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SYNOPSIS

Leaf area index (LAI) is an important factor in identifying the water balance in mountainous watershed as a
biological factor influencing directly on the evapotranspiration occurs in the forest area. The purpose of this study is
to establish a method for LAI estimation based on the absorption and scattering process of the vertical element of
electromagnetic waves and the characteristics of reflection spectrum of soil-vegetation.  Firstly, we estimated the LAI
in the forest area in summer and winter by applying the Terra-Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data on the forested area to the LAI estimation method. Secondly, to validate the results of
LAI estimation we coxﬁpared them to the measured LAI obtained directly by a plant canopy analyzer at the
observation points inside the target region. This study demonstrated that the LAI estimation method was a feasible
and accurate method as indicated by the high relationship (+=0.97) between LAI derived from ASTER data and LAI

measured directly.
INTRODUCTION

The LAI which indicates the leaf density of vegetation is defined as the total area of the all leaves (one side
only) per unit horizontal ground surface area (1). LAI is an important parameter to identify the water balance and
thermal environment in a forest area, because it is also a biological factor influencing on the evapotranspiration,
especially, the transpiration occurs through the open stomata in leaves. The establishment of an exact estimation
method of LAI is definitely necessary for the solution of environmental problems in the forest area such as
desertification, deforestation, global warming etc. especially r'ecently.

There are direct and indirect methods to determine the LAL.  The direct methods are the clip method (2) by
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measuring the area of leaves collected from the inside of the vegetation canopy, and the litter trap method (3) by
measuring the fallen leaves into the litter trap installed on the forest floor. LAI can also be measured indirectly by
using photographs taken upwards with a fish-eye lens (4) and a plant canopy analyzer (5) based on the transmission of
light from the inside of the vegetation canopy. The pre-described measuring methods are on the premise of
measuring the group of small area or the canopy of individual tree. However, the LAI measurement in the large area
has been necessary and the development of method for estimating spatial distribution of LAI has been studied by
means of satellite remote sensing technology (6, 7, 8).

Price (9) estimated the LAI of north-eastern part of Arkansas using Landsat TM bands 3 and 4 based on the
two-stream approximation analysis of electromagnetic waves inside the vegetation canopy. Fassnacht et al. (10)

formulated the relation between the various vegetative indexs (VI) calculated from each band of Landsat TM data and

" observed data of LAJI to estimate the LAI at Wisconsin. Quan et al. (11) also estimated LAI using the normalized

difference vegetative index (NDVI) obtained from NOAA Advanced Very High Resolution Radiometer (AVHRR),
SPOT VEGETATION, and Terra Moderate Resolution Imaging Spectroradiometer (MODIS) data. - The MODIS
science team in the Earth Observing Program (EOS) has been produced LAI products globally and they have been

" updated every 8 days. 'The Price’s method, which is based on the physical process of the electromagnetic wave inside

~ the vegetative canopy, is excellent in its reasonability of the calculation results. However, the sufficient accuracy

was not performed in the area which was examined. The above described LAI estimation methods except Price’s '
method, were based on the relevant formulae of VI and LAI derived from the satellite data.  Although the empirical
vegetation index that is simple and easy, it is necessary to set many relational formulas under this condition because
the relevant formulae of VI and LAI are influenced by different kinds of végetation, season, ground surface coverage,
and various of soil which make up the background. In the case of NDVI, it increases towards a certain value as LAI
increases and its increase rate is high when LAI is low, but its increase rate is low in the range of high LAl value.
Namely, the preciseness on the estimated value of LAl by NDVI becomes very low when LAI is higher than roughly 3
(12, 13). The problems of the pre-described methods have to be solved in order to acquire the estimation method of
LAI using the satellite data which has such properties as periodicity, broadness and simultaneity. Furthermore the
use of the satellite sensor data is required to replace the Landsat-5 TM sensor which creates problems caused by the
aging. k ; ‘

The aim of this study was to establish a method for LAI estimation on the region of forest in summer and winter.
First of all, the two-stream approximation model, namely, the LAI estimation method which is based on the absorption -
and scattering process of the vertical element of electromagnetic waves was applied. F urthermoré, the characteristics
of reflection spectrum of soil-vegetation system and ASTER data were examined. Next, the preciseness of the
estimation method was verified by comparing the estimated result of LAI calculated by the proposed estimation
method and measured result by a plant canopy analyzer (LAI-2000, Li-Cor, Nebraska, USA) in the surveyed area.
Finally, the LAl estimations on the target region in summer and winter were carried out using the present method from
ASTER data.

FIELD OBSERVATION AND SATELLITE DATA
Observation A?eas and Methods
The observation areas of A, B, C, D were arranged as shown in Fig. 1 to measure the spectral reflectance and
LAl on the soil and vegetation canopy of target region. The observation area A is the planted forest area on the foot

of the mountain of Tenzan (1,046 m above sea level), where 64% of this area is covered by needle leaf trees of

Japanese cedar and cypress. The observation area B and C are covered with the natural forest nearby the Nagasaki
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Fig. 1 Location of observation areas and study area (dotted line)

highway which mostly consist of broadleaf trees such as camphor tree and oak and the needle leaf trees such as
Japanese cedar which are spread to the north of highway. On the other hand, the D observation area is the small lawn
area inside the Shinrin park. Data for the LAI estimation were obtained in the upper stream area of Gion river (inside
the dotted line in Fig. 1) located at the southern side of Tenzan mountain with an area approximately 12km? comprised
of 80% and 20% forest, and agricultural and house land, respectively. '

Observation of the spectral reflectance of soil and vegetation canopy was performed on the forest of broadleaf
trees in the observation area B which has the highest leaf density among the observed areas. The spectral reflectance
was measured by a spectrometer (LI-1800, Li-Cor, Nebraska, USA) at 11 AM ~ 2 PM on August 15, 2007 and January
6, 2008 and calculated as the ratio of spectral reflection energy from the object to that from the standard white plate.
Specifically, the observation of spectral reflection energy on the vegetation canopy in the forest was performed with
LI-1800 at the overlooking location to the vegetation canopy from the upper direction of mountain slope area. It was
performed under the condition of front scattering on the principal horizontal plane to minimize the influence of
Bidirectional Reflectance Distribution Function (BRDF) which was caused by the observing angles of the
spectromefet \

On the other hand, the LAI was measured directly by LAI-2000 on the obsérvation points inside the target area
to verify the feasibility of LAI estimation result obtained from satellite data. This measurement was conducted for
two weeks before and after the collecting date (August 18, 2007 and January 9, 2008) of ASTER data. The area of
uniform tree species with an acreage of more than 50mx50m was selected as much as possible which correspond to the
15mx15m of spatial resolution of ASTER data. The measurement was performed in the evening or days uniformly

covered with shallow clouds, because the direct solar radiation causes underestimation of the measured value of LAI

(14).
Satellite Data
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor onboard the NASA Terra

satellite provides imagery which covers a wide spectral region of the electromagnetic spectrum from visible to thermal

infrared with 14 multi-spectral bands (15). The ASTER instrument consists of three separate subsystems. The

visible and near-infrared (VNIR) subsystem operates in three bands (0.52 to 0.86 um) with a spatial resolution of 15 m.

Stereoscopic capability in the track path is also implemented by the 3B band in VNIR. ' The shortwave infrared
(SWIR) subsystem operates in six bands (1.6 to 2.43 um) with a spatial resolution of 30 m. The thermal infrared
(TIR) subsystem operates in five bands (8.125 to 11.65 um) with a spatial resolution of 90 m. The basic
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Table 1. Properties of the ASTER sensor

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
Band VNIR (pm) Band SWIR (um) Band TIR (um)

1 0.52 - 0.60 4 1.600 - 1.700 10 8.125 - 8.475
2 0.63 - 0.69 5 2.145-2.185 11 8.475 - 8.825
3 (V) 0.76 - 0.86 6 2.185-2.225 12 8.925-9.275
3 (B) 0.76 - 0.86 7 2.235-2.285 13 10.25-10.95
8 2.295 - 2.365 14 10.95-11.65

9 2.360 - 2.430 ‘

Spatial resolution (m) 15 30 90
Swath width (km) 60

characteristics of these subsystems are shown in Table 1. In this study, the satellite data were adopted from Path:113,
Row:106, center: 33.11 N, 129.94 E, inclusive the part of Saga and Nagasaki which is the ASTER L1B Product. The
L1B data are generated by applying these coefficients for radiometric calibrations and geometric re-sampling (16).
Here, the ASTER stereo images taken during the summer (August 18, 2007) and winter (January 9, 2008) which cover
the area of study were acqukired. The data sets were available from the Earth Remote Sensing Data Analysis Center
(ERSDAC), Japan (http://www.ersdac.or.jp/).

ESTIMATION OF LEAF AREA INDEX
Two-stream approximation model

As the processes of absorption and scattering inside the plant canopy are complicated, we used the two-stream
approximation model to represent these processes (17, 18, 19) as presented in Fig.2. This model expresses the
transmitting process of electromagnetic waves inside the plant canopy, covering the soil of reflectance Ry(1), where 1
is the wavelength. The relation between the vertically downward radiation / and vertically upward radiation J at

wavelength 1 are expressed by Eq. 1.

dl da
& T, Z=al - Bl : a
di ol +h dl b )

where, a = absorption coefficient; = scattering (reflection) coefficient; and ¢/ = increment in leaf area index, with /
measured downward from the top of the vegetation canopy which becomes /=LAI at the down most. As we define
F-o=c?, the general solutions of Eq. 1 are expressed as follows:

I=ae+ae; J=ae+ae’ ' @

where, ¢ = attenuation coefficient; and aj~a, = arbitrary constants. ¢ can be obtained from measurements of the
attenuation of radiation within a canopy. The following equations will be set from the boundary conditions. At the

top of the vegetation canopy, we set the incident radiation to 1, namely a;+a,=1.

1=0;  I0)=1 ' ~ ©)
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Fig. 2 A radiant energy transmission process in the canopy

At the bottom of the vegetation canopy, we consider the relation between the downward radiation and the

upward radiation which is reflected from the underlying soil with reflectance R,(1).
I=L41; J(LAl)=RI(LAI) “)

where R, = reflectance from the soils on the ground surface. The upward radiation of unit incident radiation, R is
expressed as follows according to the Eq. 2, 3 and 4 when LAl=w, namely, R=R., when LAI is sufficiently high (17).
In addition, R=J(0) as I(0)=1. The relation between R and LAI is given by

R=(Rw+£) !

D= D= ;‘R el ®
. D+ (Jp)-R,
R, §

Application of two-stream model for LAI estimation based on ASTER data

The following formula is established between the reflectance S; of i band observed with satellite sensor and the

ground reflectance, R;.
S, =1,R +0,; O]

where, 7= absorption rate; and ¢ = reflectance of atmosphere. The following formula is devised between the S; and
the digital number of satellite data, BN,

SI = YIBNI +5i ' E (7)

where, 7, 6 = calibration parameters determined by ASTER iband. The Eq. 5 shall be represented in the formula of {

band as follows:

g AR -R)/R, M+ RR, D} RRR, =D )

(R~ RYIR ~1/R,) ™ +1
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From the Egs. 6, 7 and 8

BN+ (1/R,, —q,)(BN, - BN )" ,
BN = 1R, —(pBN, +q,) (9)
K 1 . p,(BN, _ BNwi)ek'MI

where, p; = y:/1; g =(dro)/t;.  The following formula is established between the LAl and BN,; because U/R.>>q;,
p:BN>>q,, namely, R..~p;BN.; in the visible and near infrared wavelengths (9).

BN - BN,(¢*™ —R%)+ BN, (1-¢*"")
¥ 1= RLeSM - BNRL(1-e¥H)/ BN,

i* Yool

(10)

where, BN,; and BN, are the ASTER data corresponding to Ry, Reo of j band.

Generally the reflectance of the soil on the ground surface depend largely on the types and moisture content of
soils (20). Fig. 3 illustrates the changes of spectral reflectance curves according to the moisture content of Masa soil
which is widely distributed in the target regions. The spectral reflectance decreésed as the moisture content -increased

as shown in the figure. However, the relationship between Rgso of spectral reflectance with 650 nm of visible

* wavelength and IRgso of spectral reflectance with 850 nm of near infrared wavelength is represented by a linear line

called soil-line, regardless of the types and moisture contents ratio as shown in Fig. 4 (21). The soil-line is a widely
researched linear relationship between the reflectance or intensity in the red and near infrared wavelengths (22, 23). '

When all the soil pixels of the satellite images are placed in the red and the near infrared spectrum space, théy
are also distributed along a straight line. Fig. 5 illustrates the relationship between the ASTER band 2 (BNy,) and
band 3 (BN,;) of the bare soil which can be expressed as follows:

BN, =a'BN,, +b (1)

where, ™= slope; b*= intercept of this soil line. In Fig. 5, we have a=0.82 and b'=2.0. The following formulas are
established between BN,, and BN,; according to Eqs. 10 and 11 in case of ASTER data used in this study.

100
60 ® Masa soil
Moisture ratio o Kuroboku
e A 80 I & Sandy soil
—~ 9, R g
& P 851)02 _ o Onjyaku Soil-line
2 —5— 11.4% & 60 & Other
L: g 40
i
=4
20
400 600 800 1000 0 —
Wavelength (nm) 0 20 40 60 80 100
£ ‘ Res0 (%)
Fig. 3 Spectral reflectance curves for different water Fig. 4 Relationship between Reso and [Rgso, and a

content of the Masa soil Soil-line for various soils in Kyushu
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Fig. 5 Relationship between B/V;, and BN, of ASTER image on bare area.
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+(4,D, —a' B,C, ~b'C,D,)b,"" +(B,D, - d'B,D; ~b'D,D,) =0

where, 4;= (ai_di)"ii i B = (di—awe)d;; Cr=(a—d)er; Di=di—ae;; ;= BN;; b, = ¢* ;d;=BNyi; e =R5i=2,
3. Accordingly, the LAI are derived by solving the equation with the unknown variable of LAI by substituting the
parameters into Eq. 13.  In addition, the parameter of the LAI estimation formula was estimated from ASTER data or

obtained from in situ measurements and experiments in the forest areas.

Validation of the mensuration

By plotting BN, and BN; of ASTER data, the highest estimated P of scatterdiagrams shown in Fig. 6 was
obtained with BN,,=44 and BN,;=180 in summer, and BN,,=25, BN,.;=82 in winter which were obtained in the
highest leaf density area on the study target region (see Fig. 6). The R,,=0.03, R.;=0.48 in summer and R.,=0.07,

200 ' 200
P - —;Eq.(_ll) ) - Eq.(11)
150 150 F
Z 100 % 100 -
50 50 -

Summer Winter

1 i i 0
0 50 100 150 200 0 50 100 150 200
BN2 BN2

Fig. 6 Scatter diagram of ASTER image BN, and BN; within the study area
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Fig. 7 Scatter diagram of BN, and BN; which calculated for each LAI
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R,5=0.42 in winter were obtained by measuring the reflectance on the broadleaf forest area of B observation area
which has the highest leaf density among other observation areas in this study (see Fig. 1). Furthermore, the
attenuation coefficient ¢ was obtained from the experiment which indicated the attenuation degree of absorption and
scattering by the group of leaves for the radiation energy passing inside the vegetation canopy. The ¢=0.6, ¢;=0.2 in
summer and ¢,=0.3, ¢;=0.1 in winter were applied in this study.

The distribution characteristics of the relationship between BN, and BN; for each LAI values were showed in
Fig. 7. The distribution was obtained by plotting the BN, and BN calculated for the arbitrary values of LAl and BN
in the Bq. 10. The distribution characteristics are mostly coincident as depicted in Fig. 6 and Fig. 7. However, the
scattered diagram in Fig. 7 distributes wider than that of Fig. 6, when the LAI is less than 1. The reason for this is
that the premise of the two-stream approximation model, e.g. the condition that the vegetation canopy covers the soil
totally was not satisfied as the LAI gets lower. Consequently, it is thought that Eq. 10 is appropriate to estimate LAI
values more than 2.

To verify the estimation method, the spectral reflection energy L) of an oak on various LAI was measured by
LI-1800 in the experiment field of Department of Agriculture, Saga University on August 9, 2007. Fig. 8 shows the
spectral reflection energy L's (4) after calibrating the differences of spectral reflection energy according to the elapse

of measuring time using the Eq. 14.

L, (A)=L,() 70

where, W, (1) = spectral reflection energy of standard reflection plate at culmination; # (1) = spectral reflection energy
of standard reflection plate at the measurement of Ly(1). - L', (1), which has the following relation to BN, of ASTER
data in i band (24), tends to be diminished at the range of visible wavelength as LAI increases.

BN, =(Lj, ~¢,)/ ¢, (15)

Lo,
=g (L (16)
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L= fé‘a [ ki (hdk, (17)
where, ¢, and e, are the coefficients on the offset and gain of ASTER sensor, ey=-0.1; ¢;=0.0708 for BN,, ey=-0.1;
€,=0.0862 for BN;. The unit of L', (A) is [mW om? st um™'].  The calculated LAI was derived from the application
of the LAI estimation method using the spectral reflection energy, reflectance and other parameters obtained from the
experiment. - Fig. 9 shows a comparison between calculated LAI and measured LAI by clip method. = As shown in
Fig. 9, the calculated LAI is higher than measured one in case of LAI>3, inversely, the calculated LAl is lower than
measured one in case of LAI<3. However, the difference between the calculated and measured LAI is comparatively
low within £20% usually. It is thought that the difference between the measured and calculated LAI occurs by
setting the attenuation coefficient, ¢ in constant value (LAI=3 and the slope of leave is horizontal) which depends on

the variations of three dimensional array of the group of leaves.
RESULTS AND DISCUSSION

In this study, a method for LAI estimation in the wide range of forest area from ASTER data of Terra satellite
was examined based on the electromagnetic wave absorption and scattering process inside the vegetation canopy.
The scattered diagrams of (BN,, BNs) obtained from Eq. 10 were mostly coincident with the scattered diagrams
obtained from ASTER data, indicating the validity of the estimation. To verify the preciseness of the estimation
method, we compared calculated LAI from the ASTER data with the measured LAI at specific observation points in
the forest area. Fig. 10 illustrates the comparison between the calculated LAT using the false position method by
applying the BN,, BN, of ASTER data in winter and summer to the LAI estimation method, and the measured LAI
using a plant canopy analyzer (L.AI-2000) on 16 observation points in the same seasons. As shown in Fig. 10, the
calculated LAI and measured LAI have a high correlation coefficient (,=0.97) and almost agree. The root mean
square error (RMSE) obtained in Fig. 10 was 0.315.  This result proved that the precision of calculated LAI is as high
as that of the measured LAL. However, the error due to shade of mountain should be considered. The open circles
in Fig. 10 indicate the relation between calculated LAI and measured LAI in the shade areas of mountain. The error
“caused by the shade of the mountain mainly occurred in winter. Because of the shade of the mountain, the calculated

LAI values from ASTER data in winter were likely lower than the measured LAL
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Moreover, we compared the measured LAI and NDVI (NDVI=(p3-p:)/(ps+p2), where, p=reflectance of i band)
which was obtained from ASTER data. - As a result, a correlative curve of the exponential function (see Fig. 11) was
obtained for the observation area. The RMSE obtained in Fig. 11 was 1.808. The semi-experiential LAI estimation
formula using a vegetation index was one of the methods used frequently to estimate LAI using remote sensing
technology. However, as illustrated in Fig. 11, the precision of the LAI estimation equation using NDVI is not
noticeably high because NDVI increased towards a certain value as LA increased, and its increase rate is low. in the
range of high LAI value. On the other hand, the estimation method proposed in this study yielded a good result even
at high LAI value. In this study, the atmosphere calibration was carried out by adopting the histogram minimum
method (25) which is one of the most simple atmosphere calibration methods.

The LAI distributions in summer and winter on the target region were remarkably different (see Fig. 12). . The
LAI values in summer and winter ranged 3~7 and 1~4, respectively. The average value of LAI in summer and winter
were 4.5 and 2.2, respectively.  The LAI distribution maps in summer and winter showed low LAI values from I to 2
in many places in spite of timberland. - In particular, this result typically appeared more frequently in winter than in
summer because of the mountain shade caused by the sun elevation at 11:10 a.m. at the time when the satellite passed.

The sun’s elevations were 63.9° and 31.6° at the time when the Terra satellite passed on August 18, 2007 and January
9, 2008, respectively. )

LAl distribution (August 18, 2007) LAI distribution (January 9, 2008)

Fig. 12 Distribution of estimated LAI derived from ASTER data in summer and winter



As confirmed by the distribution of mountain shade from the satellite image in the observation area, the satellite
images include distributions of the mountain shade of 3.6% and 10.3% in summer and winter, respectively. When we
calculated LAI from the satellite image in winter, it was thought that the serious calculation error occurred due to the
effect of mountain shade. The difference of LAI distribution in summer and winter is thought to reflect the
significant difference in the density of leaves and metabolic activity on the forest in both seasons. Accordingly, this
difference of LAI distribution in these two seasons is also considered to be inﬂuenced by the transpiration or water
circulation process. Furthermore, the distributions of the estimated LAI in summer and winter on the target area are

different because of the differences in the density of leaves and metabolic activity during these two seasons. .
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APPENDIX ~ NOTATION

The following symbols are used in this paper:

a = absorption coefficient;

a' = soil line slope;

I = scattering (reflection) coefficient;
b’ = soil line intercept;

BN,, =ASTER data of / band correspond to the reflectance above the highest canopy density (R.);

BN,; =ASTER data of / band correspond to the reflectance of the soil surface (R,);

c = attenuation coefficient;
eq = offset coefficient of ASTER sensor;
e, = gain coefficient of ASTER sensor;

i = downward radiation in the plant canopy;



J
1
Ly

L

Wo

= upward radiation in the plant canopy;

= thickness of layer from the top of the canopy to the bottom side of the canopy;
= gpectral reflection energy;

= calibration spectral reflection energy;

= reflectance from the plant canopy;

= reflectance from the highest canopy density;

= reflectance from the soil surface;

= reflectance observed with satellite sensor;

= reflectance of atmosphere;

= absorption rate of atmosphere;

= spectral reflection energy of standard reflection plate at the measurement of Ly; and

= spectral reflection energy of standard reflection plate at culmination.
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