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Abstract. Moderate-resolution imaging spectroradiometer (MODIS) gross primary production (GPP) was compared with

estimated GPP (GPP_EC) from eddy covariance measurements over an alpine meadow on the Tibetan Plateau in

2005�2007. The MODIS GPP (GPP_MOD17A2) with a bias of �0.38 g C m�2 d�1 (i.e., about �40.58% of the mean of

the GPP_EC) strongly underestimated the GPP_EC for the alpine meadow. The MODIS GPP was recalibrated using

measured surface meteorological data, including photosynthetically active radiation (PAR), daily minimum air

temperature (Tamin) and daytime mean vapor pressure deficit (VPD), revised fractional photosynthetically active

radiation (FPAR), and the revised maximum light use efficiency (LUEmax) of 0.81 g C MJ�1 (compared with the default

value of 0.68 g C MJ�1 for grassland in the MODIS GPP algorithm) for the alpine meadow. The MODIS-based FPAR

was about 14.70% larger than the surface-estimated FPAR using surface-measured leaf area index (LAI) data.

Additionally, the temporal resolution of surface-measured LAI data was relatively low. Therefore, the linear relationship

between surface-measured LAI and MODIS-based LAI was established (R2 � 0.80, P B 0.001). Then the revised

MODIS LAI datasets were used to calculate the revised FPAR. The revised LUEmax was optimized from the MOD17A2

algorithm using daily surface measurements, including LAI, PAR, VPD, Tamin and GPP_EC. The calibrated MOD17A2

algorithm could explain 88% of GPP_EC variance for the alpine meadow. The bias between GPP_MOD17A2 and

calculated GPP from the MOD17A2 algorithm using surface-measured PAR, Tamin, and VPD, MODIS-based FPAR,

and the default LUEmax of 0.68 g C MJ�1 was �0.17 g C m�2 d�1 (i.e., about �17.60% of the mean of the GPP_EC).

The underestimation of LUEmax caused a 13.78% underestimation of GPP. In contrast, the overestimation of FPAR

resulted in a 7.17% overestimation of GPP. The net effect of meteorology data and FPAR resulted in a 13.84%

underestimation of GPP. These results showed that MODIS-based meteorology data, FPAR, and LUEmax for the alpine

meadow needed to be adjusted.

Résumé. La production primaire brute (PPB) dérivée des données de MODIS (Moderate-Resolution Imaging

Spectroradiometer) a été comparée avec des valeurs de PPB (PPB_CT) estimées à l’aide de la méthode des corrélations

turbulentes au-dessus d’une prairie alpine sur le plateau tibétain en 2005�2007. Les données PPB de MODIS

(PPB_MOD17A2) avec un biais de �0,38 g C m�2 d�1 (c.-à-d. environ �40,58 % de la moyenne des valeurs de

PPB_CT) ont fortement sous-estimé les valeurs de PPB_CT pour la prairie alpine. La PPB de MODIS a été ré-étalonnée

en utilisant des données météorologiques de surface incluant le rayonnement photosynthétiquenent actif (PAR), la

température minimale journaliére de l’air (Tamin) et le déficit diurne moyen de pression de vapeur (DPV), la fraction du

rayonnement photosythétiquement actif révisée (FPAR) et l’efficacité d’utilisation maximale de la lumière révisée

(LUEmax) de 0,81 g C MJ�1 (comparativement à la valeur par défaut de 0,68 g C MJ�1 pour lés prairies dans l’algorithme

de la PPB de MODIS) pour la prairie alpine. Le rayonnement FPAR dérivé des données de MODIS était

approximativement de 14,70 % plus élevé que le FPAR estimé en surface (FPAR_Sur) à l’aide des données LAI mesurées

en surface. De plus, la résolution temporelle des données LAI mesurées en surface était relativement faible. Ainsi, la

relation linéaire entre le LAI mesuré en surface et le LAI basé sur MODIS était préalablement établie (R2 � 0,80, P B

0,001). Ensuite, l’ensemble des données révisées LAI de MODIS a été utilisé pour calculer les valeurs révisées de FPAR.

Les valeurs révisées de LUEmax ont été optimisées à partir de l’algorithme MOD17A2 en utilisant les mesures journaliéres

de surface incluant LAI, PAR, DPV, Tamin et PPB_CT. L’algorithme MOD17A2 étalonné permettait d’expliquer 88 % de
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la variance de PPB_CT pour la prairie alpine. Le biais entre la PPB_MOD17A2 et la PPB calculée (PPB_MOD1) á partir

de l’algorithme MOD17A2 en utilisant le PAR mesuré en surface, Tamin et DPV, la FPAR basée sur les données de

MODIS et la valeur par défaut de LUEmax de 0,68 g C MJ�1 était de �0,17 g C m�2 d�1 (c.-à-d. approximativement

�17,60 % de la moyenne de la PPB_CT). La sous-estimation de LUEmax a engendré une sous-estimation de 13,78 % de la

PPB. Par contre, la surévaluatio de FPAR a résult́ en une suŕvaluation de 7,17 % de la PPB. L’effet net des donńes

ḿt́orologiques et de FPAR a ŕsult́ en une sous-estimation de 13,84 % de la PPB. Ces ŕsultats ont montŕ la ńcessit́ d’ajuster

les donńes ḿt́orologiques d́riv́es de MODIS, FPAR et LUEmax pour la prairie alpine.

[Traduit par la Rédaction]

Introduction

Photosynthesis is a key step in the carbon sequestration of

terrestrial ecosystems, and is closely linked to growth,

respiration, and litter fall (Mäkelä et al., 2006). A major

challenge in quantifying the global carbon cycle is quanti-

fication predicting gross primary production (GPP) at a

variety of spatial and temporal scales (Yuan et al., 2007).

The light use efficiency (LUE) model has some potential to

adequately address the spatial and temporal dynamics of

GPP (Yuan et al., 2007; Wu et al., 2009). The LUE model

proposes that biological production is directly proportional

to the amount of absorbed photosynthetically active radia-

tion (APAR) by the vegetation canopy (Monteith 1972,

1977; Running et al., 2004). Many LUE models have been

developed to calculate net primary production or GPP, such

as the Carnegie, Ames, Stanford Approach (Potter et al.,

1993), the Global Production Efficiency Model (Prince

and Goward 1995), and the Vegetation Production Model

(Xiao et al., 2004).

Moderate-resolution imaging spectroradiometer (MODIS)

is being used to continuously monitor GPP routinely from

space (Running et al., 2004; Coops et al., 2007b). The

MODIS GPP algorithm is also based on the LUE model

(Zhao et al., 2005; Gebremichael and Barros 2006; Heinsch

et al., 2006; Zhang et al., 2008). It provides an 8 day

composite product of GPP of 1 km spatial resolution at the

global scale (Heinsch et al., 2003). However, it is necessary to

test the validity of the MODIS GPP using local surface-

measured data (Heinsch et al., 2006; Zhang et al., 2008). The

eddy covariance (EC) technique provides one of the best

approaches to calculate GPP of ecosystems (Yuan et al.,

2007; Wu et al., 2009), so EC-based GPP is often used to

validate the MODIS GPP (Turner et al., 2003, 2005, 2006a,

2006b; Zhao et al., 2005; Gebremichael and Barros 2006;

Heinsch et al., 2006; Coops et al., 2007a, 2007b; Zhang et al.,

2008). There is a trend in the MODIS GPP products toward

an overestimation of GPP at low productivity sites because

of an overestimation of the fraction of photosynthetically

active radiation (FPAR) absorbed by the canopy and an

underestimation at high productivity sites because of an

underestimation of vegetation LUE (Turner et al., 2006a).

The mean annual GPP from MOD17 are lower than surface-

estimated mean annual GPP for an alpine meadow site and a

cropland site mainly because the MOD17A algorithm

underestimates maximum LUE for the two vegetation types

(Zhang et al., 2008). Although leaf area index (LAI) and

FPAR of Collection 5 is more accurate, MODIS GPP of this

Collection results in a much larger bias than earlier Collec-

tions in comparison with EC-based GPP for a tropical

savanna site (Kanniah et al., 2009). MODIS GPP gives

satisfactory results during the wet season, but causes

overestimation in comparison with EC-based GPP during

the dry season over a tropical wet�dry savanna in northern

Queensland (Leuning et al., 2005). The mean MODIS GPP

is about 30% lower than the mean EC-based GPP over a

temperate Douglas fir forest (Coops et al., 2007b).
In China, alpine meadows cover about 6.4 � 105 km2 and

are concentrated in the western and southwestern regions,

most on the Tibetan Plateau, containing 35.4 Pg of carbon

(i.e., 26.4% of total carbon in grassland of China) (Ni,

2002). Previous studies showed that alpine meadows might

be a carbon sink if the carbon lost due to grazing was not

significant (Kato et al., 2004). Hence, alpine meadows play a

very important role in the regional carbon budget in China

(Zhang et al., 2008). Additionally, with atmospheric CO2

concentration increasing, the GPP of alpine meadows on

the Tibetan Plateau might increase if the precipitation

does not change and alpine meadows can sequester more

carbon (Xu et al., 2005, 2007). However, few studies have

been conducted to test the validity of MODIS-based GPP

of alpine meadows on the Tibetan Plateau. Therefore, the

calibration was done over an alpine meadow in the Tibetan

Autonomous Region.
The objectives of this study were to (i ) evaluate the

MODIS-based GPP (GPP_MOD17A2) using EC-based

GPP and (ii) calibrate the GPP_MOD17A2 using the

continuously measured surface meteorological data and

LAI, and revised maximum light use efficiency (LUEmax).

Methods

Site description

The study site (91.078E, 30.508N, 4333 m above sea level) is

located in Damxung Grassland Observation Station, Tibe-

tan Autonomous Region in China, where an EC tower as a

part of ChinaFlux was established in July 2003. The annual

average sunlight is 2880.9 h and the annual average solar

radiation is 7527.6 MJ m�2. Annual mean air temperature is

1.3 8C, with minimum monthly mean of �10.4 8C in January

and maximum monthly mean of 10.7 8C in July. Annual

average precipitation is around 476.8 mm while the annual

potential evapotranspiration is about 1725.7 mm. The soil is

frozen from November to January of the following year.
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The soil texture is sandy loam. The vegetation around

the site is C3-dominated alpine meadow. The dominant

species are Kobresia pygmaea, Stipa capillacea, and Carex

montis-everestii. The vegetation in the area starts to turn

green in May, reaches maximum biomass during the period

of July or August, and then senesces in October.

Eddy covariance measurements and meteorological data

Fluxes of carbon dioxide and water vapor have been

continuously measured with a fetch of at least 200 m from

all directions (Xu et al., 2007) since 2003. The EC system,

installed at the height of 2.1 m above the ground, consisted

of an open-path fast-response infrared gas analyzer (IRGA,

Model LI7500, Li-Cor Inc., Lincoln, Neb.) and a three-

dimensional sonic anemometer (Model CSAT3, Campbell

Scientific Inc., Logan, Utah).
Along with the measurements of CO2 and H2O flux,

routine meteorological data and soil parameters were also

simultaneously measured. This included relative humidity

and air temperature at the height of 1.5 m and 2.1 m (Model

HMP45C, Vaisala, Helsinki, Finland); actual vapor pressure,

atmospheric pressure (CS105, Vaisala Inc.); wind direction

(Model W200P, Vector); wind speed (Model A100R, Vector);

precipitation (Model 52203, RM Young Inc.); photosynthe-

tically active radiation (LI190SB, Li-cor Inc.); soil tempera-

ture at the depths of 0.05, 0.1, 0.2, 0.5, and 0.8 m (Model

107-L, Campbell Scientific Inc.); soil surface average tem-

perature at depths from 0 to 0.06 m (Model TCAV, Campbell

Scientific); soil volumetric water content at the depths of 0.05,

0.1 and 0.5 m (Model CS616-L, Campbell Scientific Inc.); and

land surface temperature (Model IRTS-P, APOGEE). Vapor

pressure deficit (VPD) was calculated as the difference

between the saturation and actual vapor pressures at the

given temperature based on the measured relative humidity

and air temperature (Yu et al., 2008).

These data were recorded as half-hourly average values

with a data-logger (Model CR23XTD, Campbell Scientific

Inc.) except the precipitation which was recorded as an hour

total amount. A more detailed description of EC and other

meteorological parameter measurements are given in

Xu et al. (2005, 2007) and Yu et al. (2008).

Seasonal changes of an 8 day composite daily minimum

air temperature (Tamin), daytime VPD and daily photo-

synthetically active radiation (PAR) in 2005�2007 are

illustrated in Figure 1.

LAI measurement and surface-based FPAR calculation

LAI was measured with a leaf area meter (Model AM200,

ADC BioScientific Ltd.) during the growing season (from

May to mid-October) about every half month in 2005�2007.

On each measurement day, five 50 cm � 50 cm replicate

plots were randomly set within the fetch of EC tower

(Fu et al., 2009). Such LAI data were only available on the

measurement days. Therefore, the MODIS 8 day composite

Figure 1. Seasonal change of surface-measured daily minimum air temperature (Tamin)

(a), daytime mean vapour pressure deficit (VPD) (b), and daily photosynthetically active

radiation (PAR) (c). All data were 8 day composite data.
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LAI products with a 1 km spatial resolution (MOD15A2)

were used to estimate consecutive LAI data to obtain

fine temporal resolution integrated LAI data. The linear

relationship between surface-measured LAI and MODIS-
based LAI was established in this study (R2 � 0.80,

P B 0.001, n � 19). Then the MODIS-based LAI and

the linear relationship were used to estimate the integrated

LAI data. In this study, the revised FPAR were calculated

using the integrated LAI data with a Beer�Lambert law as

follows (Ruimy et al., 1999):

FPAR ¼ 0:95� 1� exp �k � LAIð Þð Þ (1)

where k is the light extinction coefficients it was assumed to

be 0.5, which was the same as the default value in the

MODIS algorithm (Zhang et al., 2008).

On average, MODIS-based FPAR (FPAR_MOD) was

about 14.70% higher than the calculated FPAR from
Equation (1) using surface-measured LAI across the three

consecutive growing seasons when surface-measured LAI

was available (Figure 2). Therefore, MODIS-based FPAR

was revised as the approach mentioned previously.

Gap filling and EC-based GPP calculation

The nonlinear regression method (Falge et al., 2001) was

used to fill diurnal and nocturnal gaps. The missing diurnal

flux data were estimated from the Michaelis�Menten

equation with a 10 day moving window.

NEEd ¼
aPPFDGPPmax

aPPFDþGPPmax

� Rd (2)

where NEEd (mmol CO2 m�2 s�1) and Rd (mmol CO2 m�2 s�1)

are the net ecosystem exchange and ecosystem respiration
during the daytime period, respectively. PPFD is the photo-

synthetic photon flux density (mmol quantum m�2 s�1), a is

the ecosystem apparent quantum yield or maximum light

use efficiency (mmol CO2 mmol�1PPFD), and GPPmax is

the asymptotic GPP at saturating light (mmol CO2 m�2 s�1).

For nocturnal missing data, the Lloyd and Taylor (1994)

equation was used as follows:

Rn ¼ Rref exp E0

1

Tref � T0

� 1

Tk � T0

 !" #
(3)

where Rn is nocturnal ecosystem respiration, i.e., NEEn,

Rref stands for the ecosystem respiration rate at the reference

temperature of 10 8C, E0 represents temperature sensitivity
of ecosystem respiration, and Tk (8C) is soil temperature at

the depth of 0.05 m.

Gap-filled half-hourly data were used to calculate the

EC-based GPP (i.e., GPP_EC).

GPP ¼ NEEdþRd (4)

The nocturnal fitted equation (Equation 3) between Rn and

soil temperature at the depth of 0.05 m was extrapolated to

estimate the Rd.

Only the GPP_EC of the alpine meadow from 1 May to
15 October (i.e., the vegetation growing season) was

calculated by means of this approach and the GPP_EC

during other periods (i.e., the vegetation nongrowing

season) was set to be zero.

MOD17A2 algorithm and MODIS data

The MOD17A2 algorithm was presented in detail in

previous studies (Zhao et al., 2005; Gebremichael and
Barros 2006; Heinsch et al., 2006; Zhang et al., 2008) and

the MOD17 user’s guide (Heinsch et al., 2003). Therefore,

only a brief description is given here. The MOD17A2 GPP

algorithm is based on a LUE approach (Heinsch et al., 2003;

Gebremichael and Barros 2006; Turner et al., 2006a; Coops

et al., 2007a).

LUE is combined with estimated APAR to calculate GPP

(kg C day�1) as follows:

GPP ¼ LUE � APAR (5)

where APAR stands for the absorbed PAR by vegetation

canopy. APAR can be calculated as:

APAR ¼ PAR � FPAR (6)

where FPAR, i.e., the fraction of absorbed PAR by

vegetation canopy, is derived from the MOD15A2 pro-
duct, which is an 8 day composite LAI/FPAR MODIS

product at 1 km spatial resolution (Myneni et al., 2002;

Yang et al., 2006; Olofsson and Eklundh 2007). The

incident PAR can be estimated by incident shortwave

radiation (SWRad).

PAR ¼ 0:45� SWRad (7)

LUE is calculated as

LUE ¼ LUEmax � TMIN scalar � VPD scalar (8)

Figure 2. Seasonal change of surface-estimated fractional

photosynthetically active radiation using surface-measured leaf

area index (FPAR_Sur) and MOD15A2 FPAR (FPAR_MOD).
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where LUEmax is the maximum light use efficiency or the

ecosystem apparent quantum yield (kg C MJ�1), and

TMIN_scalar and VPD_scalar are the two attenuation

scalars with a range from 0 to 1.

The original MODIS-based GPP (MOD17A2 product) at

the spatial resolution of 1 km was called GPP_MOD17A2 in

this study. GPP_MOD1, GPP_MOD2, and GPP_MOD3

were all calculated from the MOD17A2 algorithm.

GPP_MOD1 was calculated using surface-measured

meteorology data, including PAR, Tamin and VPD, and

MOD15A2 FPAR, whereas GPP_MOD2 and GPP_MOD3

were both calculated using surface-measured PAR, Tamin

and VPD, and surface-based FPAR. The default parameters

(Table 1) were used to calculate GPP_MOD1 and

GPP_MOD2. The same default parameters, except for

LUEmax (Table 1), were used to calculate GPP_MOD3.

Determination of surface-based LUEmax

LUEmax varies with vegetation types (Xiao et al., 2004;

Coops et al., 2007b, 2009), stand structure, and vegetation

coverage (Xu et al., 2007). However, there should be an

individual LUEmax for an individual stand (Gower et al.,

1999; Xu et al., 2007). LUEmax can be retrieved from an

analysis of the ratio of GPP to APAR and the attenuation

factors of LUEmax (Zhang et al., 2008). In this study, the

surface-based LUEmax (i.e., revised LUEmax) was deter-

mined from the MOD17A2 algorithm using daily inputs of

surface-measured VPD, Tamin and APAR, and EC-based

GPP at the following stages: surface-measured VPD and

Tamin were used to calculate the moisture and temperature

attenuation scalars (VPD_scalar and TMIN_scalar) of

LUEmax, respectively; and surface-measured LAI were

used to calculate the surface-estimated FPAR through

Equation (1). Then, surface-estimated FPAR and surface-

measured PAR were used to calculate the surface-based

APAR; and the linear equation (y � 0.81x, R2 � 0.747,

P B 0.001, n � 19), where y and x represent EC-based

GPP and the multiplicative of APAR and TMIN_scalar

and VPD_scalar, respectively, was calculated as mentioned

previously. Therefore, the surface-based LUEmax was set

to be 0.81 g C MJ�1 in this study.

Statistical analysis

The root mean squared error (RMSE) and bias were used

to analyze the correspondence between the estimated GPP

from EC measurements and the modeled GPP from the

MOD17A2 algorithm:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

ypredicted � ymeasured

� �2

s
(9)

Bias ¼
Xn

i¼1

ypredicted � ymeasured

� �
=n (10)

where n is the number of observations and i is the

observation number.

Results

The seasonal changes of GPP_EC, GPP_MOD17A2,

GPP_MOD1, GPP_MOD2, and GPP_MOD3 from 2005

to 2007 are presented in Figure 3. There were similar
seasonal changes among GPP_EC, GPP_MOD17A2,

GPP_MOD1, GPP_MOD2, and GPP_MOD3. The peak

values of GPP_MOD17A2 and GPP_MOD2 were lower

than those of GPP_EC for all three consecutive growing

seasons, whereas those of GPP_MOD1 were only lower in

2005 and 2007. In contrast, the peak values of GPP_MOD3

were higher than those of GPP_EC in 2005 and 2006, but

lower in 2007.
The differences among GPP_EC, GPP_MOD17A2,

GPP_MOD1, GPP_MOD2, and GPP_MOD3 varied

through time (Table 2, Figure 3). The annual GPP_

MOD17A2 was only 57.84%, 77.32%, and 48.62% of the

annual GPP_EC in 2005, 2006, and 2007, respectively.

Although the annual GPP_MOD1 was about 20.80%�
38.55% higher than the annual GPP_MOD17A2, it was

only about 62.76%�93.40% of the annual GPP_EC.
The annual GPP_MOD2 was about 5.85%�9.18% lower

Table 1. Values for fractional photosynthetically active radiation (FPAR), meteorology data, maximum light use efficiency (LUEmax, g C MJ�1),

Tamin_max (8C), Tamin_min (8C), VPDmax (KPa), and VPDmin (KPa) used in gross primary production (GPP) calculation*.

GPP FPAR Meteorology data LUEmax Tamin_max Tamin_min VPDmax VPDmin

GPP_MOD17A2 MOD15A2 FPAR DAO$ 0.68 12.02 �8.00 3.5 0.65

GPP_MOD1 MOD15A2 FPAR Surface-measured 0.68 12.02 �8.00 3.5 0.65

GPP_MOD2 Surface-based FPAR% Surface-measured 0.68 12.02 �8.00 3.5 0.65

GPP_MOD3 Surface-based FPAR% Surface-measured 0.81 12.02 �8.00 3.5 0.65

* Tamin_max, the upper limit value of the daily minimum air temperature; Tamin_min, the lower limit value of the daily minimum air temperature; VPDmax, the

upper limit value of daytime mean vapor pressure deficit; VPDmin, the lower limit value of daytime mean vapor pressure deficit.
$DAO, NASA’s Data Assimilation Office.
%To obtain consecutive surface-based FPAR, the linear relationship between surface-measured leaf area index (LAI) and MODIS-based LAI was firstly

established. Then the MODIS-based LAI and the linear relationship were used to estimate the surface-based consecutive LAI dataset. Lastly the surface-based

consecutive LAI dataset was used to calculate the consecutive surface-based FPAR from Equation (1).
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than the annual GPP_MOD1. The annual GPP_MOD3 was

9.90% and 31.95% lower in 2005 and 2007, respectively, than

the annual GPP_EC, but 1.62% higher in 2006.

Annual GPP_MOD17A2, GPP_MOD1, GPP_MOD2,

and GPP_MOD3 had a consistent decreasing trend from

2005 to 2007 (Table 2). In contrast, annual GPP_EC

decreased in the order 2007�2005�2006 (Table 2).

Therefore, the annual variation trends of photosyntheti-

cally active radiation, air temperature, vapor pressure

deficit, soil water content, and precipitation across the

full growing season were not consistent with gross primary

production. In detail, the mean daily maximum and

minimum air temperatures were 14.69 and 3.54, 15.85

and 3.60, and 16.35 and 3.77 8C in 2005, 2006, and 2007,

respectively. The daily mean air temperature was 8.70,

9.34, and 9.80 8C in 2005, 2006, and 2007, respectively. The

mean PAR was 42.89, 43.99, and 44.49 mol m�2 day�1

in 2005, 2006, and 2007, respectively. The total amount of

precipitation was 467.2, 211.7, and 411.3 mm in 2005,

2006, and 2007, respectively, whereas mean soil water

content at the depth of 0.05 m was 0.147, 0.098, and

0.117 m3 m�3, respectively. In contrast, mean daytime VPD

was 0.62, 0.76, and 0.80 kPa, in 2005, 2006, and 2007,

respectively.
The comparisons between GPP_MOD1, GPP_MOD2,

GPP_MOD3, and GPP_MOD17A2 are illustrated in

Figure 4. GPP_MOD1 was larger than GPP_MOD17A2

with a linear slope of 1.276, an R2 of 0.966, and an RMSE of

0.152 g C m�2 d�1. GPP_MOD2 was also higher than

GPP_MOD17A2 with a linear slope of 1.184, an R2 of

0.964, and an RMSE of 0.144 g C m�2 d�1. Additionally, the

linear slope between GPP_MOD3 and GPP_MOD17A2

was 1.413 with an R2 of 0.964 and an RMSE of

0.172 g C m�2 d�1. The mean biases of GPP_MOD1,

GPP_MOD2, GPP_MOD3, and GPP_MOD17A2 were

0.17, 0.11, and 0.24 g C m�2 d�1, which were about 17.60%,

11.57%, and 25.35% of the mean of GPP_EC, respectively.
Figure 5 describes the linear relationships between

GPP_EC and GPP_MOD17A2, GPP_MOD1, GPP_MOD2,

and GPP_MOD3. GPP_MOD17A2, GPP_MOD1,

GPP_MOD2, and GPP_MOD3 significantly explained

86.7%, 88.6%, 88.0%, and 88.0% temporal variation of

GPP_EC, respectively. However, the linear slopes were

0.527, 0.692, 0.640, and 0.764, respectively. The mean

biases of GPP_MOD17A2, GPP_MOD1, GPP_MOD2,

GPP_MOD3, and GPP_EC were �0.38, �0.22, �0.27

and �0.14 g C m�2 d�1, which were about �40.58%,

�22.98%, �29.01%, and �15.23% of the mean of GPP_EC,

respectively. These figures indicated that the underestimation

of LUEmax caused a 13.78% underestimation of GPP. In

contrast, the overestimation of FPAR resulted in a 7.17%

overestimation. Additionally, the net effect of LUEmax and

FPAR caused a 7.75% underestimation, whereas the overall

effect of meteorology data and FPAR resulted in a 13.84%

underestimation.

Figure 3. Seasonal change of estimated gross primary produc-

tion from eddy covariance measurements (GPP_EC), MODIS�
Terra 8 day composite GPP (GPP_MOD17A2), calculated GPP

(GPP_MOD1) from the MOD17A2 algorithm using default

parameters (Table 1), surface-measured meteorological data

(i.e., photosynthetically active radiation, daily minimum air

temperature, and daytime mean vapour pressure deficit), and

MODIS-based FPAR, calculated GPP (GPP_MOD2) from

the MOD17A2 algorithm using default parameters (Table 1)

and surface-measured meteorological data and surface-based

FPAR data and calculated GPP (GPP_MOD3) from the

MOD17A2 algorithm using surface-measured meteorological

data, surface-based FPAR data, and the revised maximum light

use efficiency of 0.81 g C MJ�1 (Table 1) in 2005 (a), 2006 (b),

and 2007 (c).
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Discussion

GPP

The annual GPP_EC in this study was 173.23 g C m�2 y�1

in 2005, which was slightly different from some previous

studies that were made in the same alpine meadow site

(Hu et al., 2008; Fu et al., 2009). Hu et al. (2008) presented

that the annual GPP_EC was 167.65 g C m�2 y�1,

whereas Fu et al. (2009) showed that the annual GPP_EC

was 173.7 g C m�2 y�1 in 2005. The difference between

GPP_EC in the current study and previous studies might be

attributed to three types of errors: the determination of

growing season, the usage of different gap filling equations,

and the determination of the parameters in the gap filling

equation.

The mean annual GPP_EC for the alpine meadow in this

study was 159.02 9 30.71 g C m�2 y�1 in 2005�2007, which

was much lower than annual GPP_EC for the alpine meadow

of the Haibei EC measurements site (Hu et al., 2008; Zhang

et al., 2008; Fu et al., 2009). Fu et al. (2009) and Hu et al.

(2008) presented that the annual GPP_EC in Haibei were

553.9 and 580.37 g C m�2 y�1 in 2005, respectively. Zhang

et al. (2008) showed that the annual GPP_EC was 503.9 and

604.7 g C m�2 y�1 in 2002 and 2003, respectively. The

probable reasons why mean annual GPP_EC in the Dam-

xung site was much lower than that in the Haibei site were: (i)

lower vegetation cover (it was larger than 80% in Haibei

while lower than 50% in Damxung (Fu et al., 2009)); (ii)

lower canopy height (it was about 55�70 cm in Haibei while

lower than 10 cm in Damxung (Fu et al., 2009)); (iii) lower

soil water content (Hu et al., 2008; Fu et al., 2009); (iv) higher

VPD (Hu et al., 2008; Fu et al., 2009); and (v) lower LAI. For

example, accumulated LAI during the growing season in

2005 were 70.8 and 225.5 m2 m�2 in Damxung and Haibei,

respectively (Fu et al., 2009).

The biases between MODIS-based GPP and EC-based

GPP were �0.43, �0.17, and �0.55 g C m�2 d�1 in 2005,

2006, and 2007, respectively, while the daily mean values of

EC-based GPP were 1.03, 0.74, and 1.07 g C m�2 d�1 in

2005, 2006, and 2007, respectively. This finding showed

there may be a trend that the larger the daily mean of the

GPP_EC, the larger the bias.

The annual GPP_MOD17A2 were equivalent to 57.84%,
77.32%, and 48.62% of the annual GPP_EC in 2005, 2006,

and 2007, respectively. This result was consistent with a

previous calibration study that showed the annual GPP

from Collection 4 MOD17A2 accounted for 1/2�2/3 of the

annual GPP_EC for alpine meadow (Zhang et al., 2008).

Therefore, Collection 4 and Collection 5 MOD17A2 GPP

both underestimated GPP for alpine meadow ecosystems on

the Tibetan Plateau.

Meteorology data

The MOD17A2 GPP algorithm is based on NASA’s

Data Assimilation Office (DAO) meteorology data

(Heinsch et al., 2003). To date, many studies have

confirmed that NASA’s DAO meteorology data could

produce large errors in the GPP algorithm (Zhao et al.,

2005; Gebremichael and Barros 2006; Heinsch et al., 2006).

Zhao et al. (2005) presented that the average relative error

of the difference between DAO and EC-based meteorology
data was 27% (945%). Heinsch et al. (2006) presented that

the error between annual GPP computed from DAO and

EC-based meteorology data was 28%. The relative biases

between the GPP estimated using DAO and EC-based

meteorology data were �77% and �18% for a mixed forest

site in the humid tropics and an open shrubland site in a

semiarid region, respectively (Gebremichael and Barros

2006). Comparisons between MODIS-based GPP and
calculated GPP from the MOD17A2 algorithm using

MODIS-based FPAR, surface-measured meteorology data

and the default LUEmax of 0.68 g C MJ�1 showed that the

bias between GPP estimates using DAO data and surface-

measured meteorology data was �0.17 g C m�2 d�1 (i.e.,

about �17.60% of the mean of GPP_EC), which implied

that the DAO meteorology data was coarse for the alpine

meadow.

FPAR

MODIS-based FPAR overestimated surface-estimated

FPAR in this study, which was in line with some previous

studies (Fensholt et al., 2004; Turner et al., 2005). Never-

theless, other studies presented that MODIS-based FPAR

Table 2. Annual total GPP (g C m�2 y�1) comparisons among estimated GPP (GPP_EC) from eddy covariance measurements, MODIS GPP

product (GPP_MOD17A2), GPP_MOD1, GPP_MOD2, and GPP_MOD3.

Year GPP_EC GPP_MOD17A2 GPP_MOD1* GPP_MOD2$ GPP_MOD3%

2005 173.23 100.20 138.82 130.70 156.07

2006 123.78 95.70 115.60 105.33 125.78

2007 180.05 87.55 112.99 102.62 122.53

*Calculated GPP from MOD17A2 algorithm using default parameters, surface-measured meteorological data (i.e., photosynthetically active radiation,

daily minimum air temperature and daytime mean vapor pressure deficit and MODIS-based FPAR (Table 1).
$Calculated GPP from MOD17A2 algorithm using default parameters and surface-measured meteorological data and surface-based FPAR data (Table 1).
%Calculated GPP from MOD17A2 algorithm using surface-measured meteorological data, surface-based FPAR data and revised maximum light use

efficiency (Table 1).
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was lower than the surface-measured FPAR (Olofsson and

Eklundh 2007; Zhang et al., 2008). Additionally, good

agreement between MODIS-based FPAR and surface-

measured FPAR was also observed in previous studies
(Zhang et al., 2008). Olofsson and Eklundh (2007) presented

that the canopy densities might explain the different

comparison results between MODIS-based FPAR and

surface-based FPAR. In their study, they thought the

MODIS-based FPAR might approach the maximum

FPAR level for highly closed canopies which could result

in underestimation or good agreement with surface-based

FPAR. In contrast, they pointed out the overestimation of
surface-based FPAR could be attributed to the fact that the

canopies were sparse. The vegetation of the alpine meadow

was sparse with low LAI in this study, which might explain

the result that surface-estimated FPAR was lower than

MODIS-based FPAR.

LUEmax

The revised LUEmax was nearly equivalent to the max-

imum apparent quantum use efficiency of 0.85 g C MJ�1

under low-light conditions (Xu et al., 2007), but lower than

the maximum apparent quantum use efficiency of

1.30 g C MJ�1 under full-light conditions (Xu et al.,

2005). This indicated that GPP might be dampened under

high light at the ecosystem level.

The revised LUEmax was 0.81 g C MJ�1 for the alpine
meadow in this study, which was 19.12% larger than the

default value of 0.68 g C MJ�1 for grassland. Previous

studies confirmed that the default LUEmax for grassland

underestimated the LUEmax for an alpine meadow on the

Tibetan Plateau (Zhang et al., 2008). Taken together,

the default LUEmax of 0.68 g C MJ�1 for grassland should

be adjusted for alpine meadows on the Tibetan Plateau.

The value of LUEmax is obtained from the biome
properties look-up table in the MOD17A2 GPP algorithm

which is dependent on MODIS land cover classification, i.e.,

MOD12Q1 (Heinsch et al., 2003). Nevertheless, there is one

type for grassland in MOD17A2 GPP algorithm. Therefore,

the vegetation type classification of MOD12Q1 is coarse for

grassland in China because there are 18 grassland types in

China (Ni, 2002). LUEmax varies with vegetation types

(Xiao et al., 2004; Coops et al., 2007b, 2009), so the 18
grassland types may have their own LUEmax.

Calibrated MODIS algorithm

The GPP based on the calibrated MODIS algorithm

(i.e., GPP_MOD3) linearly explained 88% variations of the

GPP_EC, whereas it was still 15.2% lower than the

GPP_EC. The bias between the GPP_MOD3 and GPP_EC
was probably attributed to the following conditions.

(i ) The default parameters in the MODIS algorithm

(Table 1) that would not be very suitable for the alpine

meadow in this study. The maximum values of daytime

Figure 4. Comparisons between MODIS GPP product

(GPP_MOD17A2) and calculated GPP (GPP_MOD1) from

the MOD17A2 algorithm using default parameters (Table 1),

surface-measured meteorological data (i.e., photosynthetically

active radiation, daily minimum air temperature, and daytime

mean vapour pressure deficit) and MODIS-based FPAR and

calculated GPP (GPP_MOD2) from the MOD17A2 algorithm

using default parameters (Table 1) and surface-measured

meteorological data and surface-based FPAR data and calcu-

lated GPP (GPP_MOD3) from the MOD17A2 algorithm using

surface-measured meteorology data, surface-based FPAR and

the revised maximum light use efficiency of 0.81 g C MJ�1

(Table 1), respectively. Dash lines indicate 1: 1 reference lines.

Vol. 38, No. 2, April/avril 2012

164 # 2012 CASI

C
an

ad
ia

n 
Jo

ur
na

l o
f 

R
em

ot
e 

Se
ns

in
g 

D
ow

nl
oa

de
d 

fr
om

 p
ub

s.
ca

si
.c

a 
by

 A
pr

il 
D

uf
fy

 o
n 

07
/3

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



mean vapor pressure deficit and daily minimum air tem-

perature were 1.37 kPa and 8.19 8C across the three

consecutive growing seasons, which were much lower than

the default maximum values of 3.5 kPa and 12.02 8C in the

MODIS algorithm. Therefore, the calculated temperature

and water attenuation scalars using default parameters of

the MODIS algorithm may result in errors for the alpine

meadow. For example, the calculated water attenuation

scalars from the MODIS algorithm were still at a high level

(higher than 0.86) during the growing season in 2006,

whereas the annual precipitation in 2006 was only about

50% of the annual mean precipitation (i.e., 476.8 mm). This

indicated that the water attenuation scalar may not ade-

quately reflect the negative effect of drying on GPP in 2006.
(ii) The vapor pressure deficit may not be a good indicator

of soil water content and precipitation, and thereby it does

not adequately reflect the effect of water availability on GPP.

Although the precipitation during the growing season in

2006 was much lower than that in 2005 and 2007, the mean

water attenuation scalar in 2006 was not strongly different

from that in 2005 and 2007. Daily precipitation and soil

water content and daytime vapor pressure deficit

could linearly explain 26.9%, 53.3%, and 12.5% variations

of GPP_EC with RMSE values of 0.512, 0.409, and

0.560 g C m�2 d�1 across the three consecutive growing

seasons, respectively (P B 0.01). This implied that it might

be better that soil water content or precipitation was used to

be the water attenuation parameter for the alpine meadow

instead of the vapor pressure deficit. Additionally, vapor

pressure deficit may have exaggerated the negative effect of

drying on GPP_EC in 2007.

(iii) There were errors in estimating daytime ecosystem

respiration using the relationship between nocturnal ecosys-

tem respiration and soil temperature. Generally, daytime soil

temperature is higher in comparison with nighttime soil

temperature and the temperature sensitivity of ecosystem

respiration decreases with increasing temperature (Jassal

et al., 2007). Therefore, daytime and nighttime respiration

Figure 5. Comparisons between estimated gross primary production from eddy covariance measurements

(GPP_EC) and MODIS GPP product (GPP_MOD17A2), calculated GPP (GPP_MOD1) from the MOD17A2

algorithm using default parameters (Table 1), surface-measured meteorological data (i.e., photosynthetically active

radiation, daily minimum air temperature, and daytime mean vapour pressure deficit) and MODIS-based FPAR

and calculated GPP (GPP_MOD2) from the MOD17A2 algorithm using default parameters (Table 1) and surface-

measured meteorological data and surface-based FPAR data and calculated GPP (GPP_MOD3) from the

MOD17A2 algorithm using surface-measured meteorology data, surface-based FPAR and the revised maximum

light use efficiency of 0.81 g C MJ�1 (Table 1), respectively. Dash lines indicate 1: 1 reference lines.
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may have different responses to soil temperature and

consequently the extrapolation approach probably caused

error. Moreover, leaf respiration in light is relatively low in

comparison with darkness (Hoefnagel et al., 1998). This

could overestimate daytime canopy respiration and thereby

GPP (Janssens et al., 2001; Wohlfahrt et al., 2005).

Conclusions

In this study, MODIS-based GPP was evaluated by

surface-estimated GPP from EC measurements over an

alpine meadow on the Tibetan Plateau. FPAR_MOD was

compared with the surface-estimated FPAR (FPAR_Sur)

using surface-measured LAI. Additionally, surface-measured

LAI was used to calibrate MODIS-based LAI. The cali-

brated MODIS LAI dataset was used to calculate the revised

FPAR.

GPP_MOD17A2 with a bias of �0.38 g C m�2 d�1

(i.e., about �40.58% of the mean of the GPP_EC) strongly

underestimated the GPP_EC for the alpine meadow. The

revised LUEmax was 0.81 g C MJ�1 (compared with the

default value of 0.68 g C MJ�1 for grassland in the MODIS

GPP algorithm) for the alpine meadow. The FPAR_MOD

was about 14.70% larger than the FPAR_Sur. The calibrated

MOD17A2 algorithm could explain 88% of GPP_EC

variance for the alpine meadow. The 16.05% underestima-

tion of LUEmax caused a 13.78% underestimation of GPP.

In contrast, the overestimation of FPAR resulted in a

7.17% overestimation of GPP.
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