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Forest  leaf  area  index  (LAI)  is a critical  variable  in  modeling  climates  and ecosystems,  and  is  required  on
regional  and  global  scales  for models.  However,  forest  LAI  has  proven  to be  difficult  to obtain.  In  this  study,
we sought  to improve  forest  LAI  retrieval  in  a large  study  area  in  the  Dayekou  forest,  Gansu  province,
by  combining  airborne  discrete  LiDAR,  MODIS,  and  MISR  data.  In our  retrieval  scheme,  canopy  height
is  the  key  parameter,  and  the canopy  height  precision  is of great  importance  when  estimating  LAI.  To
address  this  issue,  we  introduced  LiDAR  data  and  combined  it with  the  MODIS  and  MISR  products.  First,
the  canopy  height  for the  LiDAR  data  coverage  was  calculated  using  a local  maximum  filtering  algorithm
with  a variable  window  size. Then,  a multivariate  linear  regression  model  was  developed  to extrapolate
the  LiDAR-derived  canopy  height  to the  whole  study  area  using  the  MODIS  BRDF/Albedo  product.  In
addition,  the  bi-directional  reflectances  from  MODIS  and  MISR  were  used  to  invert  the  geometric-optical
mutual-shadowing  (GOMS)  model  structural  parameters  (nR2, b/R, h/b,  �h/b)  of  the  forest.  These  struc-

tural  parameters  were  then  combined  with  the forest  canopy  height  and  field measurements  to  retrieve
the  LAI  of  the  continuous  forest  area  at a 500-m  resolution.  After  comparison  with  the  true  LAI measured
by LAI-2000  combined  with  TRAC,  and  by TRAC  alone,  the  highest  R2 values  of  the  estimated  LAI were
0.73  and  0.69,  respectively.  The  results  indicate  that  the  LiDAR  canopy  height  derived  from  the  optical
multi-angle  remote  sensing  data  can  be  used  to retrieve  the  large-scale  forest  LAI  when  combined  with

rmat
the  canopy  structure  info

. Introduction

Forest structure estimation is critical in studies of global carbon
nergy-cycle systems and is required by many terrestrial ecosystem
odels. Forest canopy leaf area index (LAI), a critical forest struc-

ural parameter for accurately modeling energy, carbon, water,
nd climate, is required on regional, continental, and global scales

or models (Neilson and Drapek, 1998). LAI is defined as half of
he total green leaf area per unit of horizontal ground surface
rea (Chen and Black, 1992). Remotely estimating forest structure

Abbreviations: LAI, leaf area index; FAVD, foliage area volume density; GOMS,
eometric-optical mutual shadowing; BRDF, bidirectional reflectance distribution
unction; DEM, digital elevation model; DSM, digital surface model; CHM, canopy
eight model; USM, uncertainty and sensitivity matrix.
∗ Corresponding author at: State Key Laboratory of Remote Sensing Science,

ointly Sponsored by Beijing Normal University and the Institute of Remote Sensing
pplications, CAS, Beijing 100875, China. Tel.: +86-10-58805452.

E-mail address: songjl@bnu.edu.cn (J. Song).

168-1923/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agrformet.2014.01.009
ion  derived  from  GOMS  model.
©  2014  Elsevier  B.V.  All  rights  reserved.

potentially provides an ecologically significant advance over labo-
rious ground-based estimation methods, and has become widely
used to characterize forest structure (Lefsky et al., 2002). There
are two  main types of LAI inversion methods from remote sensing
data. One is to develop the empirical or semi-empirical relationship
between the vegetation indices and the LAI; the other type is based
on radiation transfer models using a look up table (LUT) or neural
network (NN) (Liang, 2004).

LiDAR, which is rapidly emerging as an active remote sensing
technique, has been successfully used to estimate the canopy
height, LAI, biomass, and other variables (Riaño et al., 2004; Lefsky
et al., 2005, 2007; Dubayah et al., 2010); however, current air-
borne and satellite-borne LiDAR systems can only provide sample
data and cannot provide data on the complete horizontal coverage
because of the high cost and lack of mapping capability (Sun et al.,

2006; Swatantran et al., 2011).

Though passive optical sensors cannot directly measure the ver-
tical vegetation structure, multi-angle directional reflectance data
from sensors such as MODIS and MISR can provide information on

dx.doi.org/10.1016/j.agrformet.2014.01.009
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2014.01.009&domain=pdf
mailto:songjl@bnu.edu.cn
dx.doi.org/10.1016/j.agrformet.2014.01.009
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List of variables

G radiation exitance from sunlit background surfaces
C radiation exitance from sunlit crown surfaces
P radiation exitance from shaded backgrounds
b vertical half axis of ellipsoid
R horizontal radius of ellipsoid
h height at which a crown center is located
n number of crown centers per m2 distributed in a

pixel
nR2 parameter that describes the crown coverage den-

sity in the nadir observation
b/R crown shape parameter that has a significant effect

on the coverage density in the non-nadir direction
h/b parameter to describe the height between the crown

and the ground; it mainly affects the outward width
of the hot spot

�h/b parameter that describes the dispersed degree of
the distribution of the crown height and affects the
bowl-shape of the BRDF

HLiDAR indi individual tree height extracted from LiDAR-built
CHM

HLiDAR mean mean of individual tree heights extracted from
CHM at the plot level

Hfield indi individual tree height measured in situ
Hfield mean mean of individual tree heights measured in situ

at the plot level
Hmodel mean canopy height derived from regression model
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The algorithm of the product is a kernel-driven linear BRDF model,
he BRDF characteristics of vegetation, and they have the imag-
ng capability to make up for the limitations of LiDAR systems
Kimes et al., 2006). Finding an approach that combines optical
emote sensing data and LiDAR datasets to retrieve regional and
lobal scale vegetation parameters is of great importance. Fu et al.
2011) used several forest pixels in Gansu, China, and successfully
etrieved forest LAI by combining optical multi-angle and airborne
iDAR data based on canopy reflectance model inversion. Wang
t al. (2011) estimated the regional forest height at three forest
ites in the United States by developing regression models that use
pectrally independent directional escape probabilities combined
ith MODIS BRDF/Albedo product and LVIS data. Lefsky (2010)

btained a global forest canopy height map  from MODIS and GLAS
ata using regression analysis; Chen et al. (2012) mapped a large
rea of fine-scale tree heights by integrating LiDAR data and Land-
at imagery using a geometric optical model and spectral mixture
nalysis.

Based on former studies, the objectives of our study are to
etrieve forest structural parameters, particularly forest LAI, by
ombining LiDAR and multi-angle remote sensing data, and to gen-
rate regional scale forest structure distribution information at a
00-m resolution.

To retrieve the forest structural parameters, four main steps
ere involved in this study. First, the canopy height was  extracted

rom the LiDAR data coverage; secondly, the LiDAR-derived canopy
eight was extrapolated to the whole study area, using the MODIS
RDF/Albedo product; thirdly, based on a GOMS model, some of
he canopy structural parameters were retrieved by combining the

ODIS and MISR multi-angle reflectance data; finally, the LAI of

he continuous forest area was estimated based on the parameters
etrieved in the previous steps. These four steps are illustrated in
ig. 1.
teorology 189–190 (2014) 60–70 61

2. Data and pre-processing

2.1. Study sites

The study area, Dayekou forest (38.6◦ E, 100◦ W)  (Fig. 2), is
located in the Qilian Mountain area of Gansu province in the arid
region of northwest China. The forest is influenced by the temperate
continental mountain climate, and the annual precipitation takes
place mainly in summer. Prevalent vegetation types at this site are
mountain pastures and forests, and the dominant forest type is
Piceacrassifolia. MODIS land cover product (MCD12Q1) was used
to select forest pixels, shown in green in Fig. 2, and the number of
forest pixels was 5173.

2.2. Field measurements

Field measurements were performed during June 2008 in 15
sample plots A, of size of 20 m × 20 m,  and 16 sample plots B, of
size of 25 m × 25 m.  Fig. 3 shows the distribution of sample plots
on the CHM image; the red squares represent the MODIS pixels
and the green and yellow crosses represent the locations of sample
plots A and B, respectively. There are five sample A plots inside the
green square belonging to a MODIS pixel whose land cover type is
open shrubland. Because non-forest pixels were not considered in
this study, the LAI value of this pixel was  not estimated.

Two  types of instruments, a LAI-2000 Plant Canopy Analyzer
(LAI-2000) (Gower et al., 1999) and Tracing Radiation and Archi-
tecture of Canopies (TRAC) (Chen and Cihlar, 1995) were used to
measure the effective LAIs (Le) and foliage clumping indices (˝)
of the sample plots (Chen, 1996). The true LAI was calculated as
the ratio between Le and ˝.  Thus, two  sets of sample LAI were
obtained from different combinations of Le and ˝:  Le measured by
LAI-2000 and  ̋ measured by TRAC, and Le and  ̋ both measured
by TRAC.

In addition, the geometrical structural parameters of each tree in
sample B, including tree height (Hfield indi), clear bole height (hclear),
horizontal radius of the tree crown (R), and the position of each tree
were measured (1656 trees in total). Field measurements were used
to estimate the accuracy of the LAI inversion results and the canopy
height obtained from airborne LiDAR.

2.3. Airborne LiDAR data

The airborne discrete LiDAR data for the study area were
acquired on June 28, 2008, using a Riegl LMS-Q560 laser scanner
with a maximum scan angle of ±0.5 mrad from nadir. The point
density was approximately 2–4 points/m2. The raw point cloud
data were processed using Terrasolid software to classify the data
into two types, i.e.,  ground points and non-ground points, which
can produce a digital elevation model (DEM) and a digital surface
model (DSM), respectively. A canopy height model (CHM) was cre-
ated at a resolution of 0.5 m by subtracting the DEM  from DSM, as
shown in Fig. 3. The CHM represents a three-dimensional surface
that characterizes the canopy height.

2.4. MODIS BRDF/Albedo product

The global land surface MODIS BRDF/Albedo product (MCD43)
used multi-day, cloud-free, atmospherically corrected surface
reflectance data to establish the best-fit BRDF models in seven spec-
tral bands at 500-m resolution every 16 days on an 8-day cycle.
known as the Ross-Thick/Li-Sparse Reciprocal (RTLSR) kernel-
driven BRDF model (Roujean, 1992; Wanner et al., 1995; Lucht
et al., 2000; Schaaf et al., 2002). This model uses a constant term for
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Fig. 1. Flow chart 

sotropic scattering, the Ross-Thick kernel for volumetric scatter-
ng, and the Li-Sparse-Reciprocal kernel for geometric scattering.

The collection 005 standard operational MODIS BRDF/Albedo

roduct includes the best-fit and well-sampled RTLSR model
arameters (MCD43A1), which contains the first seven spectral
ands of MODIS (centered at 648 nm,  858 nm, 470 nm, 555 nm,
240 nm,  1640 nm,  and 2130 nm)  and three additional broad

ig. 2. Map of Dayekou forest from MODIS land-cover product (Pixels in green are forest p
s  referred to the web version of this article.)
ents

 retrieval method.

bands (0.3–0.7 �m,  0.7–5 �m,  0.3–5 �m).  The nadir (view-angle-
corrected) surface reflectances at each location (MCD43A4), giving
extensive quality information (MCD43A2), are also included.
The RTLSR model parameters (MCD43A1) were used to calculate
the forest pixel reflectances along the principal planes at differ-
ent angles to fit the model for estimating tree heights, as will be
described later.

ixels). (For interpretation of the references to color in this figure legend, the reader
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Fig. 3. Distribution of sample plots on CHM (a) MODIS pixel where sample B is located, (b) deleted MODIS pixel, which comprises five sample A plots, and (c) distribution of
sample  plots on CHM (red squares represent MODIS pixels, green crosses represent the locations of sample A plots, and yellow crosses represent the locations of sample B
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.5. MODIS, MISR, and SPOT reflectance data

The MODIS and MISR reflectance products were used to build
 multi-angle bi-directional reflectance dataset of the study area
orest pixels. The observed azimuth of the two sensors is approx-
mately perpendicular, so the combination of the two products
an add to the observation information. The MODIS 500-m bi-
irectional surface reflectance data (MOD09A1) were obtained
rom the NASA Distributed Active Archive Center (DAAC) on ISIN
ile h25 v05 for the dates spanning May  1–July 28, 2008, a total of
2 scenes. The MOD09A product is produced in 8-day maximum-
uality composites in 500-m pixels and with observations with
inimal cloud cover, low solar zenith angles, and near-nadir views

eing chosen (Vermote and Vermeulen, 1999). The MISR 1.1-km
eflectance data are acquired with view angles of 0◦, ±26.1◦, ±45.6◦,
60.0◦, and ±70.5◦. Radiometrically calibrated reflectance data at
ach angle are obtained at four spectral bands 446, 558, 672, and
66 nm (Diner et al., 1998).

One of the input parameters of GOMS model, the multi-angle
eflectance dataset, was constructed using the following procedure.
irst, each of the MISR pixels was divided into four 500-m pix-
ls with the same reflectance values and observation geometries,
o ensure that MODIS and MISR had the same spatial resolution.
econdly, the projections of both MODIS and MISR were trans-
erred into UTM, WGS84. Finally, the geometric information (sun
enith angle and azimuth angle, viewing zenith angle and azimuth
ngle) of each pixel and the reflectance values of the red and
ear-infrared bands were extracted to construct the multi-angle
eflectance dataset of each pixel. The MRT  tool was used for batch
rojection transformation of the MODIS data, and the GCTP library
unction was used for projection transformation of MISR and co-
egistration with the MODIS image, in which the MODIS image was
aken as the base image (Demcsak, 1997). Fig. 4 shows the MISR
nd MODIS false color RGB composite images of the study area.

he MISR image (left) is from path 134, orbit 44777, and the MODIS
mage (right) is from the 121st day of 2008. By comparing the tex-
ures of these two images, we can conclude that the processing was
uccessful because their textures coincide well; inspection of a set
rred to the web version of this article.)

of feature points shows that the geographic registration error was
less than half MISR pixel (500 m).

SPOT-5 multi-band image was obtained on August 10, 2008,
with the spatial resolution of 10 m.  The FLASSH model was used for
atmospheric correction of the SPOT-5 image. The SPOT data were
mainly used to extract prior knowledge of three spectral parame-
ters (G, C, and P) of the forest canopy.

3. Methods

3.1. Extracting canopy height from LiDAR data

LiDAR can directly measure the three-dimensional structures
of forests, and studies have shown that airborne LiDAR provides
a high measurement accuracy for terrain elevation and vegetation
heights, even on sloped terrain or for dense forests (Popescu et al.,
2011).

Based on the CHM built in Section 2.3, the individual tree heights
(HLiDAR indi) were derived using a local maximum filtering with
a variable square window. This approach has been described by
Popescu et al. (2002). The local maximum algorithm operates on
the assumption that the highest laser value in a spatial neighbor-
hood represents the apex of a tree crown. The window size used to
search for treetops is derived from the relationship between a tree’s
height and its crown size. The tree height and crown size data from
the field inventory in sample B were used to derive the relationship

Crown size = 0.209 × H + 1.2 (1)

where H is the tree height (m); the R2 value of this linear relation-
ship is 0.60.

The field inventory data show that the minimum tree height is
1.9 m.  Thus, the first step in the algorithm is to threshold the CHM
values to eliminate shrubs and understory vegetation, using this
minimum tree-height value. Then, the height value at each pixel of

the CHM is read, and the window size is calculated using Eq. (1), to
search for the local maximum; this is performed if the current pixel
corresponds to the local maximum and is identified as the treetop.
Once the location of each identified tree crown has been estab-
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Fig. 4. (a) MISR false color RGB composite image of path 134, orbit 447

ished, the CHM is sampled only at the positions of the tree apex to
etermine the height of each tree. Finally, we calculate the mean
ree height for each corresponding MODIS pixel at a resolution of
00 m (HLiDAR mean). To evaluate this process, the LiDAR-derived
anopy height was compared with the tree field measurements in
6 subplots of sample B (see Section 4.1).

.2. Extrapolation of canopy height to the whole study area

A major limitation of LiDAR is that only sample data for a region
an be acquired. In this study, a multivariate linear regression
odel was developed to extrapolate the LiDAR-derived canopy

eight to the whole study area. Reflectance values calculated from
he MODIS BRDF model parameters (MCD43A1), which were along
he principal plane at seven view zenith angles (0◦, ±26.1◦, ±45.6◦,
60◦), seven MODIS bands, and a 38◦ sun zenith angle, were used as

ndependent variables, and the mean canopy heights were response
ariables.

To give an estimate of the predictive error in extrapolating
he tree height, a bootstrapping method was used. The plot-level-
eight dataset derived from LiDAR (HLiDAR mean), which has 142
500 m × 500 m)  pixels, was randomly partitioned into training and
esting sets; half of the pixels were chosen for training and the
ther half for testing. The RMSE (root-mean-square error of the
redicted versus true target value of the model) and R2 (coefficient
f determination of the predicted versus true target value of the
odel) were calculated to document the model accuracy (see Sec-

ion 4.2). To find the best regression model parameters, this process
as repeated 500 times; the regression results are given in Section

.2.

.3. Extraction of GOMS model structural parameters

As stated above, our third scheme was to extract the GOMS
odel structural parameters from MODIS and MISR reflectances.

ased on the Li–Strahler geometric-optical model, GOMS model
olves the problems of hotspot and mutual-shadowing effects of
rowns at large zenith angles, and is more suitable for forests with
igh crown densities (Li and Strahler, 1992). GOMS model treats
he basic crown shape as a spheroid and assigns four parameters to
escribe the spheroid (b, R, h, n); it also incorporates three multi-
pectral reflectance vectors (G, C, and Z). Assuming that there are

hree types of scene components in a pixel, i.e.,  sunlit background,
unlit crown, and shadowed surface, the reflectance of a pixel can
e modeled as a sum of the reflectances of its individual scene com-
onents, weighted by their respective areas within the pixel. The
 (b) MODIS false color RGB composite image on the 121st day of 2008.

area proportion can be expressed by a combination of the forest
crown structural parameters:

Reflecntance = f (�i, �i, �v, �v, �s, �s, nR2, b/R, h/b, �h/b, G, C, Z) (2)

where�i and ϕi are the sun zenith angle and azimuth angle, respec-
tively, �v and ϕv are the viewing zenith angle and azimuth angle,
respectively, and�s and ϕs are the slope and aspect, respectively,
within the pixel.

3.3.1. Input parameters
The input parameters of GOMS model include the multi-angle

reflectance dataset constructed in Section 2.3, and terrain infor-
mation (slope and aspect of each pixel) extracted from the DEM.
In addition, prior knowledge of the canopy structure and spectral
parameters is also needed to reduce the uncertainty of the inversion
process (Li et al., 1998). In the present study, prior knowledge of
the three spectral parameters was extracted from the atmosphere-
corrected image SPOT-5, and the four structural parameters were
obtained from the in situ measurement statistics of each tree. The
initial estimates and uncertainties of the seven parameters are
given in Table 1. RG, RC, and RZ are G, C, and Z, respectively, in
the red band, and NIRG, NIRC, and NIRZ are G, C, and Z, respectively,
in the near-infrared band.

3.3.2. Model inversion strategy
The multi-stage, sample-direction-dependent, target-decisions

(MSDT) inversion strategy proposed by Li et al. (1997) was adopted
in this study. This method realizes segmentation of the observation
data and the parameters to be inverted. The most sensitive obser-
vation data are used to invert the most sensitive parameters. The
previous inversion result is taken as the prior knowledge in the next
inversion stage.

The MSDT inversion strategy is based on the uncertainty and
sensitivity matrix (USM) of the parameters in a given direction or
bands of observation. The USM is an objective expression of the
prior knowledge and is used to determine the order of the param-
eters to be inverted, as well as the segmentation of the observation
data in each order. The USM elements can be expressed as

USM(i, j) = �BRDF(i,  j)
BRDFexp(i)

(3)

where �BRDF(i,  j) is the maximum difference of BRDF as a function
of only the jth parameter within its uncertainty, given the ith geom-
etry of illumination and viewing, and BRDFexp(i) is the BRDF value

predicted by the model at the ith geometry, with all parameters at
their expected values.

Sensitivity analysis of the USM is illustrated in detail in Fu et al.
(2011), and our inversion process is performed accordingly (see
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Table  1
Prior knowledge of GOMS model parameters.

Structural parameters Spectral components (R) Spectral components (NIR)

nR2 b/R h/b �h/b RG RC RZ NIRG NIRC NIRZ
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difference is a result of the low point density of the LiDAR system,
so trees with a low height or that are beneath a higher tree cannot
be detected. As found by Popescu et al. (2002), the number of trees
proved to be one of the most difficult parameters to estimate with
Initial estimate 0.37 1.6 3.02 5 

Upper boundary 0.1 0.74 1 0 

Lower boundary 0.8 7.5 10 10 

ection 4.1). The essence of the iterative inversion process is adjus-
ing the model parameters to make the model output reflectance
s close to the input observation reflectance data as possible. To
uantify this closeness, a cost function is adopted (Tarantola, 2005)

(g) = 1
2

⎧⎨
⎩

N∑
n=1

[
fn(g) − yobs

n

sn

]2

+
L∑

l=1

[
xl − xprior

l

sl

]2
⎫⎬
⎭ (4)

here yobs
n and fn(g) are the observed reflectance and correspond-

ng modeled reflectance values, respectively. The variables �2
n and

2
l

are the variances of the observation data and the prior distri-

ution of parameters, respectively. The variables xl and xprior
l

are
he parameter value used in the model and the initial value of
he parameter, respectively. The number of observation samples
s N, and L is the number of parameters. Sequential quadratic pro-
ramming (SQP), which is an excellent optimization algorithm for
olving nonlinear programming problems (Boggs and Tolle, 1995),
s adopted to search for the cost function minimum.

According to the sensitivity analysis, the steps for inversion and
egmentation of the BRF data in each step are as follows:

1) use the red band reflectance dataset with backward-viewing
directions and large viewing zenith angles to invert RC;

2) use the red band reflectance dataset with small viewing zenith
angles to invert RG;

3) use the red band reflectance dataset with forward-viewing
directions and small viewing zenith angles to invert RZ;

4) use the near-infrared band reflectance dataset with backward-
viewing directions and large viewing zenith angles to invert
NIRC;

5) use the near-infrared band reflectance dataset with large view-
ing zenith angles to invert b/R, �h/b, and NIRZ;

6) use the near-infrared band reflectance dataset with small view-
ing zenith angles to invert NIRG;

7) use the reflectance datasets for May, June, and July to invert
nR2(May), nR2(June), and nR2(July), respectively;

8) use the reflectance datasets of both bands at small viewing
zenith angles to invert h/b.

.4. LAI estimation

In the present study, the structural parameters inverted by
OMS model combined with the canopy heights derived from
iDAR data only provide the tree crown structure information, so
he volume of the tree crown, namely the ellipsoid, can be calcu-
ated as (Fu et al., 2011)

 = 4bR2�

3
(5)
However, the foliage distribution information inside the crown
s still unknown. Because the structural parameters are obtained
or each tree in sample B, and the LAI is obtained for the sample,
0.107 0.044 0.015 0.42 0.38 0.09
0 0 0 0 0 0
1 1 0.07 1 1 0.22

the average foliage area volume density (FAVD), 	, of this sample
can be defined as

	 = LAI
A∑i=m

i=1 Vi

(6)

where LAI is the LAI of the sample B forest canopy, A is the area of
the sample, and Vi is the ith crown volume inside the sample. Note
that it is assumed that the average FAVD is uniformly distributed
across the crowns of the sample plot. If most of the trees in a study
area, including the sample plot, belong to the same species, the LAI
of the forest canopy of the pixel can be calculated as

LAI = n · V · 	 = 	4bnR2�

3
(7)

where n is the number of crown centers distributed in a pixel per
m2, and nR2 can be directly obtained by GOMS model. The vertical
half axis of the ellipsoid b is related to h/b and H.

4. Results

4.1. Canopy height of LiDAR coverage

To evaluate the variable window-sized local maximum filtering
approach, the LiDAR-derived tree heights were compared with the
field-surveyed tree heights of 16 subplots within sample B. Fig. 5
shows the locations of the extracted single trees from sample B,
which are basically located at the center of the highlighted circles
of the CHM. According to the sample B field data, there are 1656
trees in sample B, and the number of extracted trees is 513. This
Fig. 5. Locations of extracted single treetops in sample B on CHM.
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irborne LiDAR, and the results show similar R2 values for pine and
eciduous plots (0.26).

The accuracy of HLiDAR mean was validated using the field mea-
urements of sample B. By dividing sample B into 16 subplots, we
alculated the field-surveyed mean canopy height (Hfield mean), and
ts standard error for each subplot, from the field individual tree
eights (Hfield indi). A comparison of these two types of mean height
hows that HLiDAR mean corresponds well with Hfield mean, with an R2

f 0.64 and an RMSE of 0.94 (Fig. 6a). Fig. 6b shows the mean canopy
eights and corresponding standard deviations of LiDAR-derived
nd field-survey data for the 16 subplots. We  find that within each
ubplot, not only the mean height, but also the height distribution,
re quite similar.

.2. Canopy height of whole study area

The MODIS BRDF/Albedo products of different days were tested
o achieve the best results in extrapolating the LiDAR-derived
eight to the whole study area. Here, the BRDF/Albedo products

or eight continuous days near the day of the LiDAR data acquisi-
ion were selected (DOY = 177, 185, 193, 201, 209, 217, 225, and
33). Table 2 shows the performances of these 8-day products

n estimating canopy height; the RMSE and R2 of the bootstrap-
ing procedure are given. The probability of correct retrieval is
he percentage of tree-height differences between LiDAR-derived
nd model-estimated heights that are less than 2 m,  and the high-
uality pixels here are the albedo product pixels, which are flagged
s 0 in MCD43A2.

Table 2 shows that the best result, with the highest R2 and lowest
MSE, was achieved using the day-185 albedo product, and it also
hows that the probability of correct retrieval can reach 88.7%. The
owest R2 (0.13) was calculated when the albedo product quality

as at its worst. However, the albedo product of the highest-quality
ay only achieved an R2 of 0.39, mainly because the further away

rom the day on which the LiDAR data were acquired (DOY179),
he more uncertainties could arise and decrease the extrapola-
ion accuracy. From Table 2, we can conclude that there are two

ain factors that influence the extrapolating ability of the albedo

able 2
ests using MODIS BRDF/Albedo products from different days to estimate canopy height.

DOY 177 185 193 

RMSE 1.74 1.2 1.86 

R2 0.47 0.67 0.35 

Correct retrieval (%) 83.1 88.7 81.7 

High-quality pixels (%) 92 94 67 
LiDAR_mean

Fig. 7. Model-predicted heights versus LiDAR-derived heights.

product: the quality, and the closeness to the day on which the
LiDAR data were acquired.

By repeating the random selection of training and testing data
500 times, the range of the R2 of the regression is between 0.1
and 0.67 when using the day-185 albedo product, and the prob-
ability that R2 is greater than 0.40 is 42.8%. Fig. 7 shows a graph
of HLiDAR mean versus Hmodel, obtained using the best-performing
albedo product, that of day 185. This model was then applied to the
whole study area to yield the canopy height of the Dayekou forest
(see Fig. 8). As shown in Fig. 8, the canopy heights of most of the
pixels are less than 20 m,  and the apex appears when the canopy
height reaches 7.47 m.
5. Inversion of GOMS model

A total of 5173 forest pixels with a resolution of 500 m were
selected using the MODIS land-cover product (MCD12Q1), and

201 209 217 225 233

1.94 1.84 1.57 1.90 2.14
0.13 0.38 0.48 0.39 0.36

82.3 88.7 87.3 86.6 82.3
49 81 100 88 99
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Fig. 8. (a) Canopy height distribution of Dayekou forest and (b) histogram of Dayekou forest canopy heights.
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Fig. 9. Histograms of structural parameters inverted by GOMS model (red lines represent the mode of each histogram). (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of this article.)
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he statistical results for the structural parameters of these pixels
nverted by GOMS model are shown in Fig. 9. As shown in the fig-
re, the statistics for the four structural parameters are confined
o a reasonable range compared with the Dayekou forest field-
urvey (Table 1). The red line in each subplot represents the mode
f the histogram. Comparing the position of the red line in each
ubplot of the figure’s second column shows that the line shifts to
he right with each month. This is caused by the growth habit of
iceacrassifolia,  which thrives from May  to June.

.1. Estimation and validation of forest canopy LAI

According to the field-inventory structural parameters of each
ree in sample plot B, a strong linear regression between the tree
eight (H) and clear height (h) can be derived, with an R2 value of
.97:

 = 0.6337h + 0.2692 (8)

Therefore, the vertical half axis of ellipsoid b can be calculated
s:

 = h

h/b
= (H − 0.2692)/0.6337

h/b
(9)

In addition, by using the LAI field measurements and the struc-
ural parameters for sample plot B, the average FAVD can be derived
ccording to Eqs. (5) and (6); the result is 0.59 m−1. As in Eq. (7),
ecause the variable nR2 (for May, June, and July) was retrieved

sing GOMS model, the average FAVD was calculated. Additionally,

 was calculated from H and h/b (also retrieved by GOMS model).
herefore, the LAI (for May, June, and July) of the whole study area
ould be calculated. The results are shown in Fig. 10; the range
tributions in May, June, and July respectively. (For interpretation of the references

of LAI values is from 0 to 6. For May, June, and July, a mode (the
red line) appears when the LAI value reaches 1.45, 1.61, and 1.67,
respectively.

Note that there are two types of tree height (H) in the LiDAR-
covered area. One is directly retrieved from the LiDAR data, and the
other type is retrieved from the regression model. Here, we call the
process of calculating LAI using the LiDAR-derived height Method
1, and that using the model-derived height Method 2.

Based on the statistics for the MODIS LAI product in our study
area, 98.8% of the MODIS LAI values are less than 2, whereas most of
the estimated LAI values range from 0 to 6. There are two  possible
reasons for these results: one is that, according to a previous study
(Hu and Zhang, 2005), MODIS LAI underestimated the true Dayekou
forest LAI value; the other is that they could arise from estimation
errors.

For further validation, the LAI measured in situ was compared
with the estimated LAI and the MODIS LAI product. As described in
Section 2.2, the LAI-2000 and TRAC measurements of forest LAI in
sample plots A (20 m × 20 m)  and B (100 m × 100 m)  were obtained.
Given the scale mismatch between the in situ measurement and
the estimated LAI, the estimated LAI must first be decomposed to
the in situ scale to give a robust validation. According to Eq. (7),
from which the LAI is calculated, the relationship between LAIs at
different scales (subpixel and pixel) is as follows:

LAIsubpixel

LAIpixel
= (b · �nR2)subpixel

(b · �nR2)pixel
(10)
where LAIsubpixel is the LAI value at the subpixel scale, namely the
field-sample level, and LAIpixel is the LAI value we  estimated. The
parameters on the right side of Eq. (10) can be obtained from the
LiDAR image: b can be calculated from H, and �nR2 is considered
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ig. 11. Validation results for the LAI. (a, c, and e) The true LAI measured by LAI-2000
ODIS LAI, respectively. (b, d, and f) The true LAI measured by TRAC versus the LAI 

o be approximately equal to the canopy cover factor, which can
e calculated as the ratio between the number of canopy pixels
nd the number of corresponding CHM pixels classified with a zero
hreshold.

The 21 sample plots with their corresponding estimated LAI and
ODIS LAI were retrieved by the decomposition process. Fig. 11

hows the validation results for LAI. Fig. 11(a), (c), and (e) show the
rue LAI measured by LAI-2000 and TRAC, versus LAI estimated by

ethod 1, LAI estimated by Method 2, and MODIS LAI, respectively.
ig. 11(b), (d), and (f) show the true LAI measured by TRAC, versus
AI estimated by Method 1, LAI estimated by Method 2, and MODIS
AI, respectively.

Results show that although Method 2 achieves a slightly lower
2 than Method 1, both of these methods can achieve a high accu-
acy in retrieving LAI, with highest R2 values of 0.73 and 0.69,
espectively, compared with the true LAI measured by LAI-2000 and
RAC combined, and with LAI measured by TRAC alone. However,
ODIS LAI show very low R2 values compared with the field-
easured LAIs (Fig. 11e and f), and the RMSE value between the
ODIS LAI and measured LAI (3.39) is higher than that between the
ethod 1 and Method 2 LAI values (0.82 and 0.72). Fig. 11 indicates
hat MODIS LAI product underestimated the forest area of our study
ite. The validation results also show that the combined measure-
ents of LAI-2000 with TRAC are closer to the estimated LAI than

he TRAC measurements alone; this result agrees with previous
RAC, versus the LAI estimated by Method 1, the LAI estimated by Method 2, and the
ted by Method 1, the LAI estimated by Method 2, and the MODIS LAI, respectively.

studies showing that TRAC tends to slightly overestimate the LAI
for dense canopies. It is recommended that LAI-2000 and TRAC
combined measurements be used, to obtain the most reliable LAI
measurements (Chen et al., 2006; Xing et al., 2010).

6. Discussion and conclusion

In this study, we investigated forest LAI retrieval, with continu-
ous areal coverage, using LiDAR combined with optical multi-angle
directional reflectance data (MODIS, MISR). A unique feature of our
study is the capability for continuous LAI retrieval by combining
the extrapolated LiDAR forest canopy heights from MODIS data and
GOMS model structural parameters. Results show that this method
achieved a high accuracy in our study area, with highest R2 values
of 0.73 and 0.69, respectively, compared with the true LAI mea-
sured by LAI-2000 and TRAC combined, and by TRAC alone. These
results are a significant improvement in the forest LAI estimation
compared with those obtained using the MODIS LAI product.

However, it must be noted that the method of extrapolating the
forest canopy height using the MODIS multi-angle data only applies
to pixels that have relatively high forest coverage. When the pixel

also includes bare soil or other surface features, the accuracies of
the estimated heights for this pixel worsen and, thus, the accuracy
of the forest LAI retrieval is worsened. Moreover, the heterogene-
ity inside the MODIS or MISR pixels, and the co-registration error



7 est Me

b
i

t
f
t
t
f
s
d
a
S
s
a
r
a
2
c

A

f
2
C
2
P
o
p
l
t

R

B

C

C

C

C

C

D

D

D

F

G

H

0 H. Ma et al. / Agricultural and For

etween different sources of data, are other sources of uncertainty
n this study (Tan et al., 2006).

Further research is needed to consider the following issues. First,
he Dayekou forest study area is a coniferous forest with Piceacrassi-
olia as the predominant tree species; the presented method needs
o be tested on more forests with different tree species. Secondly,
he FAVD inside the canopy crown is assumed to be constant in the
orest; actually, it can vary both vertically and horizontally. Further
tudy on extracting information about the vertical and horizontal
istributions of the FAVD from the full-waveform LiDAR data, such
s that obtained by the space-borne Geoscience Laser Altimeter
ystem (GLAS), could help to improve LAI estimates. Finally, in this
tudy, LAI was validated using in situ measurements by LAI-2000
nd TRAC; recent studies have shown that LiDAR-derived high-
esolution LAI map  can give reliable reference data for validation of

 coarse-resolution LAI map  (Zhao and Popescu, 2009; Jensen et al.,
011); it is recommended that future work should take this into
onsideration.
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