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Abstract: The aboveground biomass (AGB) of a forest is an important indicator of the forest’s
terrestrial carbon storage and its relation to climate change. Due to the advantage of extensive
spatial coverage and low cost, coarse-resolution remote sensing data is the main data source for
wall-to-wall mapping of forest AGB at the regional scale. Despite this, improving the accuracy and
efficiency of forest AGB estimation is a major challenge. In this study, two optical imageries, Moderate
Resolution Imaging Spectroradiometer (MODIS) 500 m imagery and Fengyun-3C Visible and Infrared
Radiometer (FY-3C VIRR) 1000 m imagery, were used and compared for forest AGB estimation in
Yunnan Province, southwest China. One parametric approach, multiple linear regression (MLR), and
two nonparametric approaches, k-nearest neighbor (KNN) and random forest (RF), were applied
for the two imagery datasets, respectively. We evaluated the performance of the combination of
remote sensing data and modeling approaches by comparing the accuracies and also explored the
potential of FY-3C imagery data in forest AGB estimation at the regional scale as it was used for this
purpose for the first time. We found that the machine learning models KNN and RF provided better
results than MLR. From the three approaches for both MODIS and FY-3C imagery, RF performed best
with R? values of 0.84 and 0.81 and RMSE of 23.18 and 23.43, respectively. Estimation of forest AGB
based on MODIS was marginally better than the estimation based on FY-3C. FY-3C imagery could
therefore be an additional optical remote sensing data source of coarse spatial resolution, comparable
to MODIS data which has been widely used for regional forest AGB estimation. Indices related
to forest canopy moisture levels from both types of imagery were sensitive to forest AGB. The RF
model and MODIS imagery were then applied to map the spatial variation of forest AGB of Yunnan
Province. As a result of our study, we determined that Yunnan Province has a total forest AGB of
2123.22 Mt, with a mean value of 58.05 t/ha for forestland in 2016.
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1. Introduction

As one of the five most important ecosystems, forests contribute approximately 80%
of the global terrestrial aboveground biomass (AGB) and play a key role in global carbon
cycling and mitigation of climate change [1-3]. Accurate estimation of regional forest
AGB and knowing the spatial distribution are essential for understanding forest carbon
dynamics and carbon cycling [3,4]; thus, extensive efforts have been devoted to estimating
forest AGB with greater accuracy at different scales [5,6].

With the development of space technology, remote sensing provides a more efficient
way to estimate AGB at larger scales because of the repeatability of data acquisition and
extensive geographical coverage compared to field surveys conducted at the plot level.
The theoretical basis for remote sensing of forest AGB is that the optical reflectance of
the forest canopy is highly correlated with the density of biomass within the canopy.
Hence, vegetation indices (such as the normalized difference of vegetation index, NDVI)
derived from spectral bands of remote sensing observations can be used as parameters for
forest AGB estimation [7-9]. In recent decades, remote sensing has become the prevalent
tool for forest AGB estimation [10], and various data sources have been employed for
establishing the relationship between field-surveyed AGB data and spectral responses.
Passive optical sensor data are widely used for monitoring forest AGB [11-18] because of
low cost, easy accessibility and ease of data processing. Optical data of different spatial
resolution have been extensively applied in forest AGB modeling [7], such as coarse-spatial-
resolution data (>100 m), e.g., Moderate Resolution Imaging Spectroradiometer (MODIS),
Advanced Very High Resolution Radiometer (AVHRR) from NOAA satellite and SPOT
VEGETATION; medium-spatial-resolution data (10-100 m), e.g., Landsat Thematic Mapper
(TM) and Enhanced Thematic Mapper Plus (ETM+); fine-spatial-resolution data (<5 m),
e.g., IKONOS, QuickBird, WorldView, Gaofen(GF) series and ALOS/PRISM. Fine-spatial-
resolution data is frequently used for modeling tree parameters, texture, or forest canopy
structures [7,19-23]. Considering its high cost and limited scene coverage, it is only suitable
for small areas. Medium-spatial-resolution images such as Landsat are widely used as a
data source for biomass estimation at a regional scale [24], whereas coarse-spatial-resolution
data are widely used in estimating forest AGB at national, continental and global scales
because they have a better trade-off in the combination of image coverage, temporal and
spatial resolution.

MODIS data onboard Terra and Aqua have been extensively used in environmental
and ecological applications at the regional scale. The Visible and Infrared Radiometer
(VIRR) onboard the Chinese second-generation earth observation satellite Fengyun 3C
(FY-3C VIRR) also has the capability of global observation for many applications. FY-3C
VIRR has a spectral architecture similar to that of MODIS. It can thus be rationally expected
that the FY-3C VIRR may provide an alternative source of earth observation data, especially
when considering that the two satellites with MODIS onboard have been in service for
more than 20 years, which is far beyond their designed lifespan. The continuous mission of
Fengyun 3 series satellites has provided stable earth observation data at regional and global
scales for several years. In contrast to the extensive applications of MODIS data, FY-3C
VIRR data still needs further exploration for multiple potential applications. Therefore, in
this study, we aim to investigate the application of FY-3C VIRR and MODIS in estimating
forest AGB. Our findings will enhance further understanding of the potential of FY-3C
imagery in forest monitoring at regional scales.

In addition to selecting appropriate data sources, various algorithms have been de-
veloped for remote sensing-based forest AGB modeling. Parametric and nonparametric
approaches have been serving as important tools for forest AGB modeling based on remote
sensing data. Parametric modeling directly correlates the available known forest AGB
samples with variables derived from remote sensing data to develop regression equation
models for forest AGB estimation over the entire images. Linear regression with one or
more remote sensing variables is one of the most frequently used parametric modeling
methods [25]. However, the relationships between biomass and remote sensing variables
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in many cases cannot be captured directly by the parametric algorithm, especially in forest
regions with eco-climatic diversity. With the development of machine learning algorithms,
artificial intelligence (AI) based nonparametric approaches have been used in land sur-
face modeling and also forest AGB mapping using remote sensing imageries at regional
scales. Several machine learning algorithms have been developed to capture complicated
nonlinear relationships between the input and the output variables. Commonly used non-
parametric algorithms include k-nearest neighbor (KNN), artificial neural network (ANN),
random forest (RF), support vector machine (SVM) and maximum entropy (MaxEnt). Due
to the flexibility and data-driven manner, nonparametric algorithms have shown better
performances in AGB estimation [24-26]. Moreover, the availability of forest AGB samples
from the field is a prerequisite for nonparametric modeling. Forest AGB data sampled
from plots or calculated from forest inventory data needs to be combined in AGB modeling
as reference data. Accurate referenced AGB data has also brought challenges for AGB
estimation at large scales.

A number of studies have been conducted for forest AGB mapping at a national scale
in China. Yin et al. (2015) used seven single bands of MODIS and two vegetation indices
NDVI and enhanced vegetation index (EVI) to map forest AGB in China for the period
from 2001 to 2013 with a machine learning algorithm [1]. Chi et al. (2015) integrated ICE-
Sat/GLAS data and MODIS imagery with the national forest inventory dataset and with
field measurements for mapping forest AGB for the whole of China [6]. Zhang et al. (2018)
employed KNN models to estimate the species-level biomass of Chinese boreal forests
through the integration of forest inventory data with MODIS spectral variables and envi-
ronmental variables [27]. Lu et al. (2019) estimated the forest AGB and aboveground carbon
storage (AGC) of China by volume modeling based on stand density and forest basal area
of major forest types [28]. Since China has a vast territory and great eco-climatic diversity,
mapping forest AGB in a specific region with unique features was highly necessary for a
better understanding of the spatial variation of the forest AGB at the regional scale. Yunnan
is an important forested area with high forest biomass and carbon storage. Although forest
AGB has been mapped for a few specific tree species at the county level based on Landsat
TM/ETM+ imagery in Yunnan Province [5,25], it has not yet been mapped at the provincial
level, probably due to difficulties in processing remote sensing data caused by rugged
terrains, complex forest composition and inadequate field measurements for certain tree
species. It is therefore important to analyze spatially explicit forest ABG in this area to
help understand the spatial distribution of forest biomass and to provide baseline data for
improving forest management.

The objective of this study was to compare the quality of forest AGB prediction in
Yunnan Province using MODIS and FY images and to explore the possibility of FY imagery
as a substitute data source for forest AGB mapping in regional forest biomass monitoring.
We also used the best combination of imagery and algorithm to map forest AGB and
conducted further analysis to help understand the distribution pattern of forest AGB. One
parametric approach, multiple linear regression (MLR), and two nonparametric methods,
KNN and RF, were selected for forest AGB mapping with the aid of two remote sensing
imageries: MODIS and FY-3C VIRR. Our study compared forest AGB mapping with each
one of these three algorithms. It intends to answer the following questions: (1) What
are the differences in key variables in forest AGB modeling between the two imageries?
(2) Can FY-3C imagery be comparable to MODIS imagery in forest AGB estimation in a
region with complex terrains, many tree species and complex forest stand composition?
(3) Which modeling approach combining the required remote sensing data type achieves
better accuracy in AGB mapping?

2. Materials and Methods
2.1. Study Area

Located in the southwest of China, Yunnan Province contains one of the three major
forest areas in China. Situated at the juncture of the Asian Plate and Indian Plate and
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also at the southeast margin of the Qinghai-Tibet Plateau, the topography of Yunnan
Province is characterized by mountains and plateaus. The province covers a total area
of approximately 394,000 km? and is divided into 16 prefectures. Elevation descends
from north to south and ranges from 6596 meters to 83 meters above sea level (Figure 1).
Yunnan Province borders Myanmar in the west and southwest and Laos and Vietnam in
the south, respectively. Mountains and plateaus account for 94% of the total land area of the
province. The forest area accounts for 59.3% of the provincial total land area [29]. Yunnan
Province ranks second in terms of forest area and forest stock volume, respectively, among
all the provinces in China [30] and contributes a huge carbon sink. Most of the province is
influenced by the tropical monsoon climate. Due to its enormous north-south span and the
high elevational gradient, vegetation distribution patterns in the province are determined
by both latitudinal zonation and vertical zonation, resulting in a scattered distribution of
forest mosaics in the province. The range of vegetation types from the north to the south
includes alpine meadows, montane and subalpine temperate forests, subtropical forests,
and tropical rainforests [31]. The forests in Yunnan are categorized into five types and
zones (Figure 1): (D cold-temperate coniferous forest in the northwest, 2) warm evergreen
broadleaved forest in the northeast, (3) warm evergreen broadleaved and coniferous forest
in the central part, (¥ warm-hot broadleaved and coniferous forest in the southern and
central part and (5) tropical broadleaved forest in the south [30,32]. Broadleaved dominated
forests are mainly located in the south and southwest of Yunnan Province, while most
other areas of the province are dominated by coniferous forests, which cover an area of
4.53 million hectares and account for 48.6% of the total forest area in Yunnan Province [31].
The dominant coniferous tree species include Pinus yunnanensis (accounting for 24.1% of
the total forest area), Pinus kesiya var. langbianensis (6.5%), Pinus armandii (3.3%), Abies fabri
(3.16%), Cunninghamia lanceolata (2.2%) and Pinus densata (1.76%). Pinus yunnanensis is
distributed most widely in Yunnan Province within an elevation range of 700 m to 3300 m
and is dominant in the largest proportion of the forest area among the tree species. The
dominant broadleaved tree species are Quercus (19.7%), Alnus cremastogyne (3.04%) and
Betula spp. (1.0%).
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Figure 1. The location of Yunnan Province in China, topography and forest type zones: (@ cold-
temperate coniferous forest, 2) warm evergreen broadleaved forest, (3) warm evergreen broadleaved
and coniferous forest, @ warm-hot broadleaved and coniferous forest and () tropical broadleaved
forest.
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Because the diverse climates and habitats harbor abundant flora and fauna, Yunnan is
well known for its high biodiversity. The south, west and northwest of the province are
actually located in a global biodiversity hotspot region. Yunnan Province, and in particular,
the Hengduan Mountains region in the west and northwest, is one of the three zones which
are most vulnerable to climate change in China [33].

2.2. Data
2.2.1. MODIS Data and Spectral Variables

The first MODIS instrument, the TERRA satellite, was launched in December 1999,
and the second instrument, the AQUA satellite, was launched in May 2002. MODIS has
provided multi-purpose images for monitoring large-scale changes in the biosphere in past
decades. While the designed lifespan of the two satellites is six years, the MODIS sensors
have been operated for over 10 years.

MODIS has a viewing swath width of 2330 km and measures 36 spectral bands between
0.405 and 14.385 um. It acquires data at three spatial resolutions—250 m, 500 m and 1000 m
with a temporal resolution of 1-2 days. Until now, MODIS and FY-3 series data are the
most widely used satellite data sources for meteorological, agricultural and environmental
monitoring at regional, national or continental scales [34]. Previous studies have shown
that variables from MODIS land products have the spectral sensitivity to provide consistent
spatial and temporal comparisons of global vegetation conditions [35]. The eight-day
MODO09A1 image composite at 500 m resolution from MODIS land product for 2016 was
used in this study. MOD09A1 images of tile h27v06 and h26v06 were downloaded from the
EARTHDATA platform (https:/ /search.earthdata.nasa.gov/search accessed on 2 October
2022) of the National Aeronautics and Space Administration (NASA) of the U.S. The MODIS
Reprojection Tool (MRT) was used to mosaic and reproject the images.

MODO09A1 contains seven spectral bands (b1-b7, Table 1) recording surface spectral
reflectance at ground level. Vegetation indices proven to correlate with vegetation charac-
teristics and other variables were calculated using these single spectral bands (Table 2) and
were then used to develop models for forest AGB mapping. Seven vegetation greenness
indices and three vegetation water indices were selected and used in this study. Principal
component analysis (PCA) was also performed using all the single bands to transform
the multi-spectral correlated bands into a smaller set of uncorrelated image bands. While
retaining as much original spectral information as possible, the first three transformed
images (PC1, PC2 and PC3) were selected for the screening of predictor variables and
further forest AGB modeling as they contained more than 95% of the information from
the original bands. These spectral bands, vegetation indices and transformed images were
used as explanatory variables for forest AGB estimation.

Table 1. The spectral characteristics of MOD09A1 bands.

Band# Name Spectral Range (nm) Center Wavelength (nm) Bandwidth (nm)
1 Red 620-670 645 50
2 Near Infrared (NIR) 841-876 859 35
3 Blue 459-479 469 20
4 Green 545-565 555 20
5 Shortwave infrared (SWIR1240) 1230-1250 1240 20
6 Shortwave infrared (SWIR1449) 1628-1652 1640 24
7 Shortwave infrared (SWIR130) 2105-2155 2130 50
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Table 2. The vegetation indices derived from MOD09A1 and FY-3C VIRR imagery.

Index

Formula MODO09A1 FY-3C VIRR Reference

Vegetation
greenness
indices

NDVI
EVI
RVI

ARVI

SAVI
MSAVI
VARI

(NIR — RED)/(NIR + RED)
2.5(NIR — RED)/[(NIR + 6RED — 7.5BLUE) + 1]
NIR/RED

[NIR — (2 RED — BLUE)]/[NIR) + (2RED — BLUE)]
(1 + 0.5)(NIR — RED)/(NIR + RED + 0.5)

[2NIR + 1 — 1/ (2NIR + 1)? — 8(NIR — RED)]/2

(GREEN — RED)/(GREEN + RED — BLUE)

Rouse et al. [36]
Huete et al. [37]
Jordan [38]
Kaufman and
Tanre [39]
Huete [40]
Qi etal. [41]

Gitelson et al. [42]

L LK

Vegetation
water indices

NDIIb6
NDIIb7

NDMI
NDWI

(NIR - SWIR1640)/ (NIR + SWIR1640)
(NIR — SWIRy;30)/ (NIR + SWIRy130)

(NIR — SWIR]240)/(NIR + SWIR1240)
(GREEN — NIR)/(GREEN + NIR)

Hunt and Rock [43]
Hunt and Rock [43]
Gao [44],
Wilson [45]
Mcfeeters [46]

L L

NDVI = normalized difference of vegetation index; EVI = enhanced vegetation index; RVI = ratio vegetation index;
ARVI = atmospherically resistant vegetation index; SAVI = soil adjusted vegetation index; MSAVI = modified soil
adjusted vegetation index; VARI = visible atmospherically resistant index; NDIIb6 = normalized difference of
infrared index—band6; NDIIb7 = normalized difference of infrared index—band7; NDMI = normalized difference
moisture index; NDWI = normalized difference of water index. y/ represents available, and NA represents
unavailable. * SWIRj440 was adapted to SWIRs595.

2.2.2. FY-3C VIRR Data and Spectral Variables

The Fengyun-3 (FY-3) series of satellites is the second generation of polar-orbit, sun-
synchronous meteorological satellites of China, which have been designed for all weather,
multi-spectral and three-dimensional observation of global atmospheric and geophysical
elements [47]. FY-3 satellite data has been used in numerical weather prediction [48,49],
climate monitoring [50] and monitoring of natural disasters. The Fengyun-3C (FY-3C) satel-
lite was launched in September 2013. FY-3C VIRR data has 10 channels with a wavelength
range of 0.43-12.50 um, providing visible and infrared spectra. The swath width is 2,800 km,
and the temporal resolution is 1 day. The 10-day FY-3C VIRR image composite with 1 km
spatial resolution from 2016 was provided by the National Satellite Meteorological Center
(NSMC) of the China Meteorological Administration (CMA) after radiometric calibration,
atmospheric correction and geometric correction.

Similar to the development of predictor variables derived from MODO09A1 imagery,
the calculation of vegetation indices and PCA were conducted using FY-3C VIRR images.
The first three transformed images (PC1, PC2 and PC3) from PCA, single spectral bands
and vegetation indices from FY-3C VIRR images were used to screen predictor variables.
The set of spectral variables of the FY-3C VIRR imagery was slightly different from that
of the MOD09A1 imagery due to a different wavelength range and available individual
bands (Tables 1-3).

Table 3. The spectral characteristics of FY-3C VIRR bands used in this study.

Band#

Name

Spectral Range (nm) Center Wavelength (nm) Bandwidth (nm)

N Ok WN

Red

Near Infrared (NIR)

580-680
840-890

630
865

100
50

Shortwave infrared

(SWIR1595)

Blue
Cyan
Green

1550-1640

430-480
480-530
530-580

1595

455
505
555

90

50
50
50

Shortwave infrared

(SWIR1360)

1325-1395 1360 70

2.2.3. Forest Inventory Data and Forest AGB Data

The forest inventory data used in this study are from the fourth Chinese National For-
est Resource Inventory (NFRI) for forest management and planning, which was completed
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in Yunnan in 2016. This spatially explicit dataset is composed of forest stand polygons
delineated on the basis of aerial images or satellite images. A forest stand is a contigu-
ous area that contains a community of trees that are relatively homogeneous or have a
common set of characteristics [6]. The spatial dataset of NFRI contains forest stand in-
formation on dominant tree species, age classes, average height, average breast-height
diameters, site condition and stand volume, which was collected through field sampling
following the technical protocols of NFRI. The AGB of forest stands was calculated using
the biomass—volume conversion relationship [51] and used as observation values for re-
mote sensing-based modeling for forest AGB. Forest AGB values from this dataset range
from 1.09 ton/hectares (t/ha) to 631.96 t/ha with 80% falling between 12.51 t/ha and
123.30 t/ha; the mean forest AGB is 58.91 t/ha.

2.3. Sampling for Reference Data of Forest AGB

Forest stand polygons of the NFRI dataset were stratified into five classes based on
AGB value using the natural breaks system. This minimizes the variation within each class
and optimizes the arrangement of the sets of AGB values. AGB samples for the reference
dataset were selected in proportion to the area of each class so that all the AGB value ranges
were covered. In each class, sample point locations were generated randomly with an
assigned minimum distance of 5 km to reduce spatial autocorrelation between samples
and to make sure that these samples cover a variety of forest types in each forest zone
(Figure Al).

After the sample points were generated, grids spatially aligning with pixels of the
MODO09A1 or FY-3C VIRR imagery with the corresponding sample points were used for
further screening of appropriate samples. The grids with more than 50% of the pixel area
covered by forest stands were selected for AGB reference data to create the AGB reference
dataset. Selecting AGB samples was performed with ArcGIS 10.3. The same AGB reference
dataset was used for forest AGB modeling with the MOD09A1 and FY-3C VIRR imagery,
respectively, so as to compare the performances of combinations of different imagery and
methods. A total of 475 grids were selected as AGB references for remote sensing-based
modeling, 75% of which was used for training and the remaining 25% for validation.

2.4. AGB Approaches for Estimating Forest AGB Using MODIS and FY-3C VIRR Data

One parametric approach, MLR, and two nonparametric (i.e., machine learning)
methods, KNN and RF, were selected and employed to predict AGB density in this study.
Parametric methods include linear regression models which have been frequently used
in remote sensing-based forest AGB estimation [26,52-55]. The regression models were
constructed based on the assumption that the biomass variable is linearly correlated with
spectral responses and that limited correlations exist between independent variables [54].
As it is well known that variables of remote sensing are highly correlated with each other, the
variance inflation factor (VIF) was used to test the multicollinearity of predictor variables
of the linear regression model. Using all the predictor variables could lead to a decrease in
the accuracy of the linear model coefficients; therefore, we selected the top 10 influential
variables determined by the variable importance plot of RF to establish the MLR model.
The KNN approach estimates dependent variables as a weighted mean of K spectrally
nearest (most similar) neighbors by inverse distance weighting. No functional relationships
between variables need to be formulated for this approach. One advantage of the KNN
approach is that it avoids the problem of unbalanced samples [24]. RF is a tree-based
assembling learning algorithm. It selects a random number of samples from the training
dataset chosen by the analyst and develops decision trees based on the most important
variables [56,57]. The RF algorithm has been widely used in forest AGB estimation with
remote sensing data and proved to have good performance [58-60]. The parameters ntree
and mtry are the two key factors affecting accuracies in RF models. They define the number
of decision trees and the number of variables tried at each split of decision trees in RF
models. Errors decrease and become stable with the increasing number of regression trees.
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Both KNN and RF algorithms can handle nonlinear relationships between independent
and dependent variables and have become increasingly popular in forest biomass studies
because of the accuracy of their biomass prediction [56,61-64]. In this study, the ntree
was set to 300 trees after testing for the RF models from both MOD09A1 and FY-3C VIRR
imageries, and 5 and 6 were selected for the mtry numbers for the optimized models
based on the variables from the two imageries, respectively. These predictive models were
constructed from a training dataset (n = 351) consisting of grid-based AGB density from the
NFRI dataset paired with explanatory spectral variables derived from the MOD09A1 and
FY-3C VIRR imagery, respectively. We extracted raster pixel values of spectral variables
from MODO09A1 and FY-3C VIRR imagery, respectively, corresponding to the selected grids
for forest AGB reference.

The three models were performed using R Studio (R Version 4.2.0). The MLR model
was established using the Im() and step() functions. The “Caret” package and “random-
Forest” package were used to generate KNN and RF models, respectively. We used the
same set of spectral variables from the same remote sensing data source for MLR, KNN and
RF modeling, respectively. With the varImpPlot() function of RF, the importance of each
candidate variable (single spectral bands, vegetation indices and transformed images PC1,
PC2 and PC3) in predicting forest AGB was assessed by computing the increase in node
purity (IncNodePurity), where higher values of IncNodePurity indicate greater importance.
The 10 most important predictor variables were selected and then applied to the models.
The flowchart of the methodology is shown in Figure 2.

MODO09A1 NFRI geospatial

FY-3C VIRR

imagery imagery dataset

v v v

Image preprocessing Dataset selection by

stratification of forest zones

v

Selection of spectral variables 75%

A 4

¥ Training 25%
» Multiple linear regression (MLR}) dataset
£
L
x K-Nearest Neighbor (KNN) 4—'
[=]
Lo
<< Random Forest (RF)

A 4
\
o i Validation
Model validation and comparison <
dataset

A

Best model selected for forest AGB

Figure 2. The flowchart of methodology.

2.5. Accuracy Assessment

The accuracies of forest AGB values predicted from the models combined with the two
remote sensing data sources were evaluated, respectively, by the coefficient of determination
(R?), root mean square error (RMSE) and mean absolute error (MAE) using the validation
dataset (n = 124). R? is a statistical calculation that indicates the degree of interrelation and
dependence between two variables. RMSE measures the average distance between the
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predicted values from the model and the actual values. The lower the RMSE, the better a
given model fits a dataset. These metrics were calculated using the following equations:

im1 (y; — }A’i)z

R2 = 1 - 7 (1)
i1 (y; *Vi)z

RMSE = [ - "y 92 2
= /o =97 2)

i=1

1Q .

MAE:%2|Y1_Y1|- 3)

i=1

In these formulae, ¥; (i € [1,n]) is the predicted biomass on the ith grid, y; is the
observed biomass and y is the mean value of the observed biomass.

The model providing the best accuracy was applied to the whole study area to map
the spatial distribution of forest AGB.

3. Results
3.1. Selection of Spectral Variables

The importance of spectral variables derived from MODO09A1 and FY-3C VIRR im-
ages was evaluated by the decision tree modeling of RF (Figure 3). The top 10 important
variables for MODO09A1 include four indices related to the water content of vegetation
canopy (NDIIb6, NDIIb7, NDWI and NDMI), three vegetation greenness indices (VARI,
RVI and ARVI) and three transformed imageries (PC1, PC2 and PC3). The top 10 impor-
tant variables for FY-3C VIRR include one vegetation water index (NDIIb6), two trans-
formed imageries (PC1 and PC2), five individual spectral bands (blue, shortwave infrared
(SWIR) — SWIR 1595, SWIR;1340, cyan, green) and two vegetation greenness indices (ARVI
and VARI). Interestingly, NDIIb6 reflecting the moisture level of the forest canopy based
on two kinds of imagery is most sensitive to forest AGB values from the NFRI dataset.
Some vegetation greenness indices have a greater contribution in AGB estimation based
on MODO09A1 than on FY-3C VIRR. In contrast, individual spectral bands of FY-3C VIRR
play a more important role than vegetation greenness indices. Only the top 10 important
variables from MODO09A1 and FY-3C VIRR were used for further AGB estimation based on
the three approaches.

Figure 3. The variable importance plots for MOD09A1 images (a) and FY-3C VIRR Images (b).
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3.2. RF Approach Outperforms KNN and MLR Approach

RF performed better than KNN and MLR in estimating forest AGB using both
MODO09A1 and FY-3C VIRR imagery (Table 4). All the models were significant at a
p-value < 0.001. The same set of referenced data of forest AGB from the NFRI dataset
was input into the models, making it possible to compare the performances of the two satel-
lite image products in estimating forest AGB and to help understand factors that influence
accuracies. The performance ranking of the three models was the same for MOD09A1 and
FY-3C VIRR imagery.

Table 4. Statistics for estimation of forest AGB using three approaches with the validation dataset
(n=124).

R2 RMSE (t/ha) MAE (t/ha)
Model
MODIS FY MODIS FY MODIS FY
MLR 0.32 0.29 49.76 51.32 43.28 46.87
KNN 0.65 0.58 36.82 40.52 33.61 37.13
RF 0.84 0.81 23.18 23.43 21.94 17.69

As a result, five variables from MODO09A1 were selected to create an MLR model after
a stepwise regression, with R? of 0.32:

AGBMmoDo9a1 = 52.394 + 97.979 « NDIIb6 — 242.903 * VARI + 8.613 x RVI + @)
191.119 * ARVI + 230.540 * NDWL

In contrast, the MLR model based on variables from FY-3C VIRR has a slightly lower
R? of 0.29. Three variables were involved after a stepwise regression:

AGBgy.3c = —28.01 + 80.95 * NDIIb6 + 312.29 % Green + 58.81 « ARVL 5)

After testing, the optimal KNN model based on MOD09A1 variables was established
with the parameter K = 9 and an R? value of 0.65, and the best K value of the KNN model
for FY-3C variables was 7, with an R? value of 0.58. The RF models for MOD09A1 and
FY-3C VIRR imageries achieved R? values of 0.84 and 0.81, respectively, and RMSE of 23.18
and 23.43, respectively (Table 4).

The MLR models performed worst on both satellite imageries when compared to the
KNN and RF models, as indicated by the comparatively lower R? values. This suggests
that the models have low degrees of fitting to the observed values, probably due to a weak
linear or nonlinear relationship between forest AGB and the remote sensing variables. All
of the predictor variables from MOD09A1 and FY-3C VIRR have VIF values larger than 10.
This indicates that the variables used for MLR models have serious multicollinearity, which
also leads to poor performance of MLR modeling. RF modeling performed better for both
imageries than the other two approaches. It showed a strong ability to avoid overfitting.

It is noticeable that variables from MOD09A1 performed marginally better than using
those from FY-3C VIRR in RF models on both the training dataset and validation dataset
(Figures 4 and 5). This indicates that forest AGB could achieve comparable accuracy using
either MOD09A1 or FY-3C VIRR images. For both kinds of imagery, RF models predicted
lower forest AGB with higher accuracy compared to predicting higher forest AGB with
lower accuracy (Figures 4 and 5), which may be due to the saturation of spectral signals at
higher biomass values. Further comparison was conducted to reveal the difference between
the two estimations of forest AGB from MOD09A1 and FY-3C VIRR imageries, respectively,
by RF models. Moreover, in this study, the RF model with the input of MODO09A1 imagery
was selected for forest AGB mapping and to help understand the spatial distribution
pattern of forest AGB in Yunnan Province.
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Figure 4. Observed versus predicted forest AGB applying random forest (RF) model and MOD09A1
imagery for (a) the training dataset and (b) the validation dataset.
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Figure 5. Observed versus predicted forest AGB applying random forest (RF) model and FY-3C VIRR
imagery for (a) the training dataset and (b) the validation dataset.

3.3. Comparison of Forest AGB Estimation by RF Models Based on the Two Imageries

The total amounts of forest AGB estimated using MOD09A1 and FY-3C VIRR imageries
by RF methods were greater than that of the NFRI dataset (Figure 6), by 4.13% and 6.25%,
respectively. The total mean of forest AGB from FY-3C imagery (62.10 t/ha) was higher
than the means from the NFRI dataset and MOD09A1 imagery (58.91 t/ha and 58.05 t/ha,
respectively). This is probably attributable to the larger estimation in both the mean value
of forest AGB (47.77 t/ha) and the proportion of the largest share of forest AGB range
(30-60 t/ha) by FY-3C VIRR imagery. The mean AGB, at the 0-30 t/ha range, obtained
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from MODO09A1 and FY-3C VIRR was similar (24.52 t/ha and 23.77 t/ha, respectively)
and was the same for the ranges of 30-60 t/ha and 60-90 t/ha (47.80 t/ha and 47.77 t/ha,
84.25 t/ha and 84.58 t/ha, respectively). The total amounts of forest AGB at the two ranges
below 60 t/ha from the two imageries were almost identical. The mean values of forest
AGB estimated using the two imageries were higher than that of the NRFI dataset at the
three ranges lower than 90 t/ha. The underestimation in forest AGB modeled by remote
sensing data at the AGB ranges higher than 90 t/ha was due to signal saturation in optical
remote sensing data at high forest AGB. Higher forest AGB was associated with a greater
discrepancy between estimations derived from remote sensing data and observation values.

133.42 17045 | 235.07
4.86% | 3.56% | | 0.31%

73.48 103.
17.75% 8.87

14432 162.86 | 208.01
2.77% 2.29% | 0.35%
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Figure 6. Distribution of forest AGB in the Chinese National Forest Resource Inventory (NFRI)
dataset and estimated forest AGB based on MOD09A1 and FY-3C VIRR imageries by RF models.

3.4. Mapping of Forest AGB Distribution by Forest Zones and Dominant Tree Species

Figure 7 shows that the forest AGB distribution in Yunnan mapped by MOD09A1 and
FY-3C VIRR imageries is similar. AGB was found to be high mainly at the northwestern,
western, southwestern and southern periphery of the province, in contrast to low AGB,
which was mainly located in the central and eastern parts of the province. The color scheme
of Figure 7 shows that the prediction of forest AGB by FY-3C VIRR imagery had larger
variation. Because the RF algorithm based on MOD09A1 images has achieved the highest
accuracy in forest AGB mapping, we employed this combination to estimate forest AGB.
Then, we produced a map of its spatial distribution in Yunnan Province and used it for
further statistical analysis to show the spatial distribution pattern of forest AGB.

The total forest AGB in Yunnan Province is 2123.22 Mt, with a mean value of 58.05 t/ha.
The cold-temperate coniferous forest zone in the northwest has the highest mean forest
AGB density, 76.08 t/ha, followed by the tropical broadleaved forest zone at 75.40 t/ha.
These two forest zones contribute 8.39% and 18.08% of the total forest AGB of Yunnan
Province, respectively. The lowest mean forest AGB density (43.52 t/ha) occurs in the
warm evergreen broadleaved forest zone. The warm evergreen broadleaved and coniferous
forest zone has a relatively low AGB density (49.45 t/ha), which accounts for the largest
proportion (39.93%) of the total forest AGB in the study area due to the large area that it
covers. The distribution pattern of high forest AGB is consistent with the spatial distribution
of the key areas of forest conservation and biodiversity conservation in recent decades, e.g.,
national and provincial protected areas and ecological forest protection.
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Figure 7. Forest AGB maps derived from (a) MOD09A1 and (b) FY-3C imageries based on RF models.
Forest type zones: (D cold-temperate coniferous forest, @) warm evergreen broadleaved forest,
(® warm evergreen broadleaved and coniferous forest, @ warm-hot broadleaved and coniferous
forest and () tropical broadleaved forest.

Abies fabri, mainly located in northwest Yunnan, had the highest AGB density among
all the dominant tree species at 115.93 t/ha, followed by Quercus spp. at 88.52 t/ha, other
broadleaved species (a group of broadleaved tree species except for Quercus spp., Alnus
cremastogyne and Betula spp.) forest at 85.61 t/ha and Pinus kesiya var. langbianensis at
81.23 t/ha. Pinus densata, Pinus yunnanensis and Pinus armandii had relatively low AGB
density, with values of 61.35 t/ha, 55.42 t/ha and 51.63 t/ha, respectively. Quercus spp.,
Pinus yunnanensis, other broadleaved forests and Pinus kesiya var. langbianensis were the top
four important forests, accounting for 14.50%, 13.20%, 12.35% and 5.83% of the total forest
AGB in Yunnan Province.

4. Discussion

In this study, we mapped the forest AGB in Yunnan Province, an important region
for carbon storage, using three approaches with MODIS and FY-3C imageries. The results
indicate that RF performed best out of all the approaches for forest AGB modeling. The
thematic map by MOD09A1 images achieved marginally better accuracy than the map by
FY-3C VIRR images. Although MODIS imagery has been used for national forest AGB
mapping in China and other regions, this study was the first to adopt FY series imagery
for this purpose and to conduct a comparison of these two imageries. Our results indicate
that FY-3C VIRR imagery achieved acceptable accuracy, relative to MOD09A1 imagery, in
mapping forest AGB at the regional scale.

4.1. Contribution of Spectral Index Variables

We found that although MOD09A1 and FY-3C VIRR imageries have different spatial
resolutions, some common features can be detected in the predictor variables. Among the
predictor variables derived, NDIIb6 outperformed all the other variables for both imageries,
respectively, and both ARVI and VARI also ranked in the top 10 of important variables.
This could be one of the reasons for the consistency of predictions of forest AGB between
MOD09A1 and FY-3C VIRR imageries (RZ > 0.80).

Indices of vegetation water content often correlate with vegetation health and vigor
and indicate vegetation biomass [65]. Our study demonstrated a close relationship between
these indices and forest AGB. NDIIb6 and NDIIb7 derived from near-infrared (NIR) and
SWIR centering at 1640 nm and 2130 nm bands, respectively, showed great potential for
vegetation water content estimation in previous studies [65,66], as the water content in
vegetation was very important for photosynthesis leading to biomass formation. These
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NDII indices were named the normalized difference water index (NDWI), NDIIb6 as
NDWI6409 and NDIIb7 as NDW1I513¢. The fact that NDII was less sensitive to the bandwidth
of different sensors, as proven by Chen et al. [67], was also confirmed by this study.
The vegetation—water content-related index NDMI based on NIR (860 nm) and SWIR
(1240 nm) is also one of the top 10 important predictor variables from MOD(09A1 imagery.
Gao (1996) demonstrated the sensitivity of this index to changes in the water content
of vegetation canopies and showed that it is less sensitive to atmospheric effects than
NDVI [44]. A positive correlation between vegetation water content and vegetation biomass
was also revealed by Xing et al. [68] and Momen et al. [69]. ARVI and VARI are the two
common and important indices related to vegetation greenness from MOD09A1 and FY-
3C VIRR imageries, both enhanced by the presence of the blue channel to minimize the
atmospheric effects.

4.2. The Ability of MOD09A1 and FY-3C VIRR to Map Forest AGB

The ability of remote sensing data to map forest AGB depends on the sensitivity of
the predictor variables selected for mapping forest AGB and on the complexity of the
vegetation structure. Our results showed acceptable accuracies of forest AGB estimation by
both imageries, although the performance of MOD09A1 was marginally better than that of
FY-3C VIRR by RF modeling. This indicates that the suitability of the two imageries for
forest AGB prediction is comparable. The comparable applicability of MOD09A1 and FY-3C
VIRR imageries for forest AGB at the regional scale can be attributable to their similarity
in spectral architectures, temporal resolution and geographical coverage. MOD09A1 and
FY-3C VIRR have spectral compositions for visible light and near-infrared, as well as for
the overlapped range of infrared, which makes it possible to calculate vegetation indices
for modeling. Both imageries have short revisit cycles of 1-2 days and large geographical
coverage extents of over 2000 km?. These features enable efficient image processing for
monitoring the dynamics of forest AGB at regional and global scales.

The difference in the performance of AGB estimation can be attributed to the difference
in the spectrum ranges and spatial resolution of the two imageries. The spectrum range
of MODO09A1 used for calculating variables to model forest AGB is slightly wider than
that of FY-3C VIRR, particularly in SWIR. MODO09A1 has two indices related to vegetation
water content (NDIIb7 and NDMI), more than FY-3C VIRR. These two indices are absent
for FY-3C due to the lack of two specific SWIR bands for index calculation. Thus, to some
extent, MOD09A1 provides more spectral information in forest AGB estimation.

The higher spatial resolution of MOD09A1 (500 m) could account for the higher
accuracy of forest AGB mapping compared to FY-3C VIRR (1000 m). This finding is
consistent with previous findings of forest AGB mapping by finer resolution satellite
imagery with higher accuracy [70,71]. Because the average area of forest stand polygons
in the NFRI dataset of Yunnan Province is approximately 9 hectares, which is smaller
than single pixels of MOD09A1 and FY-3C VIRR imageries, the spectral information
from individual bands and vegetation indices used for modeling was “aggregated” and
“averaged”. Higher spatial resolutions are expected to achieve higher accuracies [71].

4.3. Performance of Parametric and Nonparametric Approaches

In our study, the adopted parametric approach, the MLR model, was found to have
performed poorly in forest AGB prediction, which was also confirmed by other studies [5].
Linear regression is used for modeling when remote sensing variables have a strong
linear relationship with biomass and a weak relationship with selected remote sensing
variables themselves. However, biomass is often nonlinearly related to remote sensing
variables [24,54]; thus, MLR models may lead to low accuracy in predictions.

Our results found that nonparametric approaches achieved higher accuracy compared
to the parametric approach in mapping forest AGB, which is consistent with previous
studies [7,24,56,72]. Lu et al. (2016) suggested that nonparametric approaches should be
explored if large representative field datasets exist for calibration [24]. In our study, we
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selected forest AGB reference data by stratified forest-type zones as an effective way to
ensure the representativeness of reference datasets.

5. Conclusions

In this study, we compared forest AGB estimation for Yunnan Province, southwest of
China, with MODO09A1 and FY-3C VIRR imagery by applying one parametric approach,
MLR, and two nonparametric approaches, KNN and RF. Reference data of forest AGB from
the NFRI dataset, individual spectral bands and the derived vegetation indices were used
to establish the models. The results indicated that (1) RF models outperformed the MLR
and KNN models for both imageries using the same sampled forest AGB reference dataset
from NFRI data. (2) Among all the remote sensing variables, NDIIb6 related to the moisture
of vegetation canopy was the most sensitive to forest AGB for both imageries. Vegetation
greenness indices contributed more to AGB prediction based on MOD(09A1 than those
based on FY-3C VIRR, while individual spectral bands of FY-3C played a more important
role than vegetation greenness indices. (3) FY-3C VIRR imagery had high potential to
be an alternative data source substituting the MODIS data for forest AGB mapping at
regional scales.

This study examined overall forest AGB estimation using MODIS and FY imageries.
However, spectral saturation at high forest AGB is a challenge for AGB mapping with
optical satellite imagery; further studies involving the sensitivity of spectral variables of
these imageries to forest AGB need to be conducted, and as FY imagery is a new option
as a data source for AGB mapping, solutions need to be explored for improving mapping
accuracy. Moreover, the real-time forest AGB monitoring or quantifying AGB change at
regional scales could be an applicative aspect for FY series satellite imagery.
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Appendix A
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Figure A1. The true-color MOD09A1 (a) and FY-3C VIRR (b) imageries of Yunnan Province, with the
dots showing the sampling points to estimate forest AGB.
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