), physically and
empirically -based modeling (including ultra-high-resolution radiative transfer modelling and machine learning modelling), and vegetation
properties monitoring (including retrieval of vegetation variables, object recognition of vegetation and geometric measurement of
vegetation), where each of these areas plays a crucial role in improving the reliability and applicability of UAV-based vegetation monitoring.
Furthermore, the study identified several key challenges and potential solutions, particularly in data preprocessing (such as radiometric
correction in complex illumination conditions and real-time onboard geometric correction) and vegetation properties monitoring (such as
centimetric-resolution retrieval of vegetation variables, fundamental models or highly-generalizable task-oriented deep learning models).
Against the backdrop of the Chinese national strategy “low-altitude economy”, low-altitude UAV-based quantitative remote sensing of
vegetation is poised to play an increasingly irreplaceable role in agriculture, forestry, ecology, environmental management, and emergency
response fields.

Key words: UAV-based remote sensing of vegetation, radiometric and geometric correction, physically and empirically -based modelling,
ultra-high-resolution retrieval of vegetation properties, vegetation object identification and measuring
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