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Fig.2 Landslide in Dashuchang Town
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Ground-based interferometric synthetic aperture radar and
its application in monitoring typical slopes

LIU Bin, GE Daqing, LI Man, ZHANG Ling, WANG Yan, GUO Xiaofang, WANG Yi
( China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China)

Abstract; In order to do real-time monitoring of slope movement and study the time-series displacement analysis
of IBIS-L. GB-InSAR, the authors designed and optimized the observation schemes and data processing methods.
Landslide of Dashuchang Town, unstable slope of Shennongjia forest region, and open-pit slope of Beizhan iron
mine were monitored through the technology. The glacier in the south of Beizhan tunnel was also experimentally
measured. The results of GB-InSAR monitoring showed that GB-SAR devices have high observation stability under
complex working conditions, and the accuracy of GB-InSAR can reach sub-millimeter level with proper observa-
tion conditions. GB-InSAR has become an important technique to monitor the slope displacement. This extends
the displacement monitoring mode, making it transferring from “large-scale, wide-coverage” satellite InSAR to
“small-scale, locally refined measurement” GB-InSAR. Therefore, it further enriches the understanding of slope
deformation phonomenon, and lays the technical foundation for“satellite-ground” combined InSAR to monitor sur-
face deformation process.

Key words: Ground-based interferometric synthetic aperture radar ( GB-InSAR ) ; landslide; unstable slope;

open-pit slope; glacier movement
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Remote sensing investigation of mineral resources development

environment in Northeastern Xinjiang

WANG Hao',

LI Li', LIU Xue?,

LI Hao’

(1. China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China;

2. China University of Geosciences ( Beijing) ,

Abstract .

Beijing 100083, China)

To meet management requirements of the country and Ministry of Natural Resources, the remote sens-

ing of mineral resources development environment in Northeastern Xinjiang was conducted in 2016. With combi-

nation of computer automatic extraction and man-computer interactive interpretation, and combination of indoor in-

terpretation and field verification, the authors roughly ascertained the mine development, mine geological environ-
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ment , mine environmental recovery management ( including “Re-greening Project” ) and execution of mineral re-
sources planning situations in the study area. Based on the research results of the background data, and according
to the influence degree of the geological environment, the authors carried out comprehensive evaluation of the re-
gional mineral resources and the exploratory research on tailing composition. The monitoring results show that the
mine development order in Northeastern Xinjiang is good overall and the mine geological environment has been
partly improved. The monitoring results could provide some data support for the management of relevant depart-
ments, and for the next round planning of mineral resources in Xinjiang.

Key words: Northeastern Xinjiang; mine development situation; mine geological environment; mineral resources
planning; remote sensing monitoring
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Research on Land Intensive Use Assessment of Coal Mining Land- Example from 21 Underground
Coal Mines of Yangquan City

XU Wenjia', YE Dd’
(1.China Land and Resources Aerial Geophysical Remote Sensing Center, Beijing 100083;2. China Construction Second Engineering Bureau
Ltd, Beijing 100160)
Abstract: Chose 4 indicators to establish an assessment system for coal mining land intensive use and took 21 underground coal mines
in Yangquan city as samples, used coefficient of variation method and clustering analysis to quantify analysis on coal mining land
intensive use. It showed that land intensive use level of the 21 mines was generally low. From the view of time change, the highest
level of mins land intensive use appeared in 2013, followed by 2012 and 2014; from the view of spatial variation, higher level of
land intensive use were Yunyu Mine, Kaiyuan Mine, Sankuang Mine and Nanzhuang Mine, lower ones were Wenjiazhuang Mine,
Sijiazhuang Mine and Nanling Mine. Factors that affected land intensive use of mines were, first, intensive use level of coal; second,
recovery of damaged land; third, investment on mines; and fourth, land developing order of mines.
Key words: underground mines; coal mining land; land intensive use; assessment; Yangquan
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Application Potential of High Resolution Remote Sensing Images in
the Third National Land Survey: a Case Study of Chongqing

SUN Xiyong', MIAO Jing’, WANG Jin’, ANNa'; BUFan', YU Hang', YIN Yaqiu'
(1. China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083, China;
2. Real Estate Registration Center. MLR. PRC, Beijing 100812, China;
3. China Land Surveying and Planning Institute, Beijing 100038, China)

Abstract: Based on the high resolution remote sensing image, according to the provisions of land use survey and
the monitoring process; the research work of land use change is carried out in Chongqing as the research area, and
the application potential of the high score remote sensing image in the third national land survey is evaluated and
analyzed, and the rational use of land in Chongqing is proposed. For real and accurate basic data. The study showed
that 16 916 plots were extracted from the land use change survey in Chongqing in 2016, with an area of 170 912 mu.
The total number of spots in 2016 increased by 2008 than that of 2015, with an increase of 13.47%; the total area of
the spot was 7 453.7 mu in comparison with 2015, and the percentage increased by 4.56% , which mainly increased
the pattern of the plaques of second; fifth, seventh. Finally, the application of high resolution remote sensing images
in the third national land survey is prospected.

Key words: high resolution image; land use; change survey; the third national land survey
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Fig.1 Satellite image map of land use change survey 2016 in Chongqing
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Fig.2  Original multispectral and panchromatic images
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Fig.3 Fusion method test (construction land)
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Fig.4  Comparison of texture details in construction land fusion
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Fig.5 Fusion method test (agricultural land)
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Fig.6 Comparison of texture details for agricultural land fusion
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Tab.4 Typical cases of features of Chongqing City
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Tab.5 Comparison of patch types for remote sensing monitoring in 2015 and 2016

Fy FAY 2B 123 K5 5 EBE 6 F KBt 7R e
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PSR AR 67711.0 39 089.7 8524.8 1 466.1 28 089.7 18 577
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BEANE b B /MR B B (B I BT AR A TR . SR EE ORI 2 2 R BEAN 7 SR IR B
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Tab.6  Comparison table of area classification of remote sensing monitoring in 2015 and 2016
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LRI R R AR AES R R R A DIRE XS, DA IIRe% O X . A FE i X 43R o 1
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Tab.7  Comparison of patch types of remote sensing monitoring in five major functional areas of Chongqing in 2016
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Tab.8 Comparison of charts in Chongqing five major functional areas in 2015 and 2016
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Analysis of Urban Expansion in Recent 40 Years of Xiong’an New Area

Based on Multi—source Remote Sensing Data
Sun Xiyong', Miao Jing’, Yu Hang', Yin Yagiu', Wang Yajuan’
(1. China Aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083;
2.Real Estate Registration Center, MLR, PRC. Beijing 100812;
3. School of Earth Science and Mapping Engineering, China University of Mining and Technology (Beijing), Beijing 100083)

Abstract: In order to understand the urban expansion change of Xiong’an new area in the recent 40 years
and its development focus, taking the satellite remote sensing images in different periods as the data source, the
change of urban expansion in the last 40 years was analyzed by GIS. The results showed that over the past 40
years, the land areas in three countries of Xiong’an from the end of 70s to the end of 80s belonged to low speed
expansion; from the end of 80s to early twenty—first century medium and high speed expansion; from the begin-
ning of twenty—first Century to 2006 medium and fast expansion; and from 2006 to 2014 slow and low speed ex-
pansion. From the end of 70s to 2014, the development trend of the three counties on the spatial agglomeration
is obvious, and they all develop toward the northeast, that is, Beijing and Tianjin, and highlight the agglomera-
tion effects of Beijing and Tianjin. In the mode of development, at first, it develops along the main urban area,
and in the latter period it shows filling and star shaped development.

Key words: multi—source remote sensing; urban expansion; spatial analysis
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The analysis of seismic controlling factors of
Danjiangkou Reservoir based on remote sensing and

aeromagnetic data

LI Yichuan!, YU Xuezhong!, LI Jiaojiao!, LI Shijun!, XU Luping!
1.China aero Geophysical Survey and Remote Sensing Center for Land and Resources, Beijing 100083,
P.R.China.

Abstract: As the starting point of the South-to-North Water Diversion Middle Line Project, the
stability of the basement of the Danjiangkou Reservoir and the source area has received much
attention. In this paper, the fault structure of the Songwan earthquake area, the high-incidence area
of the Danjiangkou Reservoir, is analyzed by fusion enhancement processed GF1 and ETM data. It
is considered that the concentrated distribution area of the earthquake is located in the intersection
of a series of north-west and north-north direction linear structures, where is also considered to
contain a large circular structure. According to the aecromagnetic AT data, a large-scale broad
magnetic anomaly is located in the middle and south of the concentrated seismic distribution area,
which is presumed to be a concealed medium-acid intrusive rock mass. The circular structure is the
product of one of the relatively shallow buried concealed rocks. In this contribution, we
comprehensively analyze the main factors of frequent earthquake activity in the Songwan area
from the perspective of remote sensing and aeromagnetic data, and provide a reference for
subsequent stability research and earthquake prevention.

Key words: Remote sensing, Aeromagnetic, Earthquake, Controlling factors, the Danjiangkou

Reservoir
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ARTICLE INFO ABSTRACT

Keywords: Fraction of absorbed photosynthetically active radiation (FPAR) is a key parameter in ecosystem productivity

FPAR and carbon balance estimation. FPAR can be estimated from various satellite images but its product might have

Reflectance significant differences due to the usage of various algorithms. This work proposes a generalized FPAR retrieval

Gfeneralized method method for Landsat 5/ Thematic Mapper (TM), Landsat 7/Enhanced Thematic Mapper Plus (ETM + ), Landsat 8/

Different sensors Operational Land Imager (OLI), Moderate Resolution Imaging Spectroradiometer(MODIS), Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), SPOT/VEGETATION, and HJ-1/CCD in the
form of two linear models, namely, the BOA (bottom of atmosphere) model and the TOA (top of atmosphere)
model, to reduce FPAR discrepancy among sensors. The BOA model estimates canopy FPAR from land surface
multiband reflectance after atmospheric correction, whereas the TOA model estimates FPAR from apparent
multiband reflectance at the TOA. Analysis results found that the FPAR errors from the BOA and TOA models
were approximately 0.03 and 0.06, respectively, and the difference among FPAR estimated from different
sensors was turned out to be less than 0.015 in theory. In addition, the FPAR difference between the two models
was generally small, especially under low aerosol optical depth (AOD) and densely vegetated conditions. Ground
validation using the datasets from the HIWATER and Validation of Land European Remote Sensing Instruments
(VALERI) programs showed that the FPAR errors were 0.16 and 0.18 for the BOA and TOA models, respectively,
which might be affected by the time interval of ground and satellite observation, spatial scale effect, and at-
mospheric correction errors. Moreover, this paper applied the new methods to estimate FPAR in different dates
at the Heihe River basin and conduct a cross-comparison of FPAR from various sensors, and consequently ob-
tained acceptable results.

1. Introduction

As a key parameter in the studies of energy, water vapor, and
carbon dioxide exchanges between the surface of the earth and the
atmosphere (Sakamoto et al., 2011), the fraction of absorbed photo-
synthetically active radiation (FPAR) is the ratio of the absorbed pho-
tosynthetically active radiation (PAR) in the spectral range of
400-700 nm to the total PAR that arrives at the top of the canopy. FPAR
is commonly used in ecosystem models and can be measured on the
ground with handheld instruments, such as AccuPAR and SUNSCAN
(Liu et al., 2015; Majasalmi et al., 2014), or inferred from satellite
imagery over large spatial scales.

Several approaches have been proposed to estimate FPAR from re-
mote sensing images, such as Advanced Very High-Resolution
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Radiometer(AVHRR) (Sellers et al., 1994; Zhu et al., 2013), Moderate
Resolution Imaging Spectroradiometer (MODIS) (Myneni et al., 1997;
Yan et al., 2016), Landsat (Gokhale et al., 2010; Yuan et al., 2015),
Multiangle Imaging Spectroradiometer (MISR) (Knyazikhin et al.,
1998a, b; Zhang et al., 2000), SPOT/VEGETATION (Verger et al.,
2015), the Carbon Cycle and Change in Land Observational Products
from an Ensemble of Satellite (CYCLOPES) (Baret et al., 2007; Weiss
et al., 2007), and the Visible Infrared Imaging Radiometer Suite (VIIRS)
instrument onboard the Suomi National Polar-orbiting Partnership (Yan
et al., 2018). These methods can be generally classified into three
groups: physical methods, linear or non-linear methods, and artificial
neural network (ANN) methods. Physical methods use the radiative
transfer model to describe light energy absorption or reflection in the
vegetation canopy and then predict canopy reflectance and biophysical
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parameters, such as leaf area index and FPAR. For example, MODIS
FPAR standard products (MCD15A2) are retrieved from MODIS re-
flectance data in red and near-infrared (NIR) channels by using a look-
up table (LUT) technique that is based on a radiative transfer equation
(Myneni et al., 1997). Recently, a few models based on the law of en-
ergy conservation (Fan et al., 2014) and spectral-invariant theory
(Majasalmi et al., 2014) have attracted significant attention in the re-
trieval of FPAR and other parameters; linear or non-linear methods
were used to relate the reflectance or vegetation index (e.g., normalized
difference vegetation index, NDVI) recorded by a sensor to the FPAR
(Fensholt et al., 2004; Myneni and Williams, 1994; Roujean and Breon,
1995). Roujean and Breon (1995) proposed a renormalized difference
vegetation index (RDVI) to eliminate the background influence of soils
on pixel-wise NDVI and then established a relationship to derive FPAR
from RDVI on POLDER multiple angular observation. MODIS FPAR was
also estimated from an NDVI empirical relationship when physical
methods failed (Myneni et al., 1997). The ANN methods are networks of
simple processes that input multiband reflectance and a few auxiliary
datasets and output FPAR from non-linear and non-parametric systems
(Bacour et al., 2006; Baret et al., 2007; Yuan et al., 2015). The FPAR in
the CYCLOPES program was estimated by the inversion of the radiative
transfer model using neural network with the solar zenith angle (SZA)
at 10:00 local time and the normalized nadir reflectance in the red, NIR,
and SWIR bands of SPOT/VEGETATION data (Baret et al., 2007; Weiss
et al., 2007).

However, different sensors used various algorithms, thereby re-
sulting in a few remarkable differences between FPAR and other sensors
(D’Odorico et al., 2014; Fritsch et al., 2012; Li et al., 2015b). By com-
paring MODIS and CYCLOPES FPAR products in different vegetation
covers, Liu et al. (2014) found that the MODIS FPAR was larger by
0.1-0.2 than CYCLOPES FPAR,; furthermore, MODIS products for forest
area always presented seasonal variations, whereas CYCLOPES pro-
ducts remained relatively stable. Similar results were also found be-
tween MODIS and POLDER FPAR products. Therefore, developing a
generalized FPAR retrieval method that is available for various sensors
is necessary to reduce the FPAR difference estimated from different
sensors. This study aims to propose this kind of FPAR retrieval method
on the basis of the radiative transfer model and improve the methods
according to the availability of atmospheric correction. This paper is
organized as follows. Section 2 shows the development of the FPAR
retrieval algorithm; Section 3 presents a sensitivity analysis of the new
algorithm and a few comparisons; Section 4 explains the conducted
ground validation and real application in FPAR retrieval. Sections 5 and
6 present the discussion and conclusions.

2. Development of FPAR retrieval algorithm
2.1. Satellite sensors

Most satellite sensors have spectral channels in the absorption wa-
velength range of leaf chlorophyll and thus are available for monitoring
canopy FPAR. We considered only several widely used sensors for the
investigations in this study, including Landsat 5/ Thematic Mapper
(TM), Landsat 7/Enhanced Thematic Mapper Plus (ETM + ), Landsat 8/
Operational Land Imager (OLI), MODIS, Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), SPOT/VEGETATION,
and Chinese HJ-1/CCD (Abrams et al., 2015; Baret et al., 2007; Roy
et al., 2014; Wang et al., 2015). Table 1 lists the information of the
channels and spatial resolution of the sensors, and Fig. 1 presents the
spectral response functions for these sensors. Results showed that ex-
cept ASTER, all sensors have blue, green, red, and NIR bands. TM, ETM
+, OLI, MODIS, and VEGETATION have additional 1-3 shortwave-in-
frared (SWIR) bands. However, different sensors possess different
spectral ranges and bandwidths for the same bands (e.g., blue band),
and OLI and MODIS generally have narrower bandwidths than the
others. Such difference will lead to the failure of similar bands of
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different sensors in observing similar signals from the same target.
However, compared with the difference between spatial resolutions of
images and that in the retrieval algorithms, the spectral difference is
smaller; therefore, we did not remove such difference in this study.

2.2. Linear models for FPAR estimation from multichannel reflectance

This study aimed to develop a generalized method that is available
for different satellite images for FPAR estimation. Most satellite sensors
provide blue, green, red, and NIR bands that are highly related to ca-
nopy chlorophyll content and leaf structures. Therefore, the designed
generalized method can be developed on the basis of these four bands
for FPAR estimation. Moreover, because the FPAR from the remote
sensing image is actually the canopy or pixel FPAR rather than the leaf-
level FPAR, and the canopy FPAR varies with the canopy leaf area index
(LAI), which consequently influences the reflectance of shortwave
bands (centered at approximately 1.6 and 2.1 um). Therefore, the re-
flectance of SWIR bands is related to the canopy FPAR and can be
considered in the retrieval methods As a result, a generalized linear
model that calculates the canopy FPAR from the multichannel re-
flectance can be written as:

N
FPAR = ay + ), aip;,

i=1

@

In Eq. (1), ax (k = 0, 1, 2...) denotes the algorithm coefficients and p; is
the reflectance of channel i. The Dark-Object method can be used to
estimate aerosol optical depth (AOD) from Landsat (Liang et al., 2001)
and MODIS images (Vermote et al., 2002) and then drive atmospheric
transmittance codes, such as the Second Simulation of a Satellite Signal
in the Solar Spectrum (6S) and MODerate resolution atmospheric
TRANsmission model (MODTRAN), to obtain the atmospheric-cor-
rected reflectance. In this case, p; could be considered as ground re-
flectance, which is also called the reflectance at the bottom of atmo-
sphere (BOA). On the contrary, the AOD for ASTER, VEGETATION, and
HJ-1/CCD that does not provide the observation at 2.1 pm cannot be
estimated from the image itself; thus, atmospheric correction would not
be performed. In this case, p; could only be considered as the reflectance
at the top of atmosphere (TOA). This study expressed the linear model
in Eq. (1) using TOA and BOA reflectance to deal with different kinds of
reflectance depending on the atmospheric correction and consequently
developed the BOA and TOA models. Furthermore, the estimated FPAR
from the remote sensing image is the instantaneous FPAR of satellite
observation because the light path of solar beam changes with the SZA
and reflectance varies with viewing angle. A large SZA corresponded to
a long light path, which increases the probability of photon absorption
in the canopy and thereby presents a large FPAR. From this viewpoint,
the FPAR and the reflectance in Eq. (1) must be angle-dependent, and
then the BOA and TOA models could be written as

N
BOA model:FPAR(6s) = by (6s, 6,, ¢) + Z b; (6s, 6,, ¢>)~pl.BOA (6s, 6y, @),
i=1
(2.1)
N
TOA model:FPAR (65) = ¢o(6s, 6., $) + ., ci(6s, 61, $)-p"* (65, 61, ¢),
i=1

(2.2)

where, 6;, 0,, and @ are the SZA, viewing zenith angle (VZA), and re-
lative azimuth angle (RAA), respectively. p(6;, 0,, @) is the bidirectional
reflectance at the satellite observation. However, observations for
sensors with small fields of view (FOV), such as Landsats, HJ-1/CCD
and ASTER, are nearly at nadir, and 0, and ¢ can be considered as 0.
Consequently, p(6;) is used to replace p(6;, 6,, @) in Eq. (2). by and cx
(k =0, 1, 2...) are algorithm coefficients that can be regressed using a
simulation dataset. Moreover, this study divides the FPAR of the canopy
into two parts: direct FPAR (FPARg4;) and diffuse FPAR (FPARgy) (Li
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Table 1
Information of different satellite sensors.
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Sensor Satellite Bands range (um) Spatial resolution (m) Revisit interval (day) Data period

™ Landsat 5 0.45-0.52; 0.52-0.60 30 16 1984-2011

ETM + Landsat 7 0.63-0.69; 0.77-0.90 30 16 1999-present
1.55-1.75; 2.09-2.35

OLI Landsat 8 0.45-0.51; 0.53-0.59 30 16 2013-present
0.64-0.67; 0.85-0.88
1.57-1.65; 2.11-2.29

MODIS Terra/Aqua 0.62-0.67; 0.84-0.87 500 1 2000-present
0.46-0.48; 0.55-0.57
1.23-1.25; 1.63-1.65
2.11-2.14

ASTER Terra 0.52-0.60; 0.63-0.69 15 26 2000-present
0.76-0.86

VEGETATION SPOT 0.45-0.52; 0.50-0.59 1000 1 1998-present
0.61-0.68; 0.78-0.89
1.58-1.75

CCD HJ-1 0.43-0.52; 0.52-0.60 30 4 2008-present

0.63-0.69; 0.76-0.90

et al., 2015a). The FPARy; is related to the FPAR caused by the direct
solar radiance going into the canopy. Since the direct solar radiance
will be scattered by the leaves in the canopy to become the diffuse
radiance and then be absorbed by the leaves, the FPARg; is actually
resulted from the absorption on the direct solar radiance and its scat-
tered radiance inside the canopy. Meanwhile, if only sky-diffuse ra-
diance goes into the canopy, the FPAR resulted from the absorption on
this kind of radiance is called FPARyy. Similarly, the FPARy also con-
tains the absorbed radiance scattered from the sky-diffuse radiance
inside the canopy. Finally, the total FPAR (FPAR,,,) of the canopy from
the two parts is weighted by the sky-diffuse radiance ratio as:
FPAR;(65) = (1 — r)-FPAR;r(6;) + r-FPARyy, 3)
where, the sky-diffuse radiance ratio r is the ratio between the sky-
diffuse radiance to the sum of the direct solar radiance and the sky-
diffuse radiance, which can be estimated or simulated using the 6S or
MODTRAN code if the atmospheric data, such as AOD, is known. r = 0
corresponds to no sky-diffuse radiance and the canopy FPAR is equal to
FPARg;;, while r = 1 corresponds to no direct solar radiance and the
canopy FPAR is equal to FPAR.

Moreover, FPARgy can be considered as the integrated value of
FPAR4;(6;) in the upper hemisphere. Therefore, FPARy; is theoretically
determined by the canopy structure and leaf biological features but
independent of the SZA. On the contrary, the FPARy; varies with SZA,
and different pixels in the same image or the same pixel observed at
different times have various SZAs. To reduce the FPAR difference
caused by various SZAs and enhance the FPAR comparability among
different pixels, this study estimated FPARy;, at the same local time
10:30 a.m. instead of the instantaneous value of satellite overpass, and
then Eq. (2) can be changed to

N
FPARdir [65(105)] = FPARgy;y (eref) = do(eref; 65) + Z di(eref) 9:)'Pi(@s),

i=1

(€3]

where, O, is the instantaneous SZA of the satellite observation and
0,(10.5) is the SZA at the local time 10:30 a.m., which can be calculated
using the latitude, longitude, elevation, date, and local time. This term
is not fixed all throughout the year and changes with the date. For a
thorough understanding, 6,(10.5) is hereafter called the reference SZA
and denoted as Oy Similarly, di (k = 0, 1, 2...) denotes the algorithm
coefficients and thereby varies with the combination of 6. and 6;. p(6,)
is the observed surface reflectance in the BOA model or the apparent
reflectance in the TOA model.
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2.3. Determination of algorithm coefficients and sensitivity analysis

The canopy radiative transfer model was used to simulate canopy
FPAR and reflectance under different conditions and then applied the
atmospheric radiative transfer model to simulate the TOA reflectance in
different aerosol loadings. Consequently, the coefficients of Eq. (4) for
the BOA and TOA models were regressed from the simulation dataset.
Fig. 2 shows the main flowchart for the BOA and TOA models estab-
lishment.

2.3.1. Canopy FPAR and reflectance dataset simulation

The process of flux exchange between canopy layers and soil follows
the radiative transfer principle and can be obtained by estimating the
downward and upward flux for each layer. As a multilayer model, the
Simultaneous Heat and Water (SHAW) model estimates flux within the
canopy layers and bottom layer of soil and/or plant residues. This
model was developed by (Flerchinger et al., 2009; Flerchinger and Yu,
2007), and Liu et al. (2015) proposed a modified SHAW (MSHAW) to
simulate the vertical distribution of canopy and the canopy FPAR. We
recently improved this model to simulate the bidirectional reflectance
of canopy (denoted as MSHAW-BRDF model) using the similar way in
the Scattering by Arbitrary Inclined Leaves (SAIL) model (Verhoef,
1984) as

dSo/dz = w-Sgir + V-Saown + ;u'sup — ko-So. 5)

In Eq. (5), Sp is the observed radiance; the coefficients w, v, and u are
scattering ratio for the direct solar radiance, downward scattering ra-
diance, and upward scattering radiance, respectively; and the term ko is
the attenuation coefficient in the observation, with the unit of m™®.
Finally, the canopy reflectance in the viewing direction is calculated as
So0(8)/(Lgir + Lay), with Lg; and Ly as the direct solar radiance and sky-
diffuse radiance, respectively.

Consequently, the MSHAW-BRDF provides the basic model for the
development of new algorithms for FPAR retrieval. Similar to the SAIL
model, the MSHAW-BRDF model requires the input leaf and soil re-
flectance, LAI, leaf angle orientation distribution (LAD), sky-diffuse
radiance ratio (r in Eq. (3)), and solar and viewing angles to predict
canopy FPAR and bidirectional reflectance. The leaf spectral reflectance
and transmittance were obtained from the PROSPECT model
(Jacquemoud and Baret, 1990; Jacquemoud et al., 2009) simulation
under a total of 48 different combinations of leaf structure parameter N
(three levels as 1.5, 2.0, and 2.5), chlorophyll a + b content C, (eight
levels as 10:10:80 ug/cmz), equivalent water thickness C,, (one level as
0.015 g/cmz), leaf mass per unit area C,, (two levels as 0.005 and
0.01 g/cm?), and brown pigment content (one level as 20 pg/cm?).
Meanwhile, on the basis of a global soil region map from the USDA,
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Fig. 1. Spectral response filters of different satellite sensors.

eight soil reflectance spectra, namely, alfisols, aridisols, gelisols, mol-
lisols, ultisols, histosols, inceptisols, and entisols, were selected from
the ASTER spectrum library (Baldridge et al., 2009). The canopy LAI
was valued 0.2-10.0, and the sky-diffuse radiance ratio r was set as 0
and 1 to simulate the FPAR ;- and FPAR 4, respectively. Table 2 lists the
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details of the input parameters to the MSHAW-BRDF model for canopy
FPAR and reflectance prediction. The spherical LAD was used and the
VZA and RAA were 0°-65° and 0°-180°, respectively. However, for the
sensors with a small FOV (e.g. Landsats and ASTER), only the case of
VZA = 0° and RAA = 0° was used.
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Fig. 2. Flowchart of the BOA and TOA models establishment using simulation
dataset.

Table 2
Input parameters to the MSHAW-BRDF model for FPAR and canopy reflectance
prediction.

Parameter Unit Levels Descriptions
Leaf spectral reflectance - 48 From PROSPECT model
and transmittance

Soil spectral reflectance - 8 From ASTER spectrum library

Leaf area index LAI - 18 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5,
7.0, 8.0, 9.0,10.0

Sky-diffuse radiance ratior ~— 2 r = 0 for FPAR;, simulation
r =1 for FPARyy simulation

SZA 6, degree 17 0°-80° with a step 5°

VZA 0, degree 14 0°-65° with a step 5°

RAA g, degree 19 0°-180° with a step 10°

Fig. 3 presents the histogram of canopy NDVI, FPARg;, and FPAR
in the simulation dataset with SZA = 30° and 60°, respectively. NDVI
and FPAR were larger than 0.7 mostly because LAI = 3 corresponded to
an NDVI of nearly 0.7, and 11 of 18 LAI levels shown in Table 2 was
larger than three, thereby resulting in a large NDVI and FPAR with a
high proportion in the simulated dataset. Owing to the non-uniform
distribution of the NDVI and FPAR, obtaining the algorithm coefficients
for different NDVI ranges was necessary. Therefore, this study divided
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the vegetated canopy into three types: sparsely vegetated canopy
(NDVI < 0.5), dense canopy (0.5 < NDVI < 0.8), and compact canopy
(NDVI > 0.8).

2.3.2. TOA apparent reflectance dataset simulation

We used the fast atmospheric radiative transfer model (Qin et al.,
2001) to simulate the TOA apparent reflectance for different sensors as
follows:

Proa (es, 9\)) = Po(ess ev)

+ T(GJR(@S, GV)T(V) - tdd(es)'tdd(ev)'lR(esx ev)l'ahh
1 — Py G ’

(6)
where, po(6s, 0,) is the atmospheric reflectance and R(6;, 6,) is the
matrix of different surface reflectance shown in Eq. (7), including the
canopy hemispheric-hemispheric reflectance pp,, bidirectional re-
flectance pgq(6s, 6,), directional-hemispheric reflectance pgn(6;), and
hemispheric—directional reflectance pgn(6;). All terms of canopy re-
flectance could be predicted by the preceding MSHOW-BRDF model.

Lad G5, 6v), Pan (65) ]
)]

£ra (), Pup
Moreover, oy is the atmospheric downward albedo, in which the at-
mosphere reflects the upward surface radiance back to the surface;
t1a(6s) and ty4(0,) are the atmospheric downward and upward trans-
mittance for direct solar radiance, respectively. T(6;) and T(6,) are the
matrices for the atmospheric transmittance for the direct solar radiance
and sky scattering radiance, respectively. These matrixes were ex-
pressed as Eq. (8), where t4;(0;) stands for the ratio of the transfer from
direct solar radiance to the sky scattering radiance and ty4(6,) is the
atmospheric upward transmittance of sky-diffuse radiance in the
viewing direction.
fdd(ev)]
tha (6y) (8)

All the atmospheric parameters could be directly simulated or in-
directly calculated from the results of the 6S model, and the details are
in the literature (Qin et al., 2001). Five atmospheric types (including
middle-latitude summer and winter, tropical, subarctic summer and
winters) and twelve levels of AOD (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, 1.0, and 2.0) were used in the 6S code. The solar and viewing
angles in this simulation were similar to the surface reflectance simu-
lation, as stated above.

R(6;, 6,) = [

TO) = [tdd(es): Ldn (es)]andT(ev) = [

3. Algorithm coefficients and analysis

Using the preceding simulation dataset, the algorithm coefficients of
FPARg;r and FPARgy for different sensors were regressed from their
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Fig. 3. Distribution of canopy NDVI, FPAR;, and FPARyy in simulation dataset with (a) SZA = 30° and (b) 60°, respectively.
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Table 3
FPARg;, algorithm coefficients and error of six bands of Landsat/TM with 6, = 35°.
SZA NDVI range” do d; d, ds ds ds de RMSE
0 1 0.131 0.501 —0.065 —-1.796 2.421 —-1.121 0.028 0.013
2 0.551 1.912 —-0.874 -0.172 0.811 0.557 —2.526 0.016
3 0.739 0.132 0.497 —2.251 0.549 0.395 —-2.176 0.009
10 1 0.130 0.504 —-0.072 —-1.787 2.412 —-1.121 0.033 0.013
2 0.545 1.905 —0.882 —-0.182 0.847 0.487 —2.467 0.016
3 0.730 0.167 0.398 —2.055 0.583 0.353 —2.202 0.009
20 1 0.128 0.472 —0.028 -1.779 2.367 —1.091 0.023 0.012
2 0.532 1.924 —0.907 —0.188 0.917 0.352 —2.358 0.016
3 0.718 0.297 0.299 —1.879 0.648 0.226 —-2.174 0.009
30 1 0.125 0.445 0.010 —1.744 2.299 —1.052 0.003 0.012
2 0.516 1.978 —0.967 —0.146 1.007 0.190 —2.269 0.016
3 0.703 0.353 0.247 —1.808 0.740 0.077 —2.205 0.010
40 1 0.120 0.392 0.082 -1.710 2.184 —0.993 —0.006 0.011
2 0.497 2.086 -1.114 0.007 1.125 —0.004 —-2.239 0.016
3 0.686 0.156 0.189 -1.714 0.890 -0.173 —2.238 0.010
50 1 0.115 0.349 0.136 —1.601 1.993 —0.882 —0.056 0.011
2 0.478 2.225 —1.286 0.201 1.313 —0.368 —-2.151 0.018
3 0.665 0.516 —0.159 —1.153 1.182 —0.896 —1.862 0.011
60 1 0.099 0.294 0.211 -1.577 1.915 —0.845 —0.040 0.010
2 0.451 2918 —-1.812 0.795 1.518 —-0.770 —1.992 0.021
3 0.656 0.339 —0.252 -0.971 1.371 —-1.318 —-1.702 0.012
70 1 0.060 0.045 0.497 —1.542 1.624 —0.698 0.013 0.045
2 0.427 1.893 —-1.921 1.212 1.881 —-1.784 —-1.103 0.023
3 0.647 —-0.231 —0.603 —-0.239 2.029 —2.940 —0.839 0.016
80 1 0.042 0.028 0.550 —1.278 1.192 —0.381 —0.241 0.005
2 0.454 2.551 —3.445 2.718 2.849 —-3.712 —-0.618 0.034
3 0.578 —1.439 —0.609 0.154 3.085 —4.916 —-0.119 0.018

@ 1 for NDVI < 0.5; 2 for 0.5 < NDVI < 0.8; and 3 for NDVI > 0.8.

multichannel reflectance. Moreover, the algorithm coefficients were
designed to be dependent on different NDVI ranges as NDVI < 0.5,
0.5 < NDVI < 0.8, and NDVI > 0.8. Taking the Landsat 5/TM as an
example, this section discusses the results of the BOA and TOA models.

3.1. BOA model result and analysis

Table 3 shows the algorithm coefficients of FPARy;, with the re-
ference SZA (0, as 35° and varying instantaneous SZAs(6;). The in-
terval of 6; in this table was set to 10° due to space limitation, but the
actual interval value was 5°. d, is the regression constant in Eq. (4),
whereas d; to dg are the coefficients for the six TM reflectance bands.
Their values indicated that the blue (band 1) and NIR (band 4) bands
had a positive influence on FPAR, whereas the green (band 2) and red
(band 3) bands had a negative influence. The root-mean-square error
(RMSE) mainly ranged from 0.01 to 0.02, and the increasing SZA
contributed an increasing uncertainty to the FPAR result. The compact
canopy obtained the best result, followed by the sparse and dense ca-
nopies. The following subsection investigates the impact of the com-
bination of reference SZA and instantaneous SZA, LAI and the re-
flectance error, and different channel combinations on the FPAR in
order to further verify the performance of the algorithm.

3.1.1. Impact of different combinations of reference SZA and instantaneous
SZA

As shown in Eq. (4), the new algorithm uses the observed multi-
channel reflectance at the instantaneous SZA to estimate the canopy
FPAR;, at the specified local time of 10:30 a.m. Different sensors ob-
served the same pixel in different date and time. Therefore, the re-
ference SZA (6,0 at 10:30 a.m. and the instantaneous SZA (6;) would
change in each observation. Fig. 4 shows the comparison of true FPAR
(from the simulation) and estimated FPAR, with 6, as 35°, 60°, and 80°
and 6; as 20°, 40°, and 60°. The following findings were obtained. (1)
The points mainly scattered along the diagonal line; (2) with the same
6;, a small 6, generally had a smaller FPAR error than a large Oy
Similarly, with the same 6,5, a small angle difference between 6. and
6, could result in reduced uncertainty in the FPAR estimation. (3) The
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estimation error of a small FPAR value was larger than that of a large
FPAR value.

Moreover, Fig. 5 shows the FPAR error for different NDVI ranges
under various combinations of the reference SZA and the instantaneous
SZA. For the sparse canopy (NDVI < 0.5, Fig. 5(a)) under a fixed in-
stantaneous SZA, the FPAR error increased with the increasing re-
ference SZA and could reach 0.045. On the contrary, under a fixed
reference SZA, the FPAR error decreased with the increase in in-
stantaneous SZA and could be decreased to 0.01. For the dense canopy
(0.5 < NDVI = 0.8, Fig. 5(b)), a few differences existed as the FPAR
error nearly increased with the increasing instantaneous SZA. The FPAR
error of the compact canopy showed a similar trend with that of the
dense canopy but was lower than that of the sparse and dense canopies,
which did not exceed 0.02. In addition, a comparison of the three
graphs in Fig. 5 showed that the FPAR error of the dense and compact
canopies was slightly larger than that of the sparse canopy for the large
instantaneous SZAs (> 60°) but were small for the large reference SZAs
(> 60°). In addition, the error surface presented a folded shape in the
instantaneous SZA range of 55°-60° probably because the average leaf
orientation angle of the spherical distribution canopy was approxi-
mately 57.3°, which showed slightly different features of the reflectance
and FPAR of the angle simulated from the MSHAW-BRDF model than
those of other angles. However, according to the results of Figs. 4 and 5,
the FPAR error in different combinations of reference SZA and in-
stantaneous SZA mainly ranged within [0.01, 0.02] and could be con-
sidered acceptable.

3.1.2. Impact of LAI

LAI influences the absorption and scattering of flux inside the ca-
nopy and consequently determines the canopy reflectance and FPAR. In
Table 2, total 18 LAI levels from 0.2 to 10 were used in the simulation.
On the basis of the simulation data and Eq. (4), Fig. 6(a) displays the
FPAR error variation with LAI under different reference SZA, and re-
sults showed that the FPAR error had a large variation at LAI < 3.0.
First, the FPAR error rapidly increased with the pixel variation from
soil-dominated (LAI = 0.2) to vegetation-dominated (LAI = 1.0) but
then rapidly decreased until LAI = 3. Although this study used the
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condition NDVI < 0.5 to identify the sparse canopy, the number of
canopy samples with NDVI < 0.2 was relatively small (Fig. 3), which
might result in a large FPAR error in such NDVI range. Moreover, the
FPAR error presented a slightly increasing trend after LAI = 4 but was
less than 0.015 for most cases. Similarly, the FPAR error variation with
the changing reference SZA (6, under different LAI conditions was
also investigated, as shown in Fig. 6(b). Findings indicated that for
small LAIs (0.2 and 0.5), the FPAR error increased with 6, especially
for B, > 60°. On the contrary, the FPAR error for large LAIs presented
a decreasing trend. For the latitude from 0° to 55°, the SZA at 10:30 a.m.
in the vegetation growth months (April to September) mainly ranged
within [20°, 50°] and the corresponding FPAR error was still smaller
than 0.025, as shown in Fig. 6(b). The SZA could be up to approxi-
mately 80° for a few high-latitude regions. The new algorithm can still
obtain high accuracy FPAR result if the LAI of the canopy is high, but
the uncertainty cannot be ignored for the sparse canopy in this region.

3.1.3. Impact of channel reflectance uncertainty

The multichannel reflectance was directly applied to estimate the
pixel FPAR as shown in Eq. (4), but the accuracy itself might be de-
graded by the error in the radiometric calibration of images and at-
mospheric correction, consequently reducing FPAR accuracy. There-
fore, evaluating the impact of channel reflectance uncertainty on the
FPAR estimate was necessary. On the basis of Eq. (4), the linear algo-
rithm of the FPAR uncertainty due to the reflectance error can be ex-
pressed as:

AFPAR _ Ap; FPAR(p)'"-p;
FPAR  p,  FPAR(p) '

9

where FPAR(p;) is the direct FPAR with the reflectance p; and FPAR(p;)'
is the first-order derivative of FPAR with the reflectance p;. FPAR(p;)’ is
equal to the coefficient d; of the ith channel reflectance because the
algorithm in Eq. (4) is linear. The larger the coefficient d;, the more
sensitive the FPAR to reflectance uncertainty. For a thorough under-
standing, we used Ar and Afpar to denote the reflectance uncertainty
ratio Ap/p and the FPAR uncertainty ratio AFPAR/FPAR. Fig. 7 presents
the variation of Afpar with Ar of six band reflectance of Landsat 5/TM
under the reference SZA 6, as 0°, 20°, 40°, and 60°. Findings showed
that (1) the FPAR was insensitive to the uncertainty of blue and green
band reflectance and the Afpar was no more than 6%; (2) the red and
SWIR1 bands presented a similar trend. The increasing reflectance of
the two bands corresponded to a decrease in the canopy FPAR. For the
sparse canopy, the red and SWIR1 bands had a relatively high re-
flectance, whereas the NIR reflectance was low. However, the FPAR
algorithm presented sensitive changes to the NIR reflectance un-
certainty, with Afpar reaching 40%-50%. For the dense and compact
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canopies, the FPAR algorithm showed a low sensitivity to the re-
flectance uncertainty. Table 4 lists the maximum, minimum, and
average AFPAR value caused by 10% uncertainty in the reflectance of
the different bands. These findings indicated that the uncertainty of NIR
reflectance presented the largest influence on the FPAR estimate mainly
because this band reflectance was larger than that of the other bands.
Consequently, a 10% uncertainty corresponded to a large Ap, and the
algorithm coefficient (d,) in the NIR band was larger than that in most
other bands, thereby resulting in a large AFPAR.

The preceding discussion showed that the uncertainty of reflectance
significantly influenced the FPAR for the sparse canopy; thus, high
accuracy was required in the atmospheric correction, especially in the
NIR band. Moreover, Fig. 7 displays the results for only the single band
reflectance, but the uncertainty was always contained in several or all

bands. Therefore, we used the equation & = \/rmse? + Y, a-o to

calculate the total FPAR error. In this equation, o? is the FPAR error
caused by the uncertainty of the ith band reflectance. If we used the
mean AFPAR in Table 4 as 7 and the g; value in Table 3, then the final
absolute FPAR error would be approximately 0.1. However, if Ar was
less than 10%, then the FPAR error would be reduced, and vice versa.

3.1.4. Impact of different sensors

As shown in Fig. 1, the seven sensors were designed with different
bands and spectral response functions. The preceding analysis on the
FPAR algorithm was nearly available for the four sensors (The coeffi-
cients of MODIS were calculated using bidirectional reflectance rather
than only nadir reflectance) because of the similar band features of the
TM, ETM+, OLL, and MODIS in the wavelength range 0.4-2.5pum.
However, VEGETATION, ASTER, and HJ-1/CCD have few bands as
blue, green, red, and NIR, thus lacking information in the shortwave
range. Using the simulation dataset, we used the FPAR estimated from
TM as a reference and compared it with that estimated from VEGET-
ATION (green, red, NIR, and SWIR1), ASTER (green, red, and NIR), and
HJ-1/CCD (blue, green, red, and NIR) to investigate the influence of
different band designs on the FPAR estimate from the same algorithm.
The results in Fig. 8 show that the FPAR from VEGETATION, ASTER,
and HJ-1/CCD were close to that from TM, and most points, apart from
a few FPAR points, distributed along the Y=X line. The FPAR differ-
ence, as presented in Fig. 8(d), was mainly within [ —0.02, 0.02], with
an FPAR RMSE of less than 0.015. Therefore, the new algorithm was
available for the different sensors and could estimate FPAR with ac-
ceptable accuracy as long as the sensor provided a few conventional
bands, such as green, red, and NIR. Additional reflectance from SWIR
band could also improve accuracy if the uncertainty of the additional
reflectance was insignificant.
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Table 4 findings were not discussed in detail because the estimate error of

Maximum, minimum, and average AFPAR value caused by 10% reflectance
uncertainty of different bands.

AFPAR Blue Green Red NIR SWIR1 SWIR2
Maximum 0.017 0.077 0.043 0.100 0.064 0.054
Minimum 0.001 0.001 0.001 0.001 0.001 0.001
Avgerage 0.005 0.018 0.013 0.044 0.022 0.015

Moreover, a considerably small part of the FPAR estimated from Eq.
(4) was larger than 1.0 or smaller than 0.0. To address this problem, the
FPAR would be recalculated using a backup algorithm from NDVI as
follows:

FPARg;, = a-exp(b-NDVI), 10)

where, a and b are coefficients for the backup algorithm and depend on
the reference SZA, as shown in Table 5.

The diffuse FPAR (FPARg4y) was not theoretically determined by the
SZA but by the canopy structure itself because FPARyr was caused by
the sky-diffuse radiance, which was assumed angle-independent.
Therefore, the algorithm of FPARgs would not contain the reference
SZA and only consider the instantaneous SZA, under which the multi-
band reflectance of pixel was observed. On the basis of Eq. (2.1), the
algorithm for FPARyy estimation could be expressed as Eq. (11). For
simplicity, the terms in Eq. (11) ignore the viewing angle.

N
FPARgy = eo(6) + Y, €:(6.)-07°(8,)

i=1

1D

The coefficients e; were obtained, and the corresponding FPAR RMSE
was 0.028 for all SZA ranges and 0.02 for SZA < 60°. Fig. 9 displays the
FPAR 4 error variation with canopy LAI, which was nearly similar to
that of FPARg;, as shown in Fig. 6. This error variation obtained the
maximum value of 0.025 at LAI = 0.5 and 1.0. According to the FPAR
residual histogram, the percentage for FPAR residual within [—0.01,
0.01] and [—0.025, 0.025] were 78% and 90%, respectively. These
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FPAR 4ir was nearly similar to that of FPAR ;.
3.2. TOA model result and analysis

The TOA model estimates FPARgy» and FPARgy from apparent re-
flectance at TOA using the following equations:

N
FPARdir (eref) = jO (erefy es) + E ji (erefy es)'piTOA (es),
i=1 (12.1)
N
FPARgy = ko(8) + ) ki(8:)-0"4 (6.

i=1

(12.2)

Similar to the BOA model, the TOA model also calculated the
FPAR 4; at local time 10:30 a.m. The coefficients j and k were regressed
from the simulated FPAR and TOA reflectance dataset and stored in an
LUT. Apart from consideration for SZA and NDVI subranges, this study
obtained the coefficients in several AOD subranges to improve accu-
racy: AOD <0.2, 0.2 < AOD = 0.5, 0.5 < AOD = 1.0, and
AOD > 1.0. The coefficients in all AODs (0.05-2.0) were also calcu-
lated. If AOD is gotten but its accuracy is not good enough to perform
atmospheric correction on the image, then its value along with SZA and
NDVI will be used to search the coefficient LUT to obtain the final
coefficients. If AOD is totally unknown, then the coefficients regressed
in all AOD ranges will be applied.

The FPAR error from the TOA model under different AOD and LAI
combinations were calculated and shown in Fig. 10, where (a) and (b)
are the FPAR ;- and FPAR 4 errors that were based on the AOD subrange
coefficients and (c¢) and (d) are the results that were based on all AOD
range coefficients. The following observations were noted: (1) The AOD
subrange coefficients resulted in FPAR errors of approximately
0.02-0.04, which was less than that from all AOD range coefficients.
However, the use of AOD subrange coefficients requires the AOD value.
(2) The FPAR error decreased with an increase in LAI under the same
AOD. On the contrary, the error increased with the increasing AOD
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Table 5
Coefficients of FPARg;, backup algorithm from NDVI.
Oref a b 6ref a b
0 0.067 2.870 45 0.088 2.583
5 0.067 2.867 50 0.094 2.512
10 0.068 2.856 55 0.102 2.430
15 0.069 2.838 60 0.111 2.335
20 0.070 2.814 65 0.123 2.224
25 0.073 2.783 70 0.140 2.092
30 0.075 2.745 75 0.163 1.930
40 0.083 2.646
0.04
(a)
0.03 -
o002}
=
['4
0.01 -
0.00 a1 1 1 1 1 1 | ——|
0 1 2 3 5 6 8 9 10

value under the same LAI Consequently, the FPAR error was small for
the dense canopy under low AOD but large for the sparse canopy and
high AOD. (3) The FPARgy error was slightly lower than the FPARy;
error. Compared with the BOA model results, the TOA model presented
a slightly higher uncertainty to the FPAR due to the atmospheric effect.
However, this method does not require atmospheric correction on the
remote sensing image. In addition, we investigated the impact of the
combination of reference SZA and instantaneous SZA, LAI, and different
channel combinations to the FPAR error from the TOA model and ob-
tained a few similar results to the BOA model. These results are not
presented due to space limitations.
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Fig. 9. FPAR 4 error variation under different LAIs and FPARyy residual histogram.
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Fig. 10. FPAR error from the TOA model under different AOD and LAIL (a) FPARg; error based on AOD subrange coefficients. (b) FPARyy error based on AOD
subrange coefficients. (c) FPARg; error based on all AOD range coefficients. (b) FPARy error based on all AOD range coefficients.

3.3. Comparison between the BOA and TOA models

Taking the reference SZA 6, = 35° and the instantaneous SZA 6; =
45° as examples, we investigated FPARg from the BOA and TOA
models in several AOD levels: 0.05, 0.2, 0.5, and 1.0. Fig. 11 shows the
comparison results for the BOA and TOA models with the AOD sub-
range coefficients, and Fig. 12 presents the results for the TOA model
with all AOD range coefficients. Fig. 11 shows that the FPAR points
were mainly along the Y = X line, and a high AOD loading (Fig. 11(d))
corresponded to additional scattered points with large FPAR difference
between the two models. The percentages of FPAR difference within
[—0.02, 0.02] were 97%, 96%, 94%, and 88% for AOD 0.05, 0.2, 0.5,
and 1.0, respectively, as observed from the difference histograms in
Fig. 11(e). Finally, the RMSE values of FPARy; and FPARyy from the
TOA model in different AOD levels were calculated and presented in
Fig. 11(f). As expected, the FPAR RMSE increased with the increasing
AOD value, which was up to approximately 0.025 at AOD = 2.0 but
still smaller than 0.015 when AOD < 1.0. In addition, the estimated
FPARi- had a larger RMSE than FPAR .

Even if AOD could not be obtained, then the TOA model with all
AOD range coefficients could still be employed. Fig. 12 shows the FPAR
comparison results in this case. Compared with Fig. 11, the FPAR from
the TOA model without considering the AOD value considerably dif-
fered from that of the BOA model, especially for the small FPAR ranges
and high AOD loading (Fig. 12 (d)). Moreover, the FPAR of the TOA
model with AOD = 1.0 was larger than that of the BOA model. As
shown in Fig. 12(e), the percentages of FPAR difference within [ —0.02,
0.02] were 83%, 88%, 87%, and 79% for AOD 0.05, 0.2, 0.5, and 1.0,
respectively, which were lower than the results in Fig. 11(e). A bias of
approximately —0.015 for AOD = 1.0 existed between the two models.
Moreover, the RMSE of FPARy and FPARgy from the TOA model in-
creased with the AOD value, which was up to approximately 0.04 at
AOD = 2.0 and larger than the FPAR RMSE shown in Fig. 11(f).
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This comparison showed that the FPAR estimated from the TOA and
BOA models were close to each other, especially for the dense canopy
and low AOD loading conditions. Most of the FPAR difference was less
than 0.02 while the maximum difference did not exceed 0.04. These
results indicated that the TOA model could be used to replace the BOA
model if atmospheric correction could not be performed on the image,
thereby theoretically eliminating the limit on atmospheric correction of
the FPAR estimate as long as the pixel was visible in the image and not
covered by cloud.

4. Validation and application
4.1. FPAR validation using ground-measured data

Two kinds of ground-measured FPAR in different areas were used to
validate the BOA and TOA models: one was from the HIWATER ex-
periment in 2012 at the Heihe Basin, Gansu Province, China (Li et al.,
2013), and the other was from the Validation of Land European Remote
Sensing Instruments (VALERI, http://w3.avignon.inra.fr/valeri/) pro-
gram (Justice et al., 2000). The HiWATER experiment collected the
FPAR using SUNSCAN from July 4 to 15, 2012, mainly from maize
canopies in different sites. Accordingly, a Landsat 7/ETM + image from
July 10, 2012 and several HJ-1/CCD images from July 4, 8, and 13,
2012 were acquired. The MODIS AOD product and 6S model were used
to perform atmospheric corrections on ETM + and CCD images to ob-
tain the land surface reflectance. The Landsat Gap_Fill tool (https://
landsat.usgs.gov/filling-gaps-use-scientific-analysis) was used to re-
cover the data gap of ETM + image.

Meanwhile, the VALERI program collected ground measurement on
LA, fractional vegetation cover, FPAR, and other parameters from 2001
in global sites to provide high-quality ground-based dataset for remote
sensing product validation. A total of 16 sites had ground-level FPAR
data, including cropland, grassland, pastures, forest, and shrubland.
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frequency to calculate the true and effective LAI values. Finally, the
FPAR at the instantaneous SZA 6; at local time 10:00 a.m. was esti-
mated on the basis of LAI, as shown in Eq. (13) (Bacour et al., 2006;

The details are listed in Table 6. The VALERI program used a fish-eye
camera to take two photos (one above and another below the canopy)
and then applied CAN_EYE software to extract directional gap

Fig. 12. FPAR comparison of the BOA and TOA models with all AOD range coefficients for different AOD levels. (a), (b), (c), and (d) represent AOD 0.05, 0.2, 0.5, and

1.0, respectively. (e) FPARg; difference histograms. (f) RMSE of FPARy;, and FPAR g
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Table 6
Information of ground validation sites and corresponding remote sensing images for validation.
Site name Country Location Land cover Ground measurement Sensors Image date BOA model TOA model
Lat/Lon (°) date RMSE RMSE
Hombori Mali 15.33/-1.48 Grassland 30 August 2002 Landsat 7 2002-09-03 0.156 0.241
Haouz Morocco 31.66/—7.6 Cropland 10-14 March 2003 Landsat 7 2003-03-15 0.287 0.284
Larose Canada 45.380/—75.217 Mixed forest 5-8 August 2003 Landsat 5 2005-07-31 0.136 0.128
Laprida Argentina —36.990/ Grassland 5-8 August 2001 Landsat 5 2001-11-04 0.161 0.162
—60.553 Landsat 7 2001-11-12
18-19 October 2002 Landsat 7 2002-09-28 0.243 0.250
2002-10-30
Turco Bolivia —18.239/ Shrubland 25-30 August 2002 Landsat 7 2002-08-19 0.062 0.137
—68.193 2-18 April 2003 Landsat 7 2003-03-31 0.088 0.152
2003-04-16
Concepcion  Chile —37.481/ Mixed forest 7-10 January 2003 Landsat 7 2003-01-10 0.151 0.157
—73.453
Counami French Guiana 5.347/—53.238 Tropical forest 23-28 September 2001 Landsat 7 2001-09-24 0.275 0.264
7-18 October 2002 Landsat 7 2003-10-05 0.135 0.148
ZhangBei China 41.279/114.688 Pastures 8-10 August 2002 Landsat 5 2002-08-09 0.126 0.139
Landsat 7 2002-08-17
Sonian forest Belgium 50.768/4.411 Forest 21, 22 June 2004 Landsat 5 2004-06-17 0.222 0.219
Landsat 7 2004-06-25
Plan-de-Dieu  France 44.199/4.948 Cropland 5-9 July 2004 Landsat 7 2004-06-27 0.074 0.170
Puéchabon France 43.725/3.652 Mediterranean forest 11-15 June 2001 Landsat 7 2001-06-26 0.183 0.185
Sud-Ouest France 43.506/1.237 Cropland 7, 8 July 2002 Landsat 5 2002-06-28 0.201 0.194
Landsat 7 2002-07-22
Fundulea Romania 44.392/26.602 Cropland 7-10 May 2001 Landsat 7 2001-04-30 0.320 0.318
Barrax Spain 39.057/—2.104 Cropland 12-14 July 2003 Landsat 5 2003-07-15 0.158 0.178
Camerons Australia —32.598/116.254 Dry evergreen broadleaf 3-4 March 2004 Landsat 5 2004-03-04 0.124 0.162
forest
Gnangara Australia —31.534/115.882  Evergreen broadleaf forest 3 March 2004 Landsat 7 2004-03-02 0.199 0.163
HeiHe" China 38.854/100.371 Cropland 5-15 July 2012 Landsat 7 2012-07-10 0.120 0.117
HJ/CCD 2012-07-04/08/
13

? Heihe site is not under VALERI program but under HIWATER program.
Baret and Weiss, 2005; Weiss et al., 2004).

FPAR =1 — P(6;) = 1 — e~ C@1LAl/costs, 13)
The VALERI FPAR from this equation was used as the direct FPAR
(FPAR;) in this study. On the basis of the ground-measured date, the
corresponding satellite images, including Landsat 5/TM, Landsat 7/
ETM +, and HJ-1/CCD, were downloaded and are listed in Table 6. The
date interval between the ground measurement and satellite observa-
tion was mostly less than 10 days. Using these images, FPARy;, was
estimated from the BOA and TOA models, and Fig. 13 shows the
comparison between ground measurement and retrieval. The number of
the total points in Fig. 13 is around 540 because each site had more
than 10 measurements, and the points are distributed along the diag-
onal line. The correlation coefficients between ground-measured FPAR
with the BOA and TOA models’ FPAR were 0.81 and 0.80, respectively,
and the corresponding FPAR RMSE of the two models were 0.16 and
0.18. The FPAR values estimated from the TOA and BOA models were
close to each other, with an RMSE of 0.06 and a correlation coefficient
of 0.97.

However, a few significant discrepancies existed between ground
measurement and remote sensing estimate, and these differences may
be attributed to several reasons. (1) The date interval between satellite
observation and ground measurement could lead to discrepancies. The
vegetation was under the growing status in most validation dates.
Therefore, the fractional cover and canopy structure probably had a few
evident variations during the two observation intervals, which conse-
quently enlarged the FPAR difference. (2) The heterogeneity of the
validation site (Garrigues et al., 2006) on Landsat and HJ-1/CCD 30 m
pixels might reduce the validation accuracy. In addition, VALERI used
the directional gap frequency to estimate FPAR (Eq. (13)) but ignored
the contribution of the multiple-scattering radiance in the inner canopy,
thus decreasing the FPAR value. This effect might also explain why
many ground-measured FPAR values were less than those estimated
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from the satellite images, as shown in Fig. 13(a) and (b). (3) The un-
certainty of the BOA and TOA models and errors in surface reflectance,
TOA reflectance, and cloud contamination, could also cause validation
discrepancies among FPAR values.

4.2. Application of FPAR estimation

The study area was the Heihe River Basin in Zhangye City of Gansu
Province, China. As the second largest inland river basin, the Heihe
River Basin covers approximately 128,700 km? in longitude 96° 42’
E-102° 00’ E and latitude 37° 41" N-42° 42’ N. As shown in Fig. 14(a),
the land cover is mainly oasis (red pixel, including cropland, orchard,
grassland, and forest) and gobi. Two comprehensive experiments were
conducted in this area as WATER (Li et al., 2009) and HIWATER (Li
et al., 2013), and a long-term observation on land surface parameters is
still ongoing in a few ground sites. The Landsat 5/TM images were from
two dates (August 11 and October 14, 2009) and used to estimate
FPAR. This oasis area was covered with densely vegetated pixels and
with sparse or deciduous vegetation pixels on the first and second days,
respectively. The instantaneous SZAs of the satellite observation were
31.8° and 50.4°, whereas the reference SZAs at 10:30 a.m. were 34.1°
and 51.7° for the two dates. The AOD values obtained from the MODIS
products were 0.091 and 0.129. We used an NDVI threshold to identify
vegetated pixels with land surface NDVI > 0.2 for the BOA model and
apparent NDVI > 0.15 for the TOA model because the FPAR could be
estimated only for the vegetated pixels.

On the basis of the developed BOA and TOA models, FPARy;, was
estimated and presented in Figs. 14 and 15 for the two dates. The FPAR
from the two models displayed a similar spatial distribution. The valid
pixels in Figs. 14(b) and (c) and 15(b) and (c) were not the same,
especially in a few sparsely vegetated regions, because different NDVI
threshold values were used to identify the vegetated pixel. As shown in
the FPAR histograms in Figs. 14(e) and 15(e), the two models could
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Fig. 13. Comparison between FPAR from ground measurement and retrieval from the BOA and TOA models, respectively.

obtain similar FPAR estimates for the large FPAR value range > 0.6,
but the TOA model resulted in a larger FPAR than the BOA model for a
small FPAR value range < 0.4. The FPAR difference turned out to be
significant in the ecotone of the oasis and gobi and sparsely vegetated
region. We calculated the FPAR difference between the two models in
different FPAR ranges to further investigate this problem, and the re-
sults are presented in Fig. 16. Such difference first increased with the
FPAR and then decreased after FPAR > 0.6, and its value was less than
0.1 for August 11 but as large as 0.18 for October 14. From this
viewpoint, the two model results were close to each other for the dense
canopy, but the conclusion must be based on the atmospheric condi-
tions.

Moreover, we estimated the FPAR using the two models from the
HJ-1/CCD images captured on August 12 and October 11, 2009 in the
study area to conduct a preliminary cross-comparison among different
sensors. Compared with the preceding Landsat images, one- and three-
day intervals existed for the first and second dates, respectively.
Fig. 17(a) and (d) present the retrieved FPAR;, in the two dates from
the CCD images, and Fig. 17(b) and (e) depict the surface reflectance
difference histogram in the blue, green, red, and NIR bands between TM
and CCD. These images show that the reflectance difference of green
band of the first date and the green, red, and NIR bands of the second
date were significant. Consequently, for the first date, the average FPAR
difference between the TM and CCD data was approximately 0.0
(Fig. 17(c)), with an RMSE of 0.13 for the two models. Accordingly, for
the second date, the FPAR difference increased, and the RMSE was 0.18
and 0.17 for the BOA and TOA models, respectively, as shown in
Fig. 17(f). From these results, the FPAR values from the short-term
interval observation of the different sensors were similar under dense
vegetation conditions but had relatively remarkable difference under
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sparse vegetation.

5. Discussions

This study attempted to develop a generalized method of estimating
pixel FPAR from different sensors. We investigated the impact of var-
ious factors on the retrieval and compared the results between the TOA
and BOA models and their capabilities on different sensors using a si-
mulated dataset and real remote sensing images. However, a few issues
still require considerable attention.

5.1. Upscaling from canopy to pixel FPAR estimate

The TOA and BOA models were developed to estimate FPAR at
canopy level with the assumption of a homogeneous canopy and then
used to retrieve FPAR from pixel observation. The upscaling from ca-
nopy to pixel level will not theoretically cause significant error if the
pixel is fully covered by the same uniformly vegetated canopy because
of the linearity of both models. However, mixing the pixel using partly
uniform canopy and non-vegetated components will result in con-
siderable uncertainty to the estimated FPAR. For this non-uniform
pixel, a few highly spatial resolution images are required to separate the
fraction of the uniform canopy in the single pixel and then estimate the
FPAR in the uniform canopy subpixel. Moreover, this study divided the
FPAR into direct FPAR (FPARg;), diffuse FPAR (FPARg,), and total
FPAR (FPAR,). The two former terms can be directly estimated from
satellite observation; However, FPAR,,, which can be more useful in
practice than the two others, can only be estimated with known at-
mospheric data. Therefore, the current method must be refined to di-
rectly estimate FPAR,, in future work.
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Fig. 14. FPAR retrieval results using Landsat 5/TM image on August 11, 2009.

5.2. FPAR difference due to various sensor observations

Most sensors have several bands in the wavelength ranges of plant
photosynthetic active radiation, and their data are available for FPAR
retrieval. A primary attempt was performed to develop a generalized
method for estimating FPAR from Landsat, MODIS, ASTER, VEGETA-
TION, and HJ-1/CCD to remove the differences among retrieval algo-
rithms for various sensors. Although results from the simulated dataset
showed FPAR consistency among different sensors, the estimated FPAR
from real images of various sensors still demonstrated a few remarkable
discrepancies. This finding indicated that apart from the algorithm
difference, the sensor difference in spectral response function, spatial
resolution, observation time, solar and viewing angles, and data un-
certainty can also increase the FPAR value. Therefore, generating a few
consistent FPAR products in time and space using different sensor ob-
servations requires the creation of a uniform satellite observation da-
taset and a uniform retrieval algorithm.

5.3. Daily average FPAR from proposed linear model

This paper estimated the FPAR at solar local time 10:30 a.m., as
shown in Eq. (4). Inspired by this equation, the FPAR 4, at different local
times in a day can be theoretically estimated. If the canopy structure
and biological features are assumed to remain constant in the same day,
then the daily average FPARy;, can be estimated as
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as

In Eq. (14), N is the number of channels and M is the number of re-
trieval FPAR in a day, which begins at sunrise and ends at sunset with a
half-hour interval. The term cos6, is the approximate weight for the
time with a local SZA of 6, The TOA and BOA models calculate the
FPAR from channel reflectance using a linear relationship. Thus, the
weighted average FPAR is equal to that of the algorithm coefficients.
Moreover, the FPAR 4y is considered constant in a day and can be esti-
mated using Eq. (11) from the current satellite observation.

Besides, the current MSHAW-BRDF model is theoretically for uni-
form canopy, and it plans to refine the model using the clumping index
for the row-structured canopy (Ni-Meister et al., 2010). As for the
forest, other models will be better than the MSHAW-BRDF model for
algorithm development, for examples, the Forest Radiative Transfer
(FRT) model (Kuusk et al., 2004, 2008) that can calculate the radiation
interaction between the upper forest layer and bottom vegetated layer,
or the Discrete Anisotropic Radiative Transfer (DART) model that splits
the canopy to various cells whose structure parameters are known
(Gastellu-Etchegorry et al., 2004).

6. Conclusions

FPAR is an important parameter for plant and global carbon cycles.
This study proposes a generalized FPAR retrieval method that can be
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Fig. 15. FPAR retrieval results using Landsat 5/TM image on October 14, 2009.
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applied to Landsat 5/TM, Landsat7/ETM+, Landsat 8/0OLI, MODIS,
ASTER, SPOT/VEGETATION, and HJ-1/CCD. On the basis of the
availability of atmospheric corrections, the new method was developed
as two linear models, namely, the BOA and TOA models. The former
estimates canopy FPAR from land surface multiband reflectance,
whereas the latter finishes the same process from apparent multiband
reflectance at the TOA. The canopy FPAR was divided to direct FPAR at
10:30 a.m. (denoted as FPARg;) due to the direct solar radiance and
diffuse FPAR (denoted as FPARyy) due to the sky-diffuse radiance to
clarify the plant absorption and remove the difference of solar local
time. According to the impact analysis of the combination of solar an-
gles, LAI, reflectance error, and different channel combinations, the
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FPAR errors from the BOA and TOA models were approximately 0.03
and 0.06, respectively, and the FPAR difference between the two
models was small, especially under low AOD loading and densely ve-
getated conditions. Moreover, the difference among FPAR estimated
from different sensors using the above methods was turned out to be
less than 0.015 in theory.

Validation was conducted using in-situ data from HiWATER and
VALERI programs, and results showed that the FPAR errors were 0.16
and 0.18 for the BOA and TOA models, respectively. These values might
be affected by the time interval of the ground and satellite observations,
spatial scale effect, and atmospheric correction errors. Moreover, this
study applied the new algorithm to estimate FPAR in different dates at
the Heihe River Basin and conducted cross-comparisons among FPAR
values from various sensors.

The developed algorithm can be extended to calculate the daily
average FPAR and used in several other sensor observations because
this algorithm can retrieve the pixel FPAR using linear equations of
ground or apparent multiband reflectance. However, a few remarkable
uncertainties were caused by the algorithm. Therefore, future studies
should focus on the modification of the method, ground validation, and
cross-comparison with other FPAR products.
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