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Abstract: The estimation of aboveground biomass (AGB), an important indicator of grassland
production, is crucial for evaluating livestock carrying capacity, understanding the response and
feedback to climate change, and achieving sustainable development. Most existing grassland AGB
estimation studies were based on empirical methods, in which field measurements are indispensable,
hindering their operational use. This study proposed a novel physically-based grassland AGB
retrieval method through the inversion of PROSAIL model against MCD43A4 imagery. This method
relies on the basic understanding that grassland is herbaceous, and therefore AGB can be represented
as the product of leaf dry matter content (Cm) and leaf area index (LAI), i.e., AGB = Cm × LAI. First,
the PROSAIL model was parameterized according to the literature regarding grassland parameters
retrieval, then Cm and LAI were retrieved using a lookup table (LUT) algorithm, finally, the retrieved
Cm and LAI were multiplied to obtain the AGB. The method was assessed in Zoige Plateau, China.
Results show that it could reproduce the reference AGB map, which is generated by upscaling the
field measurements, in terms of magnitude (with RMSE and R-RMSE of 60.06 g·m−2 and 18.1%,
respectively) and spatial distribution. The estimated AGB time series also agreed reasonably well
with the expected temporal dynamic trends of the grassland in our study area. The greatest advantage
of our method is its fully physical nature, i.e., no field measurement is needed. Our method has the
potential for operational monitoring of grassland AGB at regional and even larger scales.
Keywords: aboveground biomass (AGB); grassland; PROSAIL; MCD43A4

1. Introduction
Grassland, defined as permanent vegetation of herbaceous plant communities, provides significant
ecosystem services, carbon pooling, and forage production [1–3]. Aboveground biomass (AGB),
which is defined as the total mass of plant material per unit area, is an important indicator of vegetation
production. The estimation of grassland AGB is therefore crucial for evaluating livestock carrying
capacity, understanding the response and feedback to climate change, and achieving sustainable
development [4,5].
The traditional method to estimate grassland AGB is based on field measurement, consisting of
field clippings, laboratory drying, and weighing [4]. Although the field measurement methods are
accurate, they are time-consuming and labor-intensive. In addition, their spatially sparse nature makes
them unfeasible to give a comprehensive understanding at regional or larger scales [6]. Optical remote
sensing data contain valuable information on vegetation parameters, and therefore provide an
alternative to monitor grassland AGB more handily and in a seamless manner [7].
Remote Sens. 2019, 11, 1597; doi:10.3390/rs11131597
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Various methods have been developed for estimating grassland AGB from optical remote sensing
data, and most of them are by nature empirical, and based on transfer functions between AGB
and remote sensing observation [1,8–11]. Transfer functions can be parametric (e.g., linear [2,12],
exponential [8], and power fitting [5]) or non-parametric (e.g., support vector machine [13] and artificial
neural network [14]). Field measurements are also indispensable in these empirical methods to calibrate
the transfer functions. Limited by the representativeness of the field measurements, the resulting
transfer function is often time-, site-, and sensor-specific. Therefore, corresponding field measurements
should be implemented beforehand, and these empirical methods are also time consuming and
labor intensive.
Canopy radiative transfer models summarize our understanding regarding the photon–canopy
interaction and establish the explicit physical relation between vegetation parameters and remote
sensing observations [15–17]. The robustness and transferability of radiative transfer models makes
them a preferable solution to the abovementioned condition-specific problem. Physically-based
methods by inverting canopy radiative transfer models have been extensively used to retrieve leaf
area index, fraction of absorbed photosynthetic active radiation, fraction of green vegetation cover,
and many other parameters [18,19]. However, the physically-based method to retrieve AGB is still at
its infancy. One major reason is the lack of a proper radiative transfer model to account for the pool
of canopy dry matter constituting the AGB. For example, the primary pool of forest AGB is the tree
trunk, yet there is no single radiative transfer model accounting for its dry weight. However, there is
no such predicament for grassland considering its herbaceous nature. The dry matter of grassland
is mostly from the leaves (i.e., leaf dry matter content, Cm), and significantly determining the leaf
spectrum, which can be described by leaf optical models (e.g., the PROSPECT model [20]). In addition,
the amount of the leaves can also be depicted by leaf area index, which is an important input of many
canopy scale models, such as SAILH [21]. Therefore, a physically-based model to retrieve grassland
AGB is possible, given the fact that grassland AGB is the product of leaf dry matter content and leaf
area index (AGB = Cm × LAI).
Very few pioneers of physically-based methods for grassland AGB found are in literature,
including Punalekar’s [22] and Quan’s [23] study. They were both based on PROSAIL model [20,21],
which achieved an appropriate compromise between simulating accuracy and inverting simplification.
Punalekar et al. [22] firstly retrieved LAI by inverting PROSAIL model, then converted the LAI
into AGB through a constant value of Cm estimated through field measurement. In fact, Cm is a
spatiotemporal variable [24,25], so its constant assumption may cause uncertainty for the retrieved
AGB. In contrast, Quan et al [23] simultaneously retrieved the LAI and Cm from PROSAIL model, and
then obtained the final AGB through multiplying these two variables. Yet, an empirical relationship
between leaf equivalent water thickness and Cm was used in their study, which may reduce the
generality of their method. A re-calibration of their method is also needed, when applied to different
scenarios or time frames. In summary, empirical variables or relationships are still involved in existing
physically-based method, and a fully physically-based method for grassland AGB retrieval method
still does not exist.
Different data sources were employed to mapping grassland AGB, e.g., Landsat [14,23], SPOT [1],
MERIS [26], and Sentinel [27,28]. The long-term coverage and high revisiting frequency make MODIS
an unparalleled data source, and it has been widely used in grassland AGB estimation [2,13,28,29].
However, the performance of physically-based method on MODIS data has not been assessed. A fully
physically-based method for grassland AGB retrieval from MODIS imagery is urgently needed to
further improve the accuracy and spatiotemporal coverage of grassland AGB estimation.
The objective of this study is to propose a physically-based method to estimate grassland AGB
based on inverting the PROSAIL model from MODIS data. The proposed method relies on the basic
understanding that grassland is herbaceous, and therefore AGB can be represented as the product of
Cm and LAI, i.e., AGB = Cm × LAI. The main improvement of our method is its independence from any
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2. Materials and Methods
2. Materials and Methods
2.1. Study Area
2.1. Study Area
This study was implemented in a 100 × 100 km region spanning from the upper-left corner
was ◦implemented
in a 100 × 100
km region
corner
at
◦ N study
◦ N and from
◦ E upper-left
at 34.0This
and 102.4
E to the bottom-right
corner
at 33.1spanning
103.5the
in the Zoige
Plateau
34.0° N and 102.4° E to the bottom-right corner at 33.1° N and 103.5° E in the Zoige Plateau (Figure
(Figure 1). This region is located at the junction of Sichuan, Gansu and Qinghai provinces, China.
1). This region is located at the junction of Sichuan, Gansu and Qinghai provinces, China. The top
The top three dominant land covers are grassland (80.8%), wetland (11.1%), and forest (4.2%) [6]
three dominant land covers are grassland (80.8%), wetland (11.1%), and forest (4.2%) [6] according to
according to the European Space Agency Climate Change Initiative (CCI) project (available at
the European Space Agency Climate Change Initiative (CCI) project (available at
http://maps.elie.ucl.ac.be/CCI/viewer/download.php). The average elevation of the study area is
http://maps.elie.ucl.ac.be/CCI/viewer/download.php). The average elevation of the study area is ~
~3400 m above sea level. The study area is characterized by low temperature (with an annual
3400 m above sea level. The study area is characterized by low temperature (with an annual mean
mean temperature of 1.21◦ C) and high humidity (with annual precipitation ranging from 464.8 to
temperature of 1.21°C) and high humidity (with annual precipitation ranging from 464.8 to 862.9
862.9
mm)mm)
[30]. [30].
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2.2.1. Field Measurements and Reference AGB Map
2.2.1. Field Measurements and Reference AGB Map
A field campaign was implemented from 14 to 19 August (day of year, DOY 226-231), 2017.
A field campaign was implemented from 14 to 19 August (day of year, DOY 226-231), 2017.
Forty-four plots with areas of 100 × 100 m were selected to perform the field measurement (Figure 1a).
Forty-four plots with areas of 100 × 100 m were selected to perform the field measurement (Figure
In1(a)).
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upscaling the sparse field measurements to a seamless AGB map (Figure 1b). The consistent adjustment
of the climatology to actual observations (CACAO) method and Gaussian process regression (GPR)
were employed, during the upscaling process, to copy with the spatial gaps that exist in the OLI data
and fully exploit the multispectral data cube, respectively. The details regarding the field measurement
and AGB mapping can be found in [6].
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The AGB map mentioned above was generated from field measurements and was seen as
‘true values’ to validate the physically-based method in this study.
2.2.2. MODIS Nadir BRDF-Adjusted Reflectance
In this study, MODIS 16-day nadir BRDF-Adjusted Reflectance product (MCD43A4) was used to
estimate grassland AGB. MCD43A4 is computed for each of the MODIS spectral bands (1–7, see Table 1)
as if they were taken from the nadir view at local solar noon of the day [31]. Both Terra and Aqua data
from a 16-day period were used to provide highest quality input data. Since the view angle effects are
removed from the reflectance observations, this will facilitate the subsequent applications considering
the stability and consistence of the angularly normalized reflectance.
Table 1. Band specification of the MCD43A4 products
Band Number

Spectral Band

Bandwidth (nm)

1
2
3
4
5
6
7

Red
NIR
Blue
Green
SWIR
SWIR
SWIR

620–670
841–876
459–479
545–565
1230–1250
1628–1652
2105–2155

Forty-six images with tile of h26v05 were downloaded from the Land Processes Distributed Active
Archive Center (LPDAAC). These images were from DOY 1 to 361 in 2017 with an 8 days step. We did
not use daily V6 MCD43A4 images directly, because the temporally adjacent images have too much
temporal overlapping considering the 16-day compositing window, and this results in the temporally
adjacent images revealing very slight discrepancies.
The incidence angle of the MCD43A4 product has been normalized to local solar noon of the
day, which will change across the study year (2017). Yet, the local solar noon zenith angle within the
study area would not cover too wide range, considering the limited space of our study area (Figure 1).
Therefore, the incidence angle of the central pixel can be safely use to represent the entire study area.
Figure 2 illustrates the temporal variation of the incidence zenith angle for the central pixel computed
using an astronomical model [32]. The incidence angle is very oblique during winter: the incidence
zenith angle is more than 50◦ at the beginning and ending of the study year. Whilst the minimum
incidence zenith angle (~10◦ ) appeared in the summer solstice day (DOY 172).
2.3. Retrieval Algorithm
The physically-based grassland AGB retrieval method was proposed to rely on the basic
understanding that grassland is herbaceous, and therefore AGB can be represented as the product
of leaf dry matter content (Cm) and leaf area index (LAI), i.e., AGB = Cm × LAI. Cm and LAI are
vegetation parameters at leaf and canopy scales, respectively. Therefore, it is feasible to develop a
physically-based grassland AGB retrieval method if a vegetation radiative transfer model contains the
above two parameters.
Two main components are included in the proposed physically-based method: (1) radiative
transfer model parameterization; and (2) radiative transfer model inversion. They will be introduced
in detail in Sections 2.3.1 and 2.3.2, respectively.
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Figure 2. Temporal variation of the incidence zenith angles for the MCD43A4 imageries over our
Figure 2. Temporal variation of the incidence zenith angles for the MCD43A4 imageries over our study
study area in the study year (2017).
area in the study year (2017).

2.3. Retrieval
Algorithm
2.3.1.
PROSAIL
Model
From the perspective of model inversion, an appropriate model should be as realistic as possible
The physically-based grassland AGB retrieval method was proposed to rely on the basic
to explain the variation of reflectance and, at the same time, as simple as possible to effectively solve
understanding that grassland is herbaceous, and therefore AGB can be represented as the product of
the ill-posed inverse problem [33]. PROSAIL model was selected in this study, because it can achieve a
leaf dry matter content (Cm) and leaf area index (LAI), i.e., AGB = Cm × LAI. Cm and LAI are
proper comprise between reality and simplicity.
vegetation parameters at leaf and canopy scales, respectively. Therefore, it is feasible to develop a
PROSAIL model is a combination of the SAILH canopy reflectance model [21] and the PROSPECT
physically-based grassland AGB retrieval method if a vegetation radiative transfer model contains
leaf optical properties model [20]. LAI and Cm are input parameters of the SAILH and PROSPECT
the above two parameters.
model, respectively, and therefore can both be estimated.
Two main components are included in the proposed physically-based method: (1) radiative
SAILH simulates the canopy bi-directional reflectance in the range of 400 nm to 2500 nm as a
transfer model parameterization; and (2) radiative transfer model inversion. They will be introduced
function of input variables related to the structure of the canopy, the leaf optical properties (reflectance
in detail in Section 2.3.1 and 2.3.2, respectively.
and transmittance), the background soil reflectance, fraction of diffuse incoming solar radiation and the
sun-view geometry [21]. Canopy structure parameters include leaf area index (unitless), averaged leaf
2.3.1. PROSAIL Model
inclination angle (◦ ), hot spot size (unitless). The leaf optical properties used for SAILH was simulated
through the PROSPECT model [20]. The entire inputs include leaf chlorophyll content (mg·cm−2 ),
From the perspective of model inversion, an appropriate model should be as realistic as possible
leaf structure parameter (unitless), leaf equivalent water thickness (g·cm−2 ), leaf dry matter content
to explain
the variation of reflectance and, at the same time, as simple as possible to effectively solve
(g·cm−2 ). The background reflectance spectrum can be simulated using the reflectance spectrum of
the ill-posed inverse problem [33]. PROSAIL model was selected in this study, because it can achieve
fluvio-aquic soil multiplied by a brightness coefficient, which was used to depict changes induced
a proper comprise between reality and simplicity.
by moisture and roughness in soil brightness [34,35]. Concerning the fraction of diffuse incoming
PROSAIL model is a combination of the SAILH canopy reflectance model [21] and the
solar radiation, a constant value across all wavelengths is often employed in many similar studies,
PROSPECT leaf optical properties model [20]. LAI and Cm are input parameters of the SAILH and
as this parameter showed very limited influence on the simulated reflectance [18,34,36–38]. Finally,
PROSPECT model, respectively, and therefore can both be estimated.
the sun-view geometry is described by the incidence zenith angle, view zenith angle, and the relative
SAILH simulates the canopy bi-directional reflectance in the range of 400 nm to 2500 nm as a
azimuth angle.
function of input variables related to the structure of the canopy, the leaf optical properties
The parameterization of PROSAIL model is the prerequisite for our physically-based grassland
(reflectance and transmittance), the background soil reflectance, fraction of diffuse incoming solar
AGB retrieval method. To improve the generality of the physically-based grassland AGB retrieval
radiation and the sun-view geometry [21]. Canopy structure parameters include leaf area index
method, no field measurement data was used during the determination of the distribution of the
(unitless), averaged leaf inclination angle (°), hot spot size (unitless). The leaf optical properties used
canopy, leaf, and soil parameters. Rather, they were determined according to the literature regarding
for SAILH was simulated through the PROSPECT model [20]. The entire inputs include leaf
grassland parameters retrieval
from PROSAIL model [23,34,37]. See Table 2 for the selected parameter
chlorophyll content (mg·cm-2), leaf structure parameter (unitless), leaf equivalent water thickness
intervals
of
main
model
parameters.
(g·cm-2), leaf dry matter content (g·cm-2). The background reflectance spectrum can be simulated
using the reflectance spectrum of fluvio-aquic soil multiplied by a brightness coefficient, which was
used to depict changes induced by moisture and roughness in soil brightness [34,35]. Concerning the
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Table 2. Distribution of the canopy, leaf, and soil parameters used in the PROSAIL parameterization.
Parameters values are drawn randomly within these specific ranges.

Canopy

Leaf

Soil

Parameter

Unit

Min

Max

Leaf area index
Averaged leaf inclination angle
Hot spot size
Leaf chlorophyll content
leaf structure parameter
Leaf equivalent water thinness
Leaf dry matter content
Brightness coefficient

m2 ·m−2

0.1
60
0.05
15
1.5
0.01
0.005
0.5

8.0
70
0.1
55
1.9
0.02
0.01
1.5

◦

Unitless
mg·cm−2
Unitless
g·cm−2
g·cm−2
Unitless

2.3.2. The Lookup Table (LUT) Inversion
The lookup table (LUT) method is by nature the direct comparison of radiative transfer model
simulated spectra against the observed spectra. It is a simple and widely-used inversion method in the
field of vegetation parameter retrieval from remote sensing data [18]. LUT consists two main steps:
LUT generation and LUT searching.
LUT generation: 100,000 parameter combinations were firstly randomly generated following
uniform distributions. The ranges (minimum and maximum) for each of the 8 main model parameters
are summarized in Table 2. The fraction of diffuse incoming solar radiation was set as 0, i.e., diffuse
incoming solar radiation was ignored, given the fact that MCD43A4 is a bi-directional reflectance
product. As for the sun-view geometry, the incidence zenith angle was set from 10◦ to 55◦ with a step of
5◦ . The dynamic range of the sun zenith angle was determined according to the its temporal variation
for the MCD43A4 imageries over our study area simulated by the astronomical model [32]. (Figure 2).
The view zenith angle and the relative azimuth angle were both set as 0◦ , to simulate the nadir-viewing
condition. The incidence zenith angle range was determined by the annual variation of the local solar
noon zenith angle in our study area (see Figure 2). Each parameter combination was then used to drive
the PROSAIL model, and obtain simulated spectra covering wavelength from 400 nm to 2500 nm.
As recommended by similar studies [18,39], a 5% Gaussian white noise was added to the simulated
spectra to account for the remote sensing observation uncertainty. Finally, the continuous spectrums
were converted into MODIS 1-7 channels reflectance values by means of the sensor relative spectral
response (RSR).
LUT searching: To find the solution to the inverse problem for a given MCD43A4 pixel, the relative
root mean squared error (R-RMSE) between measured and LUT-stored spectra is calculated as
v
u
u
t
RRMSE =

n  MCD − RLUT 2

1 X Ri
i
 ,


MCD
n
R
i=1

(1)

i

where n (=7) is the number of spectral bands used, Ri MCD is the MCD43A4 reflectance at band i, and
Ri LUT is the PROSAIL simulated reflectance stored in LUT. The relative RMSE rather than the absolute
RMSE is used to account for the range discrepancy existed in the 7 MCD43A4 bands, e.g., the values
for near infrared band is much larger than those for red band, and the red band will exert negligible
influence if absolute RMSE is used. The solution corresponding the minimum RRMSE is not always the
optimal solution because of the ill-posed nature of the inversion problem [38]. To alleviate this issue,
we adopted the multi-solution method, i.e., the mean of the corresponding multiple target parameter
values was provided as output estimate [18,34]
t

1X
AGB =
LAI j · Cm j ,
t
j=1

(2)
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where t is the number of best matching spectra, LAIj and Cmj is the LAI and Cm corresponding the j-th
best matching spectra. t was set as 50 based on literature [18,23,34,37] and our own tests and trials.
2.3.3. Assessment of Algorithm Performance
The assessment of the proposed physically-based grassland AGB retrieval method was conducted
in the two following aspects:
Comparison with reference AGB map: The reference AGB map upscaled directly from the field
measurements was seen as the proxy of ‘true values’ to assess the accuracy of the AGB map generated
from the physically-based method. The reference AGB was aggregated to the same spatial resolution
(500 m) as the MCD43A4 product before validation. We used the reference AGB map rather than
the field measurements per se because there is obvious scale difference between sampling plots
and MCD43A4 pixels (100 m vs. 500 m), and the spatial heterogeneity within the MCD43A4 pixel
would cause scale error [40–42]. As recommended by the Committee Earth Observing Satellites’
Working Group on Calibration and Validation (CEOS WGCV), the ‘bottom-up’ validation approach
through reference maps could significantly immediate the uncertainty caused by scale discrepancy, and
provide more objective validation results [43]. A pixel-by-pixel comparison was conducted to calculate
the RMSE and relative RMSE (RRMSE) between the reference and estimated AGB, as indicators
representing the absolute and relative accuracy. The spatial distribution of the reference and estimated
AGB maps was also compared to check whether the physically-based method can reproduce the spatial
pattern of the ‘true’ case.
Temporal dynamic analysis: 46 AGB maps covering our study area in 2017 was generated.
The temporal distribution of the AGB maps corresponds to that of our downloaded MCD43A4
(Section 2.2.2). The mean of each AGB map was calculated, and its temporal profile was analyzed to
check that whether the estimated AGB time series can capture the grassland phenology. Moreover, the
time series of estimated LAI and Cm, as elements to calculate AGB (see Equation (2)), was also analyzed.
3. Results
3.1. Comparison with Reference AGB Map
Figure 3 shows the direct pixel-by-pixel comparison between the reference and estimated AGB
in DOY 225, 2017, corresponding to the field campaign (Section 2.2.1). Whilst, slight over-estimation
and under-estimation can be found when reference AGB is less than 200 g·m−2 and between 300
and 350 g·m−2 , respectively, a satisfactory accuracy is obtained from the proposed physically-based
retrieval method with RMSE and R-RMSE of 60.06 g·m−2 and 18.1%, respectively.
The estimated AGB map on DOY 225, 2017 (Figure 4) exhibits nearly identical spatial pattern as
that of reference map (Figure 1b). For example, areas near rivers (bottom-left part) are characterized by
high AGB because of easy access to moisture.
3.2. Temporal Dynamic
The temporal evolution of estimated AGB for our study area is shown in Figure 5. From a first
analysis, the estimated AGB satisfactorily reproduces the seasonal variation and fits the mean value of
the reference map very well. The growing season of the grassland spanned from ~ DOY 81 to 313.
The growing peak appeared on ~ DOY 193, with value of 365.3 g·m−2 . Note that the AGB in dormancy
was not zero. This is because the grassland in our study area is divided into summer pastures and
winter pastures by local people [30], and the winter pastures are adhered to much withered grass to
feed the livestock during winter.
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Figure 3. Density scatterplots between the estimated and reference aboveground biomass (AGB) in
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AGB map, which generated by upscaling the field measurements, in terms of magnitude and spatial
distribution. The estimated AGB time series also agreed reasonably well with the expected temporal
dynamic trends of the grassland in our study area.
Empirically-based grassland AGB retrieval methods, relying on the regression relationship
between field AGB measurements and vegetation indices, are relatively mature and widely represented
in literature. For example, Xu et al. obtained an accuracy of 85.6% when MODIS GPP and NDVI
products were used as depended variables [2]. He et al. found that when the MODIS LAI serving as
dependent variables the corresponding RMSE was 54.25 g·m−2 [44]. The above two studies with field
measurements involved in the calibration of the retrieval method attained only very slightly better
results than our physically-based method without any field information involved (RMSE = 60.06 g·m−2 ,
RRMSE = 18.1%). Our method even outperforms some empirical method in accuracy, e.g., Liang et
al. reported a RMSE of 88.71 g·m−2 when empirical methods were used [11]. Many other studies
confirm the conclusion that our physically-based method can achieve similar accuracy with empirical
ones [5,9,10]. The most obvious advantage of the physical method over empirical ones does not lie in
the accuracy, but in its generality [45]. Besides the time-consuming and labor-intensive nature, the
empirical methods are also subject to the representativeness of the field measurement, and therefore,
are time- and site-specific. However, our physically-based method is applicable for grassland nearly at
anytime and anywhere, because PROSAIL model can simulate grassland reflectance in a wide range of
scenarios [20,21]. In fact, it is the very reason that the proposed method can reproduce the expected
temporal dynamic trends of the grassland (see Figure 5).
Direct comparison reveals that the estimated AGB is slightly over-estimated and under-estimated
the reference vales when the reference vales are less than 200 g·m−2 and between 300 and 350 g·m−2 ,
respectively. The over-estimation may be because of the unspecific parameterization of brightness
coefficient which influences the retrieved results significantly when the AGB is small. This implies
that the localization of the PROSAIL model would further improve the performance of our method.
The under-estimation of our method for the medium AGB values may come from the neglect of
non-herbaceous organs of grass, e.g., stem. The proportion of non-herbaceous organs decreases as the
growth of the vegetation, and so the ‘big-leaf structures’ assumption of our method would not result
in obvious under-estimation when the AGB is larger than 350 g·m−2 . There is not only grass in the
grassland, but also other species, so the estimated AGB will be over-estimated or under-estimated.
Traditional AGB validation procedures rely on the direct comparison between the retrieved values
and field measurements. Two main drawbacks exist in the direct application of field measurements:
First, the granularity difference between sampling plots and MDC43A4 pixels (100 m vs. 500 m)
would induce scale error [40,41,43]. Second, the spatially sparse nature of the field measurements
makes the spatial pattern comparison between estimated and reference values impossible. It is worth
noting that the reference map per se is also with uncertainty. The quantification of the uncertainty
involved in the upscaling procedure is challenging because of the lack of “true” map [46]. The choice
of reference values (field measurements or upscaled map) for AGB validation depends on the tradeoff
between uncertainties from scale difference and upscaling procedure. Coarse resolution pixels are
often characterized by high degree of heterogeneity, resulting in obvious scale error during validation.
This is also the reason why CEOS WGCV recommended using reference maps to validate coarse
resolution remote sensing products [42]. Therefore, we argue that uncertainty from scale difference
would outweigh that from upscaling procedure, and employed the reference map as benchmark to
validate the estimated AGB.
It is worth noting that the estimated temporal evolution of Cm is shaky, especially in the dormancy
and senescence periods (Figure 6). However, the realistic variation of Cm would not be so shaky.
In fact, this fake variation is caused by the lack of information content of MODIS bands to estimate Cm.
For example, Wang et al. [24] found that a narrow-band, normalized index combining two distinct
wavebands centered at 1649 nm and 1722 nm was needed to estimate Cm, and Féret et al. found
that reflectance at 1500 nm is also critical for estimating Cm [25]. Yet MODIS sensor cannot collect
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reflectance at the above three key bands (see Table 1). More advanced sensors with dedicated band
configuration are needed to further improve Cm retrieval accuracy in future.
The greatest improvement of our method over other physically-based methods is that our method
is fully physical, i.e., no empirical variable or relationship is needed. Existing physically-based methods
are also needed to support the field measurements. For example, Punalekar et al. [22] transformed
estimated LAI to AGB through a constant Cm which is estimated through the regression of field
measured LAI and AGB. Quan et al. [23] parameterize the PROSAIL model based on an empirical
relationship between leaf equivalent water thickness and Cm. However, the ratio between them is
temporally variational, which is the main driver causing the temporal variation of Cm (see Figure 6).
Therefore, field measurements are also the prerequisite in Punalekar’s [22] and Quan’s [23] method for
calibration. Conversely, the fully physical nature of our method makes it feasible for other grassland
areas. Besides the calibration procedure, the data sources are also different between our method
and other physically-based methods: MODIS was employed rather than Landsat or Sentinel data
as in [22,23], respectively. We selected MODIS because of two following reasons: (1) it has a high
revisiting frequency, making the spatiotemporally continuous AGB monitoring possible after the
temporal compositing; (2) the incidence angle of the MCD43A4 product has been normalized to local
solar noon of the day [31], and therefore the range of sun-view geometries is limited, reducing the size
of the LUT.
The temporal variation of Cm is very limited, ranging from 0.0065 to 0.0075 g·cm−2 (see Figure 6).
This is inconsistent with many other foliar scale studies, which finds that the variation in Cm of leaves
can cover obviously wider range [47]. This inconsistence may come from the scale difference (foliar vs.
canopy). The canopy consists of many leaves and even different species, the difference of leaves in Cm
may be smoothed, resulting in a relative constant Cm. The relatively constant Cm at canopy scale was
also reported by Punalekar et al. [22]. In fact, the canopy scale constant Cm assumption is the basis of
their method. The two main advantages of our method are due to its fully physical nature: (1) the
small temporal variation of Cm was accounted for; (2) the Cm can be estimated from remote sensing
data without the support of field measurement.
Further improvements of our method include: (1) The soil reflectance can be replaced by more
representative spectral libraries, especially those dedicatedly collected for grassland soil [48]. (2) More
advanced models are worth testing to further improve the representativeness of the LUT. For example,
Qiu et al. [49] developed the PROSPECT-g model which has higher accuracy in Cm estimation. (3) The
application of the proposed method for other herbaceous plants, e.g., crop, is also worth testing.
5. Conclusions
This study proposed a physically-based grassland aboveground biomass (AGB) retrieval method
which relies on the basic understanding that grassland is herbaceous, and therefore AGB can be
represented as the product of leaf dry matter content (Cm) and leaf area index (LAI), i.e., AGB = Cm ×
LAI. The lookup table (LUT) inversion of PROSAIL model against MCD43A4 imagery was used to
estimate Cm and LAI and finally converted to AGB. The proposed method was validated in the Zoige
Plateau, China. Results show that it could reproduce the reference AGB map, which is generated by
upscaling the field measurements, in terms of magnitude (with RMSE and R-RMSE of 60.06 g·m−2 and
18.1%, respectively) and spatial distribution. The estimated AGB time series also agreed reasonably
well with the expected temporal dynamic trends of the grassland in our study area. Our study paved
new way to monitor grassland AGB dynamics at regional and larger scales without the support of
field measurement.
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