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The assessment of forest biomass is required for the estimation of carbon sinks and a
myriad other ecological and environmental factors. In this article, we combined satel-
lite data (Thematic Mapper (TM) and Moderate Resolution Imaging Spectrometer
(MODIS)), forest inventory data, and meteorological data to estimate forest biomass
across the North—South Transect of Eastern China (NSTEC). We estimate that the
total regional forest biomass was 2.306 x 10° Megagrams (Mg) in 2007, with a mean
coniferous forest biomass density of 132.78 Mg ha~' and a mean broadleaved forest
biomass density of 142.32 Mg ha~!. The mean biomass density of the entire NSTEC
was 129 Mg ha™!. Furthermore, we analysed the spatial distribution pattern of the forest
biomass and the distribution of biomass along the latitudinal and longitudinal gradients.
The biomass was higher in the south and east and lower in the north and west of the tran-
sect. In the northern part of the NSTEC, the forest biomass was positively correlated
with longitude. However, in the southern part of the transect, the forest biomass was
negatively correlated with latitude but positively correlated with longitude. The biomass
had an increasing trend with increases in precipitation and temperature. The results of
the study can provide useful information for future studies, including quantifying the
regional carbon budget.

1. Introduction

As the principal component of the terrestrial ecosystem, the forest ecosystem represents
one of the major carbon pools. As climate change accelerates, the strong carbon sink
capacity of forest ecosystems increasingly attracts the interest of international commu-
nities. Except for some small areas that have been carefully studied, estimates of carbon
sink capacity are subject to a high degree of uncertainty. One useful way to proceed is
to estimate biomass changes in land cover (Lu 2006). A number of studies have pro-
vided useful approaches for estimating forest biomass, and remote-sensing technology has
become the most effective method due to its convenience of data acquisition, its synoptic
view over large areas, and its greatly increased efficiency and usefulness in comparison
with the limited conventional methods. Numerous studies have estimated forest biomass
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at different scales using remote-sensing data (Roy and Ravan 1996; Barbosa et al. 1999;
Nelson et al. 2000; Wylie et al. 2002; Dong et al. 2003; Foody 2003; Thenkabail 2004;
Zheng et al. 2004; Lu 2005; Muukkonen and Heiskanen 2007). Because fine-spatial reso-
lution remote-sensing data (IKONOS, QuickBird) match well with ground measurements
in terms of spatial resolution, these can be combined to establish a biomass estimate
model. Coarse spatial-resolution remote-sensing data (Advanced Very High Resolution
Radiometer (AVHRR), Systéme Pour 1’Observation de la Terre (SPOT) VEGETATION,
Moderate Resolution Imaging Spectrometer (MODIS)) have been useful in regional-
or even global-scale forest biomass estimation due to their wide image coverage and
frequency of data acquisition (Muukkonen and Heiskanen 2007). Medium-resolution
satellite data (TM, Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER)) can be used as an intermediate step in linking plot-level field measurements
with coarse-resolution remote-sensing data (Tomppo et al. 2002).

In this study, a large body of forest biomass inventory data and 30 m resolution TM
data were combined to build forest biomass estimation models. By means of spectral cali-
bration between TM and MODIS sensors, the models were utilized to estimate the regional
forest biomass of the North—South Transect of Eastern China (NSTEC) with MODIS data.
We analysed the relationship between forest biomass and vegetation indices, geo-factors,
and meteorological factors, and we demonstrate the spatial distribution pattern of forest
biomass within the context of the NSTEC.

2. Materials and methods

We modelled the NSTEC biomass using remote sensing and forest investigation data using
two sets of remote-sensing data, one with a smaller pixel size (TM, 30 m) and the other
with a larger pixel size (MODIS, 250 m) for model parameterization and application at
the regional scale. Detailed steps included the following: (1) developing the forest biomass
model within a limited portion of the region using TM and forest inventory data; (2) con-
ducting internal spectral calibrations between TM and MODIS data due to differences in
spatial and spectral resolutions between the two sensors such that the TM-based model can
be applied to the entire region of NSTEC using MODIS data; and (3) validating the model
and analysing the distribution of forest biomass in the NSTEC.

2.1. Study area

The NSTEC is a concentrated forest distribution area in China and spans a wide range
of environmental conditions including temperature, precipitation, and topography. The
NSTEC extends from Hainan Island to the northern border of China, ranging between
longitudes 108-118° E for latitudes below 40° N and longitudes 118-128° E for lati-
tudes equal to or greater than 40° N, and covers about 1/3 of the territory of China
(Figure 1). The northern part extends from the north of the Da Hinggan Mountains east-
ward to Changbaishan through Xiao Hinggan Mountains (118° E, 55° N to 128° E, 40° N).
The southern part extends from the North China Plain through the Yangtze—Huai Plain, the
Chiang-nan Hilly Region, and the Nanling Mountains to Hainan Island (108° E, 40° N
to 118° E, 17.5° N). The straight-line distance from south to north is over 3500 km.
There are large heat and water-heat group gradients in the NSTEC (Peng et al. 2002). The
annual mean temperature in the transect ranges from 24°C in Hainan Province to 0—4°C
in Heilongjiang Province, and annual precipitation values range accordingly. The Yangtze
River can be regarded as the natural rainfall isoline of 1000 mm; to the south, rainfall
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Figure 1. Geographic range of the North—South Transect of Eastern China (NSTEC) and its land-
cover types.

increases gradually to 1600 mm in Fujian, Hunan, Jiangxi, and Hubei provinces, and to the
north it decreases to 600 mm in Northeast China (Zhou and Zhang 2008). The main types
of vegetation from south to north range from tropical evergreen forest, mixed tropical ever-
green and deciduous forest, subtropical evergreen forest, mixed subtropical evergreen and
deciduous forest, subtropical coniferous, warm deciduous broadleaved forest, warm nee-
dle, mixed warm broadleaved, and coniferous forest, subalpine deciduous coniferous and
warm alpine evergreen coniferous, to alpine coniferous (Wu 1980).

2.2. Data and processing

The field biomass data were derived from the dissertation of Luo (Luo 1996), which
includes forest biomass data from the 1980s and 1990s throughout China. This data
set includes biomass, net primary productivity (NPP), leaf area index (LAI), and atmo-
spheric data from 1266 plots. To match the time of the field biomass data, TM images
dating from July to September in the 1980s/1990s and derived from the Global Land
Survey (GLS) 1990 data set were acquired to build the biomass model. Furthermore, the
20062007 Landsat TM data and MODIS 250 m data (MOD09Q1) dating from July to
September were collected to conduct spectral calibrations between them. The study area
is covered by 200 scenes of TM images, and by 13 scenes of MODIS images. To mini-
mize cloud contamination and atmospheric effects, we collected TM imagery with as little
cloud cover as possible. Atmospheric correction of Landsat data was performed using the
FLAASH module of ENVI software which is manufactured by ITT Visual Information
Solutions (ITT VIS, Boulder, CO, USA), and geometric rectification and mosaicking were
performed.
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NASA provides a range of MODIS products pre-processed with standard correction
algorithms. MODIS 09 daily data were corrected for the effects of gaseous and aerosol
scattering and absorption, as well as for adjacency effects caused by variation in land
cover, bidirectional reflectance distribution function (BRDF) and atmosphere coupling
effects, and contamination by thin cirrus (Vermote and Vermeulen 1999). In particular,
each MODO09Q!1 data granule (MODIS/Terra Surface Reflectance 8 Day L3 Global 250 m
SIN Grid) offers a composite of the previous eight daily surface reflectance products
with the best observations for each pixel in the two MODIS bands at 250 m (red and
near-infrared). The goal is to obtain single cloud-free images with minimal atmospheric
and sun surface—sensor angular effects representative of the 8 day period (Rossi et al.
2010). MODO09Q1 images dating from July to September have been collected for the years
2006-2007 and re-projected using the MODIS Reprojection Tool (MRT). All data were
projected to the Albers Conical Equal Area.

The other spatial data applied in this article include 1 km resolution digital elevation
models (DEMs) from the National Fundamental Geographic Information System (NFGIS)
and a 1:1,000,000 vegetation map of China derived from the Vegetation Atlas of China
(Hou 2001). Another important data source was the 2001-2007 average precipitation
and temperature data from 752 atmospheric observation sites, which were interpolated
to individual 1 km pixels using ANUSPLINE (Hutchinson 2001). Average precipitation
and temperature data were interpolated using thin-plate smoothing splines based on the
topography of the transect.

2.3. Model development

Two hundred scenes of TM images in the 1980s/1990s for the study area were acquired to
calculate various vegetation indices, which were used to assess the status of and monitor
the evolution of the terrestrial biosphere. These vegetation indices have varying sensitivity
to atmospheric or soil conditions. In this article, we chose four indices (NDVI, RVI, SAVI,
and MSAVI) to perform multiple linear regression analysis, and those with good capability
to retrieve forest biomass from TM were determined based on the Statistical Program for
Social Sciences (SPSS). The relative data on surface reflectivity, which are manifested in
the image digital numbers (DN), were converted to an absolute form, reflectance, prior
to the calculation of vegetation indices (Foody, Boyd, and Cutler 2003). Four vegetation
indices were selected for the statistical modelling.

(1) Normalized difference vegetation index (NDVI): NDVI = oxir = #& / 0 4 .

(2) Ratio vegetation index (RVI): RVI = sxir/,,, .

(3) Soil-adjusted vegetation index (SAVI) (Huete 1988): SAVI = (PR =0R /0 4 o +1)
(1 + L), where L is the soil brightness correction factor; L = 0.5 works well in most
situations and is the default value (Qi et al. 1994).

(4) Modified soil-adjusted vegetation index (MSAVI):

[(ZPNIR + 1) — /Q2onir + 1) — 8 (onir — PR)]
3 .

MSAVI =

In the above equation, pr and pnir are the bands reflectance of red (R) and near
infrared (NIR), respectively.
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Table 1. Statistical models used for biomass estimation.

Model Equation r

Modelgye ¥ = 0.129 X Vpreeip — 0.029 X 145y + 3.418 X giemp + 5.151 x (RVI) + 41.963 0.626
Modeleon ¥ = 0.088 X Vprecip —0.028 X uare + 3.059 X Gremp + 3.272 x (RVI) + 68.543 0.572
Modely, ¥ =0.152 X Vprecip — 0.039 X 1y¢ + 3.304 X giemp + 55.097 x (NDVI) + 36.541  0.722

Notes: Modelye is the overall forest biomass estimation model for all forests within the NSTEC; this model
did not distinguish forest types. Modelc,n and Modelpy, are biomass estimation models for coniferous forest
and broadleaved forest, respectively. ¥ represents biomass density (Mg ha™!), Vprecip r€presents average annual
precipitation (mm), u,;; represents altitude (m), and gemp represents average annual temperature (°C). RVI, ratio
vegetation index; NDVI, normalized difference vegetation index.

Biomass estimation models were established through multiple linear regression anal-
ysis (see Table 1). The optimal independent variables were determined through stepwise
regressions from four vegetation indices, reflectance in bands 3 and 4, average annual
precipitation, average annual temperature, and DEM. Stepwise linear regression is a semi-
automated process of building a model by successively adding or removing variables based
solely on the z-statistics of their estimated coefficients. Using all the field biomass data,
we built the overall forest biomass estimation model (Modely,) for all forests within
the NSTEC; this model did not distinguish among forest types. Therefore, we also built
two biomass estimation models, one for coniferous forest (Model.,,) and the other for
broadleaved forest (Modely,, ), by splitting the field biomass into two groups.

2.4. Spectral calibrations between two sensors

The biomass estimation model driven by TM is limited when applied to biomass estima-
tions of large areas, because of economic constraints. To provide a readily available and
low-cost method for the biomass estimation of a large area, model transformation was
performed to apply TM-based models to the NSTEC with MODIS data.

The linear regression equations, expressed as Y = aX + b, were established to trans-
form the spectral reflectance of MODIS bands 1 and 2 into those of TM bands 3 and
4, respectively (Hame et al. 1997; Muukkonen and Heiskanen 2007). In this equation,
Y represents the spectral reflectance of TM and X represents the spectral reflectance of
MODIS. The constant parameters, a and b, were calculated based on Equations (1) and (2),
respectively:

_om
= o)
b=7—ax. )

In Equations (1) and (2), y and x are the mean values of variables y and x, and o (y) and
o (x) are their standard deviations, respectively (Curran and Hay 1986).

The forest-cover map of the NSTEC was extracted from the 1:1,000,000 vegetation
map and used as a mask to calculate the mean value and standard deviation of reflectance
of each band. Thus, the constant parameters a and b could be calculated by Equations (1)
and (2). Therefore, the linear regression models were determined as follows:
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Table 2. Precision detection and statistics of the models.

Model ME MAE MRE (%) MARE (%) )4

Model,y. (75 samples) 45.549 78.613 2.2 353 0.875
Model,,, (35 samples) 47.088 68.164 10.5 48.8 0.706
Modely,, (40 samples) —18.916 42.579 -30.7 42.1 0.905

Notes: Modelgye is the overall forest biomass estimation model for all forests within the NSTEC. Model,,, and
Modely,, are biomass estimation models for coniferous and broadleaved forest, respectively.

Yrvz = 0.188Xyv0p1s1 + 0.018, 3)

Yrva = 0.464X\vi0p1s2 + 0.030. 4)

In Equations (3) and (4), Y1m3 and Yy are the spectral reflectances of TM bands 3 and 4,
respectively, and Xyvopis1 and Xyopisz are the spectral reflectances of MODIS bands 1 and
2, respectively.

2.5. Model validation

An evaluation of the model’s performance and an assessment of the accuracy of the esti-
mated results are important aspects of the biomass estimation procedure. The randomly
reserved data were used for the model-independent test, which was not involved in the
statistical modelling; these accounted for 10% of the data (Mayer and Butler 1993). The
statistical indicators listed below indicated that there was a good fit between the developed
model and sample data (see Table 2).

(1) Mean error (ME): ME = ; (y‘%y‘)

(2) Mean absolute error (MAE): MAE = )

i=1

(3) Average relative error (MRE): MRE =

Yi—Vi
7|

%:1 (252) x 100%

(4) Mean absolute relative error (MARE): MARE = )
i=1

(5) Precision of model estimation (p): p = (1 — ’“"7) x 100%.

221 100%.

In these equations, y is the mean value of the estimation and S; is the standard error of the
regression.

3. Results and discussion
3.1. Distribution of forest biomass

The forest biomass within the NSTEC was estimated independently by an overall model
and two categorization models. As a result, three forest biomass distribution maps were
produced (see Figures 2(a)—(c)). Figure 2 shows that the forest biomass derived from the
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Figure 2. Spatial distribution of forest (all types) biomass estimated from stepwise regression
models (a) Modelye, () Model.o,, and (¢) (Modelp,,).

overall model ranges from 30 Megagrams (Mg) ha~! to 308 Mg ha~!. Figures 3 and 4
indicate that the biomass of coniferous forest ranges from 34 Mg ha~! to 240 Mg ha™!,
with a mean value of 132.78 Mg ha~!, while broadleaved forest ranges from 4 Mg ha~!
to 240 Mg ha~!, with a mean value of 142.32 Mg ha~!. The biomass distribution trends
of coniferous forest and broadleaved forest derived from the overall estimation model were
essentially the same as those derived from the categorization models, both of which were
higher in the south and east and lower in the north and west of the transect.

To reveal the spatial distribution pattern of the forest biomass within the context of the
NSTEC, the entire transect was divided into two parts, northern and southern, by 40° N
latitude. We divided the northern and southern parts into strips along the directions of



Downloaded by [Institute of Geographic Sciences & Natural Resources Research] at 02:42 18 July 2013

International Journal of Remote Sensing 5605

140

120 -
100 -
80 -
60 |
40 -
20
0 T T ‘

118-120 120-122 122-124 124-126 126-128
Longitude (°E)

Biomass (Mg ha™')

140 1

120

100 -
80 |
60 -
40
20 |
0- . : : :

40-42.5 42.5-45 45-47.5 47.5-50 50-52.5 52.5-55
Latitude (°N)

Biomass (Mg ha™!)

Figure 3. Allocation of average biomass per unit forest area in strips along the direction of longitude
(a) and the direction latitude () in the northern part of the North—South Transect of Eastern China
(NSTEC).

longitude and latitude, respectively, both of which are 2.5° of latitude or longitude in width.
For each strip, we acquired the average biomass per unit forest area to analyse the spatial
distribution of forest biomass in the entire transect.

3.1.1. Distribution of forest biomass in the northern part of the NSTEC

The northern part of the NSTEC stretched from Heilongjiang Province to Liaoning
Province through Inner Mongolia and was dominated by sub-boreal and temperate alpine
coniferous forest, temperate deciduous broadleaved forest, temperate deciduous woodland,
and temperate coniferous forest. The forest consisted of several tree species including Larix
gmelinii, Quecus mongolica, Betula platyphylla, Ulmus, Populus, Quercus liaotungensis,
and Pinus tabulaeformis.

The northern part of the NSTEC was divided into five strips along the direction of
longitude, and into six strips along the direction of latitude. The average biomass per unit
forest area in strips along the direction of longitude showed forest biomass longitudinal
trends, while along the direction of latitude it showed latitudinal trends.
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(a) and the direction of latitude (b) in the southern part of the North—South Transect of Eastern China
(NSTEC).

As shown in Figure 3(a), the average biomass per unit forest area in strips along the
direction of longitude ranged from 78 Mg ha~! to 124 Mg ha~!, and forest biomass gener-
ally increased with increasing longitude. Biomass was relatively high between longitudes
125° E and 132.5° E because the Hinggan Mountains and Changbai Mountains are located
in this area, both having immense forested areas, high forest cover, and intact forest
ecosystems.

The average biomass per unit forest area in strips along the direction of latitude ranged
from 93.5 Mg ha—! to 129.7 Mg ha™!, a trend showing relatively small fluctuation. The level
of 45° N was a turning point below which biomass decreased markedly from 129.7 Mg ha™!
to 93.5 Mg ha~!, above which it changed little, especially above 47.5° N (see Figure 3(b)).
Fluctuation in biomass is caused by the location of the Hinggan and Changbai Mountains.
The high biomass from 40° N to 45° N is mainly due to the Changbai Mountains, with high
forest cover and an intact forest ecosystem. The relatively high and steady-state biomass
between 47.5° N and 55° N is contributed to by the intact forest ecosystem of the Hinggan
Mountains.
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3.1.2. Distribution of forest biomass in the southern part of the NSTEC

The southern part of the NSTEC crosses a broad span of latitude (23-40° N). From
south to north, the forest types are subtropical coniferous forest, subtropical evergreen
and deciduous broadleaved mixed forest, subtropical bamboo forest, subtropical evergreen
broadleaved forest, temperate deciduous broadleaved forest, temperate coniferous forest
and sub-boreal, and temperate alpine coniferous forest.

The southern part of the NSTEC was divided into five strips along the direction of
longitude and nine strips along the direction of latitude. The average biomass per unit forest
area in strips along the direction of longitude showed forest biomass longitudinal trends,
while along the direction of latitude it showed latitudinal trends.

Figure 4(a) shows that the average biomass per unit forest area in strips along the
direction of longitude ranged from 140 Mg ha~! to 191 Mg ha~!, and that forest biomass
generally increased with increasing longitude. The average biomass per unit forest area in
strips along the direction of latitude ranged from 60 Mg ha~! to 210 Mg ha~!, showing
greater variation than that along the direction of longitude; the level of 30° N was a turning
point below which biomass changed little, and above which biomass decreased markedly
from approximately 190 Mg ha~! to 60 Mg ha~! (see Figure 4(b)). Temperature in the
various heat zones is one of the main factors resulting in this distribution biomass pattern.
However, high-intensity human disturbance and the development of secondary forest are
also important factors in bringing about a marked reduction in biomass in the area between
30° N and 40° N. Over the whole transect, high-intensity human disturbance in this area
has led to a huge discrepancy between biomass at latitudes 37.5-40.0° N and 40.0-42.5° N
(Figures 3(b) and 4(b)).

3.2. Gradient distribution of biomass in regard to climatic factors

The NSTEC is characterized by complex topography and environmental conditions.
Marked spatial variation in solar energy and available water and nutrients along the tran-
sect is the primary cause of the diverse distribution of terrestrial ecosystems and biomass.
To clarify the extent to which climatic factors determine biomass along the gradient of
climatic factors, we calculated the average biomass per unit forest area in relation to
precipitation and temperature levels.

The average annual precipitation within the NSTEC varies between 211 mm and
2536 mm. We split these values into gradients of 100 mm, resulting in 15 precipitation
levels, and the average biomass per unit forest area was calculated for each precipitation
level (see Figure 5). As shown in the graph, biomass exhibits an overall increasing trend
as precipitation increases, becoming more significant when precipitation exceeds 800 mm.
Because this level of precipitation is the dividing line between the humid and sub-humid
regions of China (Wu et al. 2005), we conclude that biomass is increased in the humid
regions of China.

A similar method was used to determine the extent to which temperature impacts on
biomass at each temperature level. The average annual temperature within the NSTEC
varied between —7°C and 27°C and was divided into 17 levels with a gradient of
2°C, and the average biomass per unit forest area was calculated for each temperature
level. Figure 6 shows that 11°C is a turning point below which biomass changes little,
remaining at approximately 100 Mg ha~!; above this point, biomass obviously increases.
However, at average annual temperatures above 21°C, biomass does not vary with
temperature.
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Figure 6. Allocation of forest biomass across the temperature gradient within the NSTEC.

According to the division of heat zones of China, an annual accumulated temperature
of 4500°C represents the boundary between the warm temperate and subtropical zones.
Because 12°C average annual temperature corresponds to 4500°C accumulated tempera-
ture, we can conclude that biomass significantly increases at the transition area from warm
temperate to subtropical zones.

4. Conclusions

In this work, multiple linear regression models were developed to estimate the NSTEC
regional forest biomass using a large body of field biomass, remote-sensing data, meteoro-
logical data, and topographic data. The results of statistical tests indicate that the estimates
are reasonable and can truly reflect biomass distribution. Overall, forest biomass showed the
same longitudinal trends between the southern and northern parts of the NSTEC (i.e. that
biomass per unit forest area generally increases with increasing longitude). However, dif-
ferent latitudinal trends were found between the southern part of the NSTEC (dominated
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by broadleaf forests) and the northern part (dominated by coniferous forests). In the north-
ern part, the biomass per unit forest area showed relatively little fluctuation caused by the
location of the Hinggan and Changbai Mountains. In the southern part, forest biomass
was negatively correlated with latitude. Over the whole transect, high-intensity human
disturbance and the development of secondary forest between 30° N and 40° N are impor-
tant factors in the marked reduction in biomass. Therefore, there is a huge discrepancy
in biomass at latitudes 37.5-40.0° N and 40.0-42.5° N. The average biomass density of
coniferous forest was less than that of broadleaved forest. From the process and results of
the modelling, we demonstrated that climate is the dominant factor affecting biomass. Both
the quantity and distribution of air temperature and precipitation can directly affect biomass
density.

Though the estimates we obtained are reasonable, errors still exist. Because it is difficult
to obtain field-measured biomass data within the NSTEC, this article is mainly based on
historical inventory data. These data were derived from various sources and ambiguous time
ranges and cannot exactly match the TM data in time series, which may lead to estimation
errors. The spatial mismatch between ground reference data and pixel size of the TM data is
another likely source of error. The bands transition between MODIS and TM also reduced
the precision of biomass estimation.
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