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Abstract. Leaf area index (LAI) is one of the key struc- 1 Introduction

tural variables in terrestrial vegetation ecosystems. Remote

sensing offers an opportunity to accurately derive LAl at re-Leaf area index (LAl) is one of the important geometric-
giona| scales. The anisotropy of canopy reflectance, variastructure parameters in terrestrial vegetation ecosystems. Ac-
tions in background characteristics, and variability in atmo-curate LAI retrieval is always a key task of such remote-
spheric conditions constitute three factors that can stronglygensing applications, and it is also a precondition of crop-
constrain the accuracy of retrieved LAI. Based on a hy-Yield estimation, vegetative evapotranspiration calculation
brid canopy reflectance model, a new hyperspectral direcand the energy-exchange evaluation of terrestrial vegetation
tional second derivative method (DSD) is proposed in this(Badhwar et al., 1986; Townshend et al., 1988; Baret et al.,
paper. This method can estimate LAl accurately through1991; Wood et al., 1993; Bonan, 1995; Bicheron et al., 1999;
analyzing the canopy anisotropy. The effect of the back-Buermann et al., 2001; Kamalesh et al., 2008). In general,
ground can also be effectively removed. With the aid of athere are three categories of LAI retrieval methods. The
widely-accepted atmospheric model, the influence of atmodirst category is experiential inversion method based on Veg-
spheric conditions can be minimized as well. Thus the in-etation Index (VI), such as retrieving LAl according to the
version precision and the dynamic range can be markedhﬁorre'ation between the Normalized Difference Vegetation
improved, which has been proved by numerical simulations/ndex (NDVI) and LAI (Turner, 1999; Brown et al., 2000;
As the derivative method is very sensitive to random noise Haboudane et al., 2004; Wang et al., 2005). Although such
we put forward an innovative filtering approach, by which an approach is simple and widely-used, its accuracy is very
the data can be de-noised in spectral and spatial dimensiodgw, and some VI can easily get saturated. The second cat-
synchronously. It shows that the filtering method can removeegory can be called the reflectance model inversion method,
random noise effectively; therefore, the method can be apby Which the anisotropic effect caused by sun-object-sensor
plied to hyperspectral images. The study region was situgeometry can be removed, but the effect caused by back-
ated in Zhangye, Gansu Province, China; hyperspectral an@iround variations cannot be avoided, especially within mixed
multi-angular images of the study region were acquired viaPixels. The complex background inhibits accurate LAl re-
the Compact High-Resolution Imaging Spectrometer/Projectrieval (Li et al., 1986; Nilson et al., 1989; Chen et al., 1997;
for On-Board Autonomy (CHRIS/PROBA), on 4 June 2008. XU, 2005). In contrast, the hyperspectral second derivative
After the pre-processing procedures, the DSD method wagnethod, which was founded at the end of the 1980s, can re-
applied, and the retrieved LAl was validated by ground ref- move the effect of the soil background effectively, and this
erence data at 11 sites. Results show that the new LAl inhyperspectral derivative method was established to retrieve
version method is accurate and effective with the aid of theLAl (Pu et al., 2000). Since the method is very sensitive to
innovative filtering method. noise even if the canopy anisotropy is neglected, it is difficult
to be used operationally. In this research, we have found that
through the use of the proper filtering method which can re-
move noises brought about by factors other than the variation
of LAl or Chlorophyll concentration, the directional second
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On 22 October 2001, PROBA (Project On-Board Auton- describe the hot-spot effea.is the angle between light and
omy) was launched as a technology demonstrator withinthe viewing directions.I' (0)=1, I' (x)=0, when G<¢=<m,

ESAs General Support Technology Programme. CHRBandF(q}):eV%. o Fo is the direct irradiance of the sun,

(Compact High-Resolution Imaging Spectrometer), theang gy s the diffuse irradiance of atmosphere; the contribu-

prime instrument of the PROBA mission, is hyperspectral,jon of multi-scattering can be expressed by the Hapke model
and its objective is data collection of BRDF (Bidirectional (Hapke, 1981, 1986).

Reflectance Distribution Function) for a better understand-
ing of the spectral reflectance. CHRIS acquires a set of im-test data measured in Shunyi District, Beijing 2001, in an

ages with five view angles{55°, —36°, 0°, 36* and 55) _area covered with winter wheat (Wang et al., 2006). Mea-

of each target durin.g each acquisition seguence in 2"L_’m”%urements were carried out using an Analytical Spectral De-
(Verrelst et al., 2007; Kamalesh et al., 2008; CHRIS/PROBAViceS, Inc. (ASD) spectroradiometer with a spectral range

Website), and the 62-band images are collected in the visiblefrom 400 nm to 2500 nm. For the same points, several mea-
and near-infrared regions from 400 nm to 1050 nm. This newg,, o ments were taken in different viewing directions along
hyperspectral sensor offers a new opportunity to ef'fectlvelythe principle plane, varying from-40° (backward) to 40

improve the inversion accuracy of LAI. The main objective (forward) at an interval of & The bi-directional reflectance

qf this paper is to ?Stab"Sh a useful method that can best ess'pectra simulated by the model are almost consonant with
timate LAl by multi-angular hyperspectral data, as such aMhe measured spectra (Fig. 1la—f). The angular distribution

approach can con_strain the effect of background variation%f the wheat leaves is taken as Erectophile. The input leaf

and the canopy anisotropic reflectance. reflectance, transmittance spectrum and the soil reflectance
spectrum were measured using ASD (Fig. 1g). The ratio of

sky diffuse light data was also obtained in the field campaign

(Fig. 1h).

In order to evaluate the hybrid model, we used the field

2 The methodology

2.1 The BRDF model o o
2.2 The Directional Second Derivative (DSD)

Supposing the height of canopy %, there are four com-

ponents within the sensor field-of-view, which are illumi- According to Eq. (1), the second derivative of wavelength for
nated ground and canopy, as well as shadowed ground aripe object was the sum of second derivative of wavelength for
canopy; Kg, K¢, K7, K¢ represent the area ratios of the four the leaf and the soil spectrum, whefv>o¢, Eq. (1) can be
parts respectively. Reflectance of targets can be described 41tten as:
p=p1+p™, wherep! stands for the reflectance contributed

by the single scattering and” multiple scattering (Li et al., 0 e
1986; Nilson et al., 1989; Nilson, 1991: Chen, 1997 de-  © ~P1TPm™~Pg €
scribes the anisotropic characteristics of the object, and ac-

—)\O[GS+GV — G -l“(¢>)i|LAI

&)

cording to the geometric moded, can be expressed as (Xu, —lo%-LAl _AO[GSJFGV_GV,F(@}LA, Eq
. +1le —e —
2009): For Ed
fko[63+ - ~F(¢)]LAI —20 8L LAIT ()
p=p+p"=py 1 e o @ 4o/ {(1-"
] —ro &Y .LAIT(9) —xoﬁ%‘w Eq y
n 67X06\%'LA| _efko[ﬁg+ﬁ¥l7%~l"(¢)]LAl Eq + [e —e :| —H0F0+Ed +0m
MoFo+Eqd o
Wherep”, p, andpy are the second derivative of wavelength
4o 1_e—lofﬁ~LAl‘F(¢) for the object, the leaf, and the soil spectrum, respectively.
v According to Eq. (2), ifo>>py, p” is independent of the
_agCY.LAIT GV LAl E soil spectrum.
4 [e 0 @ _ —ofit } d } m
HoFo+Eq

2.3 Band choice

Here, p, and p, are the hemispherical albedos of the soil

background and the leaf;, andG,; mean theG function of = Comparing the second derivative spectra simulated by the
the view direction and the solar direction, respectively (Xu, new hybrid canopy reflectance model with the second
2005); =co%,, lo=Cc0%o, 6, andbpare the viewing zenith  derivative spectra measured with the different backgrounds
angle and the solar zenith angle, respectively. Nilson param¢Fig. 2),p;’>>pg can be satisfied within 0.68 um-0.71 pm and
eter (o) is used to describe the clumping effect of foliage 0.73 um—0.75 um bands, not only for the soil background,
(Nilson et al., 1989).I" (¢) is an empirical function used to but also for the water body, concrete, and so on. So the
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Fig. 1. Comparisons between simulated reflectance and measured reflecian8® ( $=44°, LAI=4.25) (a) 6,=1C°; (b) 6,=20°;
(c) 6,=30; (d) 6,=4C; (e) 6,=50; (f) 6,=60°; (g) the input leaf and soil spectrurth) the input sky diffuse light ratio.
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0.4r
hyperspectral second derivative method can successfully re- |

move the background effect. At the same time, Fig. 3 shows
that multiple scattering can be ignored within the 0.68 pm—
0.71 pm-range, and thus it is the best band area choice.

2.4 Inversion formula

As mentioned earlier, within the 0.68 um—0.71 um-range,F'g' 4. Relationship between LAl and at different values of (¢).

multiple scattering can be neglected completely, so Eq. (2)

p//
can be transformed. SUPPOX&Z” then Figure 4 shows the relationship betwe&nand LAl as

E Gy " (¢) changes. It can also be found that sensitivity of DSD

X=1— [1—7‘1(1—e_A°W(1_F(¢))LA'>} TORLAT®) (3) method is very high, and that the dynamic range of the
HoFo+Ed method is also large. The optimal view angle for LAl in-

Equation (3) is the DSD inversion formula for LAl Since version is near the hot spot. When the view angle is near the
p>p/l, within the spectral range7—>0 Therefore, the cold spot.X can quickly saturate when LAl equals 3, so the

|anuence of backgrounds can be removed by using the Dsdjirection is not suitable for LAl retrieval. Numerical simula-
method. Whems=0, T" (0)=1, that is the hot-spot direction; tions also show that the inversion error can be less than 5%

if b=0%¢ we have in the hot-spot direction when LAl is Iar.ger than 0.5, even
oW when 15% random errors are added (Fig. 5). The effective
X =1 _ ¢ bLA @) range of the method is LAI0.5. When the LAl is very low,

the vegetation information is also very low. Therefore, it is
Equation (4) shows the relationship between the secondmpossible to retrieve LAl accurately.
derivative and LAI, as the target is supposed to be lambertian.
In fact, the vegetation-soil system is non-isotropic, and the2.5 The innovative filtering approach
relationship between the second derivative and LAI changes
with the solar and view angles. It is just the difference be- As mentioned before, the DSD method is very sensitive to
tween Egs. (3) and (4). The range @y is 0.3~0.8, andrg noise, so it is necessary to conduct pre-processing to remove
can be gained as a priori knowledge<Xh<1, 6, is known,  the effect of noise. An innovation de-noising method is pro-
andf, <6C°. Sol (¢) is the only parameter that can dramat- posed that can filter the noise in both the spectral dimen-
ically affect the relationship betweenand LAI. sion and the spatial dimension. First, the Minimum Noise
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Fig. 5. The inversion error of the method in numerical simulation. a b

. . . . . . Fig. 6. Comparison of canopy spectra on CHRIS image before and
Fraction (MNF) transfqrm is used in the Spatlal d'men_s'on:after filtered using the two-step de-noising method (b is part of a to
and then the Fast Fourier Transform (FFT) in spectral dimenshow the detail).

sion is adopted.
As far as the maize and wheat canopy spectra in the study
area are concerned, the spectra variation in the visible-nea# Study region and dataset
infrared wavelength region (400—-900 nm) are mainly caused )
by LAl and chlorophyll concentration of the leaf according 3-1  Study region

to related studies (Liu et al., 2000; Pu et al., 1997, 2000)'The tudy region is an oasis. situated in Zhanave Citv. in the
The variation of canopy spectra through the Fourier trans- studyregion Is SIS, Sit ! gye LIy, |

. middle reach of the Heihe River Basin, the second largest in-
form caused by_ LAI and the chlorophyll con_centratlon can land river basin ( 3745~42°40 N, 97°42~10204 E) in
be found only within the low frequency domain, much lower

than the noise frequency, so a threshold can be found in thg’hma' It is one of the most extremely arid areas of the

frequency domain to distinguish between the useful signaF?;nr;trgémmjnitzepse iin?hsIf(tanti)galogar?fk)lgnf?)iﬁjpi\? 3\/2%;;5
and noise. In this case, noise in the hyperspectral imag% 9

can be removed by a low-pass filter. The Butterworth low- ttp://hgihe.wgstgis.ac.cn/The crops sowed In the oasis
pass filter is chosen, but the threshold of the low-pass fil-2re mainly maize, wheat, barley and benne, and the growth

ter function should be determined first. In order to deter—Of _these crops always requires irrigation. ‘The “Watershed
mine frequency ranges caused by the variation of LAI andAlllecj Telemetry Experiment Research (WATER)" remote

chlorophyll concentration, the spectra simulated by PRO_sensing_experiment was car_ried outin_the Heihe R_iver Basin,
SAIL model are adopted as the benchmark without the noise.2008 (Li et al., 2009). Ol.” field experiment constituted one
The Fourier Transform of the canopy spectrum is analyzed toDart of the WATER experiment.
choose the threshold for the Butterworth low-pass filter. Be—3 2

cause CHRIS mode 3 only acquired 18 bands, the spectrum’

is linearly interpolated to 180 bands first. By comparing the The CHRIS images were acquired on 4 June 2008, which are
simulated reflectance with image samples in the frequencyhe 1A products. Mode 3 for land studies results in a spa-
domain, the minimal Value Of ButterWOI’th |OW-paSS f||ter is t|a| resolution Of approximate'y 17 m at nadir and a band set
given as 0.01283; frequencies higher than this can be recogonsisting of 18 bands. At first, the HDFCLEAN software
nized and wiped out. was used to de-stripe the image. The radiation of the im-
The result using the FFT smoothing is shown in Fig. 6. By agge was corrected using the gain and bias provided by the
using the two-step de-noising method, the result is more reacHR|S program. Geometric correction was performed us-
sonable. Since CHRIS images have only 18 bands, the effeghg 1:10000 scale topographic maps. The geocorrection root
of f||ter|ng is small. In order to demonstrate the ab|l|ty of the mean Squared error (RMSE) Of 5 ang|es’ images iS a” |ess
innovative flltel’lng method to remove noise brought about bythan one pixe'_ As the pixe| sizesinthe 5 View_ang'e images
factors other than the variation of LAl or Chlorophyll concen- gre different, the resolutions of 5 images are over an average
tration, the method was applied to a Hyperion image, whichof 51 m to remove the effect of the varying view angles. Four
has 70 bands in the VNIR spectral range and 172 bands ifimages of the study region were intercepted to retrieve LAl
the SWIR spectral range. From the results (Fig. 7), it can(rig. 8).
be seen that the innovative flltel’lng method can remove the Atmospheric Correction of the CHRIS radiance data prod_
noises effectively. ucts was performed to obtain surface reflectance using at-
mospheric sounding data and ACORN (1.5 mode), which is

Pre-processing of spaceborne CHRIS image

www.hydrol-earth-syst-sci.net/14/1499/2010/ Hydrol. Earth Syst. Sci., 14, 1589-2010
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a specialized atmospheric-correction software for the high- o2t
spectral-resolution images. ACORN is capable of process-
ing data from tilted sensors by accounting for varying path 0.1}
lengths through the atmosphere and varying transmittance
Atmospheric-correction results in the retrieval of HDRF  §io—%00 00 700 800 900 1000 4100
(Hemispherical Directional Reflectance Factor) data sets for wavelength (nm)

the various CHRIS view angles. Figure 9 shows the spectra
before and after the atmospheric processing. Fig. 9. Soil and canopy spectra on CHRIS image before and after

atmospheric correction.

4 Field measurements and validation
was classified, and LAI was retrieved from CHRIS data at

Ground reference data were collected in a maize and whedi view angles, based on the least-square method. The re-
field, the same as prior knowledgé, =0.6, 1o=0.6 in the  trieved LAl is shown in Fig. 10. In order to evaluate the
maize canopy, and,=0.1, 10=0.97 in the wheat canopy. LAl retrieval performance, the estimated LAI (Fig. 10) was
Ground data collection included spectral radiometric mea-compared with the LAI retrieved by NDVI method accord-
surements using an ASD FieldSpecPro FR. and canopy strugng to the field measurements (Fig. 11). Since there are only
ture manual measurement. Two methods were used to med-1 simultaneous ground LAl in the study area on the day
sure LAI: the canopy was measured using a LI-COR LAI- when the remote sensing image was acquired, they are used
2000 Plant Canopy Analyzer, or the plant was manuallyonly as validating dataset. The relationship between NDVI
harvested and measured using LI-COR LAI 3100 area meand LAl was established by using other ground measurement
ter. Leaf water and chlorophyll content were measured indata measured during different growth periods, LAl changed
the laboratory. The reflectance of the 706 nm-band wadrom 0.5 to 6 in other 4 sites.

used to calculate the directional second derivative25°, From the two figures, obvious changes in gradient are
¢s=137.00 when CHRIS transited the study area on 4 Juneshown in Fig. 10, which represents a larger dynamic LAI
and 24 June 2008. First the sowing area of maize and wheatinge. In order to compare the two retrieval methods

Hydrol. Earth Syst. Sci., 14, 1499507, 2010 www.hydrol-earth-syst-sci.net/14/1499/2010/
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Table 1. List of in situ-measured LAI.

No. longitude latitude measure LAl crop measurement method
1 100.13836 39.3299 1.80.18 wheat LAI 2000
2 100.13912 39.32971 2.3D.23 wheat LAI 2000
3 100.14053 39.32882 2.30.26 wheat LAI 2000
4 100.12986 39.34893 3.3D.14 wheat LAI 2000
5 100.06728 39.24632 0.99.3 maize LAI 2000
6 100.06033 39.23687 5.96.61 wheat LAI 2000
7 100.04052 39.23685 4.68.29 wheat LAI 2000
8 100.06047 39.23708 3.89.25 wheat LAl 2000
9 100.05773 39.2368 3.99.32 wheat LAI 2000
10 100.41069 38.85722 0.895 maize manual measurement
11 100.420778 38.86528 2.363.57 wheat manual measurement
7
6 e DSD method
el = NDVI method T
3
5_ -
i}
34t . E
3 '§ 2 -
1 2t -
U 1 [ -

3

4

Q) == N LD & O

measured LAI

Fig. 12. Comparison between in situ-measured LAl and retrieved
results by using DSD method and NDVI method (a part of the in

situ-measured LAl data was measured by the LAI 2000, and the
erect line across the=y line in the figure represents the range be-

tween measured LA} error and measured LAI + error)

been analyzed to quantify the agreement between measured
LAI at 11 sites and estimated values (Table 2). The two fig-
ures show that the inversion-derived LAl using DSD method
is more accurate.

Fig. 11. LAl map retrieved using empirical relationship between 5 Conclusion and discussion

LAl and NDVI.

In this paper, the relationship between the second derivative

quantitatively, ground measured LAl at 11 sites (Table 1)of different view angles and LAl was established based on a
were taken as the validation dataset. Scatter of measuredew hybrid canopy reflectance model. Numerical simulation
LAI and retrieved results of the two methods are shown inshowed that this method can not only eliminate the effect of
Fig. 12. LAl retrieved by using the DSD method shows a background and the anisotropy of canopy reflectance, but it
better agreement with the true values. The error (RMSE) haslso improved the dynamic range and inversion accuracy.
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Table 2. Error analysis of retrieval results using CHRIS images. References

Badhwar, G. D., MacDonald, R. B., and Metha, N. C.: Satellite-

Aveerzgf gfzi'm“m M:}'g;’ oy eviastfsgcé?r:r ors derived leaf-area-index and vegetation maps as input to global
— 0710 2.082 022 040 carbon cycle models — a hierarchical approach, Int. J. Remote
NDVI metho 71 : 227 405
DSD method  —0.075 0.21 0.005 0.118 Sens., 7, 265-281, 1986.

Baret, F. and Guyot, G.: Potentials and limits of vegetation indices
for LAl and APAR assessment, Remote Sens. Environ., 35, 161—
173, 1991.

. . . . . Bicheron, P. and Leroy, M.: A method of biophysical parameter
As the DSD method is sensitive to noise, an innovative de- eyreval at global scale by inversion of a vegetation reflectance

noising method was proposed, which can reduce noise in the model, Remote Sens. Environ., 67, 251-266, 1999.

spatial and spectral dimensions. Additionally, the thresholdBonan, G. B.: Land-atmosphere interactions for climate system
of the low-pass filter function was determined according to models: coupling biophysical, biogeochemical, and ecosystem
the spectra simulated by PROSAIL model as a function of dynamical processes, Remote Sens. Environ., 51, 57-73, 1995.
changes in LAl and chlorophyll concentration. The study Brown, L., Chen, J. M., Leblanc, S. G., and Cihlar, J. A.: short-

demonstrated that the new filtering method can eliminate the Wave infrared modification to the simple ration for LAl retrieval
random noise of the CHRIS image. in boreal forest: An image and model analysis, Remote Sens.

Environ., 71, 16-25, 2000.

Province was chosen as the studv region. LAl was I,e_Buermann, W., Dong, J., Zeng, X., Myneni, R. B., and Dickinson,
y region. R. E.: Evaluation of the utility of satellite-based vegetation leaf

trieved using multi-angular and hyperspectral CHR_IS IMages  areaindex data for climate simulations, J. Climate, 14(17), 3536—
on 4 June 2008. In order to evaluate the LAl retrieval per- 3550 2001.

formance, the estimated LAl using DSD method was com-chen, J. M. and Leblanc, S.: A 4-scale bidirectional reflection
pared with the LAI retrieved using NDVI method according  model based on canopy architecture, IEEE T. Geosci. Remote,
to the field measurements. It shows that the DSD method 35, 1316-1337, 1997.
can retrieve LAl accurately when applying the innovative de- CHRIS/PROBA Website:
noising method. http://earth.esa.int/missions/thirdpartymission/proba.htmst

If the sensor entails more than three view angles, the access: 30 October 2009. _
G function, 1o, and LAI can be retrieved simultaneously, and Haboudane, D., Miller, J. R., Pattey, E., Zarco-Tejada, P. J., and
the requirement of a priori knowledge can be reduced, but the Strachan. I. B.: Hyperspectral vegetation indices and novel algo-
inversion accuracy will be influenced. Addressing this issue rithm for predicting green LAl of crop canopies: Modeling and
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