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Estimation models for vegetation water content at both leaf and canopy levels. SHEN Yan''?, NIU Zheng?,
YAN Chunyan?(! College of Meteorology, Nanjing University of Information Science & Technology, Nanjing
210044, China ;2 State Key Laboratory of Remote Sensing Science, Institute of Remote Sensing Applications,
Chinese Academy of Sciences, Beijing 100101, China).-Chin. J. Appl . Ecol .,2005,16(7):1218 ~1223.

Based on spectral indices method, this paper utilized the water content (Cw) and reflectance data of 67 fresh dif-
ferent type leaves from LOPEX’ 93 database to establish the statistical model between leaf Cw and spectral in-
dices at leaf level through 47 samples, and to test the model with the other 20 samples. The results suggested that
fuel moisture content (FMC) and equivalent water thickness (EWT) as Cw demonstrators were different in re-
flectance spectral curves. The difference between FMC and EWT was large when they were utilized to retrieve
the leaf Cw. The correlation coefficient between EWT and each spectral index was higher than FMC, but the
forecast precision of FMC was better than that of EWT. The 7 spectral indices could all retrieve the leaf FMC ac-
curately, but only the Ratiogss, II and SR were suitable to estimate the leaf EWT. Spectral indices linear modet on
the strength of optimal subset regressions had the highest precision to retrieve the leaf Cw. Ratiogs might be the
universal spectral index to estimate the leaf Cw. At canopy level, the simulated canopy spectra under different leaf
area index (LAI) and Cw were derived from the PROSPECT and SAILH coupling models. In order to eliminate
background influence and to precisely retrieve the Cw, soil-adjusted water index (SAWI) was proposed at the
first time to indicate the information of near-infrared and short-wave infrared canopy reflectance. The ratio of
SAWTI and other spectral indices could dramatically eliminate the soil background, and effectively retrieve the veg-
etation Cw at canopy level. Spectral index (Ratiogys —0.96)/(SAWI+0.2) as improved Ratiogys could be used
to compute the canopy Cw more precisely when LAI was ranging from 0.3 to 8.0 and Cw from 0. 0001 to 0.

07cm.

Key words Spectral indices method, Water content, Soil-adjusted water index.
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A&t ME EWT X & FMC f48E FMC M 8 EWT
|HFAR . XL 1078, R LLAMNK, R4 356 dh 2k 5
EWT B FH#R MESHANK, IHEINRL. LK
LA IR LA 4 & T L 8 Sl FE S BE SRt Cw IR
B BBty Cw. TEHM B REAEE T EEL.
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EWT RE{L(E)
Table 1 Variations of FMC(EWT) doring the same EWT(FMC) under

4 leaf types

e FMC  EWT | HA%H FMC  EWT
Led type (%) () | Laliype (%) ()
?ﬂi%{azﬂﬂm .62 0.0085 ﬁﬁ cletris 70,289 0.012
?,zfm e 81 0.0085 %“iﬁ*’; odenis 10377 0.010
?ﬁﬁ pratense 69.57  0.0085 iﬁfﬁdaﬂatanm 70.566  0.006
e st.15 0.0085 | REE 0.8 0.0
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Fig.1 Reflectance spectra curves of 4 different FMC(EWT) correspond-

ing to table 1.

A:a) KHAE Tilia platyphylios ;b) =M B Trifolium pratense; c) B
B Phleum pratense ;d) 5 .8 Prunus serotina ; B:a) M # Viris sil-
vestris ; b)INE K ¥ Populus canadensis; c)BIBE B Acer pseudopla-

tanus 3 d) BB E Salvia.
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FIH FMC #1 EWT 8 47 A4 51 5 8 15
HETEMEITLA(E2). B, EHETER W,
M NDVI (L8 WI1,/NDVI(NDVI = (Rggp — Reso)/
(Rgoo + Reso ) ) IR B P 7 B sl i cwl®!
ErLA% 8 NDVI A EM Cw X {HE
AR, FMC M EWT 5 WI,/NDVI 15 ¥ A4
XA HERE T A BB AL, EEEREEM
CwHH XML REEM L. £ 2 F, 5 FMC # %<
EmE K 8E W, XA R =0.567, &
2 )5 Ratiogago, T RZE R*=0.2637;5 EWT &
FHE M 7K S HE 3R Ratiogrs, T £ ¥ R? =0.9595,
REMRE NDWI HHE ZH R*=0.6414. FTLL, B
EWT R{EMH Cw HiiEiE 8@ L K it X F A
KYEELF.

B 20 NS HEA IR IER 2 M 51T 0 & . AT
R (RE)TFM BRI (R 3).
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Heb, Yy, RSCME, v, BERIERE, » BEAYR. 4
RE U, FMC BB IERE 4T F EWT. 78 7 MR
fr, Xt FMC #1 EWT 58S B A iF 89 43 112 11 1 Ra-
tiogss, FHXTIRZ 4T HI4E 11.09% F1 13.19% . & EEL
S FMC R AS K, AR AL BB 72 11.09% ~
13.04%, I EAIX 7 4> 45 $HD AL ME 5 R BL FMC. &
M, 7 A RET EWT 8RR B2 AR R, fH iR 2
£ 13.19% ~ 88.08 %, 2 3R B & (1 42 Ratiogys+ 1T I
SR.HLL, N T H#L EWT AR & T 5 &R IR EF
B R ERS B, B Ratiog;s TR N REEF, HIKAE 1T
SR, & A T 8, LT #E 1T A1 SR 1 A B H .
SR, A FMC R{EMH Cw i A Ik B
SEGELL ARG WAL A A ER R B HE TR SR BT
Cw, TS EWT B3k A R 4L SN ik 40 A4 & o
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Table 2 Correlations between FMC(EWT) and different vegetation in-
dices

HEEY BA F Po>F R
Vegetation indices Model
W1, = Ryn/Rao FMC= - 860. 3x + 910 R.93  0.0000 0.567
EWT=-0.008-0.08 In()  24.42 0.0001 0.83
NOWI=(Raso~ Roo)/ (Reg ~ y=48.111+52.01 x 43.9%5  0.0001 0.49%2
+Rip) y=—0.0012+0.3916 x 20478 0.0001 0.6414
R=Rigw/ Ry FMC=44.817 - 54.343 In(x) D8R 0.0 0.35
EWT=0.005 x~>*® W% 0001 086
1= Ry~ Rigan)/ (R + Riggn) FMC=44.087 +114.32 x 758 0001 0.3%
EWT=0.004 expl(7.2832 x) BL16 0.0001 0.8
Wi, =Roso/ Rp FMC=1445.9- 13945 x %13 0001 0.6
EWT=0.0008-0.9%9 In(x) 137149 0.0001 0.75%
. 2X Rogo— om0
Rau@v5=m PMC= -914.22 x +9%8.% 4.39 0000 0.3
EWT=-0.002-0.89h(x)  1065.68 0.001 0.9
Ratioyrp =
_ 2R PMC=50.818-431.16 In(x) 1875 00001 0.2%
Rioo- 1100 Rioes - 1285
EWT=-0.005~0.438 In(x) .01 0.0001 0.91

3 GEERIE FMC 1 EWT S5&BIEMEIT X RNETNRE
Table 3 Relative error of training samples to test FMC(EWT) and in-
dices statistic relations

Wl  NDWI SR I1 WI,  Ratiog7s Ratiojze0
FMC(%) 11.42 11.92 11.21 11.09 13.04 12.20 12.9
EWT(cm) 73.8 64.69 14.06 13.23 88.08 13.19 18.76

Ay Cw RIS R . RARER FER B BRI
WHRESHASGH FMCH EWT MR E. RiEHE
&= FMC 5 EWT, RiH 7= Lk 7 M6 1%
BB FES O EHAS - (1~7
MTREEE, BYWEPAXEELRRRTL. 24
431, % B W, .SR.Ratiog;s «Ratiogz 4 T~ EH F
nef, BRI (4) % FMC B9 R B e -
FMC = 1338.343 - 890. 646 X WI, — 162.779 X
SR ~ 2712.881 X Ratiogss + 2477.752 X
Ratio),p (4)
HEFMX iR % RE =8.08%, LB AR EHE T
BRERS T4 3%. RE EWT A WI,.SR.I1.
Ratiogs+ Ratioge 5 1 S IE FE T HE A B A e, B ALRE
(5):
EWT=1.15-0.279 X WI;, — 0.064 X SR -
0.131 X I1—-0.658 X Ratiog;s —0.152 X
Ratioy g9 (5)
AT IRE RE =8.44%, thk A A REE F WM
ERETH%.
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SAWI (soil-adjusted water index)

leR_-pSWlR
SAWI:WX(1+L) (6)
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., 4 HI B 820 nm 1 1 600 nm; L &+ IF &4,
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B 8 X AR [F) 3 8 5 AR AL 9 U, A SCHL L
0.162%1,

#F PROSPECT + SAILH f)#8 & B2 % # 38,
ERASCIREM 7 KD HEIEES SAWI @ HAE
B Cw F1 LAI B384k, E— €0 A, HE RN
EESAWINBEREE CwHIBEES . EH/®E
. TEHRZA S NDWI EAREE SAWI(HE 2) i1 %
& SAWI(E 3)BFRE Cw 1 LAI f9784k. #7127
H1,NDWI 5 Cw f1 LAl 2IEAH%, B Cw #7138 mfn
LAI #138k, NDWI K. 3T LAl B RS H 4,
% Cw=<C0.001cm B, NDWIHBE K 5 & BB
AN KB EAEE ) LA T, NDWI H B F R 12 5L
Cw>0.001cm #7EE Cw. {E& LAI X NDWI 5
mfBA, RAE M LAI>5.0, NDWI 5t LAI A 8UR ¢
AR E. BFrd, NDWI R & A R B Cw >
0.001cm 3+ H LAI=5.0 HMIEE Cw A A RE#HE
BIFHSER, B R, LAL=3.0 Y, EE2E &R % 11k
e EHil, ZE SR EAEEREE X K 3
8, NDWI/SAWI 5 Cw #l LAl £ %, B Cw
BN LAL ¥k, NDWI/SAWI # K. LAI<2.5
b, X & — 2% LAI %$fH4R, & Cw<C0.0lcm, ND-
WI/SAWI BE Cw 1 LA 938 4b K. HR, ¥4 Cw
>0.01cm B+, NDWI/SAWI #9115 FE LAl JLF R,
FrLA, NDWI/SAWI i& & f K42 B Cw>0.01cm 3
HLAIZ1.5 BHERE Cw. G E4tr, B#ath
M 3 1 NDWI/SAWI X LAI f8UREZE /N FHE
2 1 NDWI X} LAI @804, TTH Cw XM —H R

FIRBIGER Cw WH M, vl BE 3 — kbt
HEEALERIGERE Cw,  Cw Ml LALESEH
MR ERBGERE Cw i, NDWI/SAWI H NDWI
FRAEMIIBHFRERER. 5 —RNE, 4 LAI
<1.0 B¢, NDWI/SAWI Ff LAI #1 Cw 9 (L BH
M, FEEIA NDWI/SAWI HER D Cw Bt &
BRI, Filtn, 24 LAI=1.0, Cw=0.001 B, NDWI/
SAWI= —89.4934, 1A KN EE A KRB EUHE 2 Cw, Af
REFERMHEGHE SRR TR EWBREA. K
HIEHERE SAWI A EU{E, K LAI TR EE thE
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Fig. 2 Curves of NDW]1 under different leaf area index (LAI) and water

content,

a) LAI=0.3;b)LAI=0.5;c)LAI=1.0:d)LAI=1.5:e)LAI=2.0;
f)LAI=2.5;g)LAl=3.0:h)LAI=4.0;i)LAl=5.0;j)LAl=6.0;k)
LAI=7.0;:DLAI=8.0.
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Fig.3 Curves of NDWI1/SAWI under different LAl and water content.
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Ratiog;s 4k I 2R B (R 45 1 ) 15 B, S5A0 280 N X
Ratiogss I B 1] 75 K, Ratiogys P 86 &2 M H 2 K 2 B
Cw I — P EENLHEE. I TREIHFAEER
WEBBE A ZIRE Cw B9 % 38 15 3L, % 3 Ra-
tiog75 -

B 44 W T AR Cw MM ERIEHTH SAWI
1 Ratiog;s B Fl B —RIME R TS LAI £,
B R A M4 LAT 3 K. AJ A, Ratiogss 1 SAWI #f F1
LAI 2IEHH3¢, BIKH Ratiog;s F1 SAWI Xt i F K #7
LAI, RZIRAGAL. B, AR R B8R H 6 20K
S 7ER S E K R SR, AR A SOR
S£PEMER—W. X F A #ZKF(LAD, Cw
WEEUMHRE PO E S A, SHEEE < #
(SAWD), {KE 5238 v 1 (Ratiogys). Mok, {X R AHE]
Cw MARE LAI KB SR IEE LR E L% A
FEMELS . X Cw IS HEHETT— 4,3
HEEEREE (LAD M mE sb 2@ R 0. B
FHAET Cwi& 0.07 cm FIK MK 0.0001 cm )
AR EFEE.

ook fEAKE
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Fig. 4 SAWI-Ratiog;s distribution under different water content and
LAI.
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Bt, B8 T % Cw R H, R EARBEE N
(0,0), HERKIT LAl EERERHER H&
TERFES,0), MAFEMEEE H LAI<1.0
A, Ratiog;s/SAWI [ BT &) NDWI/SAWI —#, &
REAXRBEER Cw(BEXREYE). & LAI>>1.5 &,
Ratiog;s/SAWI &5 Cw X ZH (RE H)EH, &
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HEEAEREREE Cw. Bk, ZHEH REERK
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FRE. E#F5EEINZE BRABH(-0.2,
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ELAIZ0.3 THXERE S, fRMEZES TR &0, & Fr
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W BURERE ML, EINESREGER Cw.
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BRECR, IR 4 WA, BHE s @ HLLUE
X FRANE. FHI, & Cw(y) 5 Ratiog;s 1 SAWI #J
IR FEARN

¥ = Ratiogrs ~ ¢’ d te (7)
SAWI — b
Heb, (6", a") WBIEHEH4IPFHXE. I THEH

PROSPECT + SAILH BE#l 85 E o & /D ZREM
EHRAETRX, ¥(7) LA
y = (a SAWI — b)/(Ratiog;s — ¢ SAWI — d)
+ e (8)
R 4 =0.1566, b= —0.0066, c =1.215,d =
1.0194, ¢ = 0.1622. ;AL (8) XMW EE R H
PROSPECT + SAILH #{#l%(#& (LAl A 0.3 3
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KE LR XEMNEEHRRETT N, 255
HALEH NRXEFESKETEENTEXER.

HRFEH, FMC.EWT E RS KEITEFRAM
BURYERH, 45 R F] 49 32 R AR TR A, X X B A
BN FETRE. B, A SCRET &6 sC i AR
BERBENTR, ARNREEHEGEIERERIEAR
Friggw, RSENHRIMZ—.

EE XM

1 Aldakheel YY, Danson FM. 1997. Spectral reflectance of dehydrat-
ing leaves: Measurements and modeling. Int J Remote Sensing, 18
(17):3683~3690

2 Baret F, Guyot G. 1991. Potentials and limits of vegetation indices
for LAI and APAR assessment. Remote Sensing Environ, 35(2):
161~173

3 Burgan RE. 1996. Use of remotely sensed data for fire danger esti-
mation. EARSel Adv Remote Sensing,4(4):1~8

4 Ceccato P, Gobron N, Flasse S, et al .2002 . Designing a spectral in-
dex to estimate vegetation water content from remote sensing data:
Part 1 Theoretical approach. Remote Sensing Environ,82(2):188
~197

5 Ceccatoa P, Flasse S, Tarantola S, et al.2001. Detecting vegetation
leaf water content using reflectance in the optical domain. Remote
Sensing Environ,77(1):22~33

6 Chuvieco E, Deshayes M, Stach N, et al. 1999. Short-term fire
risk; Foliage moisture content estimation from satellite data. In:
Chuvieco E ed. Remote Sensing of Large Wildfires in the European
Mediterranean Basin. Berlin: Springer ( University of Alcald,
Spain). 228

7 Danson FM, Steven MD, Malthus TJ, et al. 1992. High-spectral
resolution data for determining leaf water content. Int J Remote
Sensing,13(3):461~470

8 Elvidge CD. 1990. Visible and near infrared reflectance characteris-
tics of dry plant materials. Int ] Remote Sensing, 11(11):1775~
1795

9 Fourty T, Baret F.1997. Vegetation water and dry matter contents
estimated from top-of-the-atmosphere reflectance data: A simulation
study. Remote Sensing Enwiron, 61(1) :34~45

10 Gao BC.1996. NDWI-A normalized difference water index for re-
mote sensing of vegetation liquid water from space. Remote Sensing
Environ,58(3):257 ~266

11 Goetz AFH, Vane G, Solomon JE, et al.1985. Imaging spectrome-
try for earth remote sensing. Science, 228(4704):1147~1153

12 Gond V, De Pury DG, Veroustraete F, et al.1999. Seasonal varia-
tions in leaf area index, leaf chlorophyll, and water content; scaling-
up to estimate fAPAR and carbon balance in a multilayer, multi-

species temperate forest. Tree Physiol, 19(5):673~679

13 Hardisky MA, Klemas V, Smart RM. 1983. The influence of soil
salinity, growth form and leaf moisture on the spectral reflectance of
Spartina alterniflora canopies. Photogramm Eng Remote Sens-
ing,49(1):77~83

14 Hosgood B, Jacquemoud S, Andreoli G, et al. 1995. Leaf Optical
Properties Experiment 93 (LOPEX’ 93). European Commission,
Joint Research Center Institute of Remote Sensing Applications, Is-
pra ltaly.

15 Huete AR. 1988. A soil-adjusted vegetation index (SAVI) . Remote
Sensing Environ, 25(3):295~309

16 Hunt ER, Rock BN. 1989. Detection of changes in leaf water con-
tent using near- and middle-infrared reflectances. Remote Sensing
Environ,30(1):43~54

17 Inoue Y, Morinaga S, Shibayama M. 1993. Non-destructive estima-
tion of water status of intact crop leaves based on spectral re-
flectance measurements. Jap J Crop Sci, 62(4) : 462~ 469

18 Jacquemoud S, Baret F. 1990. PROSPECT : A model of leaf optical
properties spectra. Remote Sensing Environ,344(1):75~91

19 Kramer PJ. 1983. Water Relations of Plants. New York: Academic
Press. 1983

20 Li Y-J(EHBR),LiJ(FE #),Chen J(BE %), et al.2004. Re-
sponse of dolichomitriopsis diversiformis photosynthesis rate to
light, air temperature and plant water content. Chin J Appl Ecol
(LA ESFM), 15(3):391~395 (in Chinese)

21 Mbow C.1999. Proposition of a method for early fires planning us-
ing ground and satellite ( NDVI/NOAA-AVHRR) data from
Niokolo Koba National Park (Southeast Senegal) . Poster Presenta-
tion in Proceedings of the Second International Symposium on Op-
erationalization of Remote Sensing, 16~20 August 1999, ITC, En-
schede, The Netherlands.

22 Peniuelas ], Filella I, Sweeano L. 1996 . Cell wall elastivity and water
index (R970/R900) in wheat under different nitrogen availabili-
ties. Int J Remote Sensing, 17(3):373~382

23 Penuelas ], Piniol J, Ogaya R, et al . 1997. Estimation of plant water
concentration by the reflectance water index WI ( R900/R970).
Int ] Remote Sensing, 18(13) :2869~2875

24 PuR,GE S, Kelly NM, et al.2003. Spectral absorption features as
indicators of water status in coast live cak ( Quercus agrifolia)
leaves. Int J Remote Sensing, 24(9) :1799 ~ 1810

25 Qi ], Huete AR, Kerr YH, e al. 1994. A modified soil adjusted
vegetation index. Remote Sensing Environ,48(2):119~126

26 Rondeaux G, Steven M, Baret F. 1996. Optimization of soil-adjusted
vegetation indices. Remote Sensing Environ,55(1):95~107

27 Royo C, Aparicio N, Villegas D, et al.2003. Usefulness of spectral
reflectance indices as durum wheat yield predictors under contrast-
ing Mediterranean conditions. Int J Remote Sensing, 24(22) ;4403
~4419

28 Tai P-D(AFH), Guo SH(HH ), Song Y-F(REH ), ez al.
2000 . Comparison of physiological characteristics of different eco-
type plants. Chin J Appl Ecol (R FAEEFR), 11(1):53~56 (in
Chinese)

29 Tanner CB. 1963. Plant temperature. Agron J,50(3):210~211

30 Ustin SL, Robert DA, Pinzon J, et al.1998. Estimating canopy wa-
ter content of chaparral shrubs using optical methods. Remote Sens-
ing Environ,65(3):280~291

31 Yan C-Y(BFH), Jiang G-M(HHKH), Wang C(E B), et al.
2003. Theoretical stmulation of single leaf’ s optical characteristics.
J Remote Sens (BBRF), 7(2):81~85(in Chinese)

32 Zarco-Tejada PJ, Miller JR, Morales A, et al.2004. Hyperspectral
indices and model simulation for chlorophyll estimation in open-
canopy tree crops. Remote Sensing Environ,90(4):463~476

BN 0 #1977 EE s TENERER
FIEBEMLSERAEMTFR, ARIEX 4 5. E-mail: dysy77@
163. com; Tel;:010-64889215




