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Assessing Interannual Variation in MODIS-Based
Estimates of Gross Primary Production
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Eric E. Small, and Steven W. Running

Abstract—Global estimates of terrestrial gross primary pro-
duction (GPP) are now operationally produced from Moderate
Resolution Imaging Spectrometer (MODIS) imagery at the 1-km
spatial resolution and eight-day temporal resolution. In this study,
MODIS GPP products were compared with ground-based GPP
estimates over multiple years at three sites—a boreal conifer
forest, a temperate deciduous forest, and a desert grassland. The
ground-based estimates relied on measurements at eddy covari-
ance flux towers, fine resolution remote sensing, and modeling.
The MODIS GPP showed seasonal variation that was generally
consistent with the in sifu observations. The sign and magnitude
of year-to-year variation in the MODIS products agreed with that
of the ground observations at two of the three sites. Examination
of the inputs to the MODIS GPP algorithm—notably the fraction
of photosynthetically active radiation (FPAR) that is absorbed by
the canopy), minimum temperature scalar, and vapor pressure
deficit scalar—provided explanations for cases of disagreement
between the MODIS and ground-based GPP estimates. Continued
evaluation of interannual variation in MODIS products and
related climate variables will aid in assessing potential biospheric
feedbacks to climate change.

Index Terms—Fraction of photosynthetically active radiation
(FPAR), global ecology, gross primary production (GPP), in-
terannual variation, modeling, Moderate Resolution Imaging
Spectrometer (MODIS), remote sensing.

1. INTRODUCTION

NTEREST in the interannual variation in global gross pri-

mary production (GPP) and net primary production (NPP)
is driven in part by the need to understand potential biospheric
feedbacks to climate change. GPP is the rate of carbon fixation
or gross assimilation per unit ground surface area, whereas NPP
is the rate of biomass accumulation per unit ground surface area
[1], [2]. In a sense, each year is a massive natural experiment
and differences in biosphere behavior between relatively cool
years (e.g., those following the eruption of Mt. Pinatubo) and
relatively warm years (e.g., 1998) are informative with respect

Manuscript received October 1, 2004; revised January 23, 2006. This work
was supported in part by the National Aeronautics and Space Administration
(NASA) Terrestrial Ecology Program and in part by the Department of Energy,
NASA, and the National Science Foundation (for the Flux tower measurements).

D. P. Turner and W. D. Ritts are with the Department of Forest Science,
Oregon State University, Corvallis, OR 97331 USA (e-mail: david.turner@ore-
gonstate.edu).

M. Zhao and S. W. Running are with the School of Forestry, University of
Montana, Missoula, MT 59812 USA.

S. A. Kurc and E. E. Small are with the Department of Geological Sciences,
University of Colorado, Boulder, CO 80309 USA.

A. L. Dunn and S. C. Wofsy are with the Department of Earth and Planetary
Science, Harvard University, Cambridge, MA 02138 USA.

Digital Object Identifier 10.1109/TGRS.2006.876027

to predicting carbon fluxes. To take advantage of these experi-
ments, year-specific global GPP/NPP and climate must be ac-
curately monitored [3]. At present, much more is known about
interannual variation in global climate than about interannual
variation in global NPP and GPP. However, satellite-borne sen-
sors such as AVHRR, SeaWIFS, VEGETATION, and the Mod-
erate Resolution Imaging Spectrometer (MODIS) now achieve
daily coverage of the Earth’s surface at 1-km resolution or less
and offer the opportunity for greatly improved monitoring of
biospheric carbon fluxes [4].

To be scientifically useful, spatial and temporal patterns in
global flux estimates inferred from satellite data will require
evaluation based on in situ measurements [5], [6]. GPP can
be monitored from measurements of net ecosystem exchange
at eddy covariance flux tower sites [7], but a host of scaling
issues arise in linking tower measurements to satellite-based
flux estimates [8]. The BigFoot Project (http://www.fsl.orst.edu/
larse/bigfoot/index.html) was designed specifically to address
many of these scaling issues and to evaluate MODIS land prod-
ucts using ground measurements. The NASA MODIS Land Sci-
ence Team now produces global estimates of mean GPP every
eight days for each 1 km? of the land surface [4]. This paper
focuses on assessing interannual variation in the MODIS GPP
product at three of the BigFoot sites.

The MODIS GPP algorithm (MODI17) uses data from
MODIS surface reflectances. That data contains informa-
tion about vegetation phenology and canopy absorbance of
photosynthetically active radiation or the fraction of photo-
synthetically active radiation (FPAR) [9], [10]. MOD17 also
uses climate data from the NASA Data Assimilation Office
(DAO) climate model [11]. Particularly, important within the
DAO data stream is the estimate of incident photosynthetically
active radiation (| PAR). In MOD17, the product of |PAR
and FPAR is the absorbed PAR (APAR). To estimate GPP, a
maximum light use efficiency (LUE) for GPP (e5_max) from
a biome-specific lookup table [12] is first modified by scalars
(0-1) for minimum temperature (St in) and vapor pressure
deficit (Svpp), i.€., €g_max is reduced under unfavorable
conditions. GPP is then the product of APAR (MJ - m~2 - dfl)
and LUE (gC - MJ ~1). This algorithm should in principle
detect effects of interannual variation in spring snow melt, in
leaf phenology, and in responses of grasslands to increased
precipitation. However, few studies have documented these
capabilities. Here, we evaluate the interannual variation in
MODIS-based GPP at three sites varying widely in climate,
productivity, and vegetation physiognomy.
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TABLE 1
SITE LOCATION AND LONG-TERM AVERAGE CLIMATE VARIABLES

Code  Vegetation Location Precipitation MAT®
(cm) )
NOBS Boreal Lat: 55.885260 52 -3.20
Forest Lon: -98.477268
HARV Deciduous Lat: 42.528513 111 8.31
Forest Lon: -72.172907
SEVI  Desert Lat: 34.350858 35 13.57
Grassland  Lon: -106.689897

# Mean Annual Temperature

II. METHODS
A. Sites

The three BigFoot sites were used in this study were the
boreal forest site (NOBS), the temperate deciduous forest
site (HARV), and the desert grassland site (SEVI). Site lo-
cations and long-term average temperature and precipitation
are listed in Table I. The NOBS site is a boreal black spruce
(Picea mariana) forest in northern Manitoba Canada. NOBS
was one of the core sites in the NASA-sponsored BOREAS
Study [13]-[15]. The HARV site is in eastern Massachusetts
and is dominated by northern hardwoods, including Quercus
rubra, Acer rubrum, and Fraxinus Americana. The Harvard
Forest eddy covariance tower [16] is located near the center
of the study area. The SEVI site is in the Sevilleta Long Term
Ecological Research study area in south central New Mexico
[17]. Vegetation is predominantly perennial bunchgrasses,
dominated by Black Grama (Bouteloua eriopoda) and Blue
Grama (Bouteloua gracilis), along with sparse annual grasses,
forbs, and cacti.

B. MODIS Products

The MODIS data stream includes estimates of FPAR, leaf
area index (LAI), and GPP at the 1-km resolution. The values are
eight-day maxima in the case of FPAR and LAI, and eight-day
means for GPP. Related inputs to the MOD17 algorithm are
daily |PAR, minimum temperature (Tmin), average tempera-
ture (Tavg), and vapor pressure deficit (VPD). This study em-
ployed version 4.5 of the MODIS GPP products and related in-
puts [18]. In version 4.5, missing and bad quality labeled values
in the Collection 4 LAIs and FPARs [19] were filled by linear in-
terpolation within each year and the meteorological inputs from
the DAO climate model were interpolated to the 1-km resolu-
tion from their native 1° x 1.25° resolution. Missing FPAR
data through Day 57 of the year 2000 were filled by the average
values of FPAR for the same periods for 2001-2003.

C. BigFoot Products

The BigFoot Project was designed specifically to evaluate
MODIS Land products [8], [20], [21]. At each BigFoot site, a
25-km? study area is established which contains an eddy co-
variance flux tower [22]. One hundred plots are laid out within
that study area and seasonal measurements of LAI are made
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at each plot. Measurements of above-ground net primary pro-
duction are made at half the plots and total NPP is estimated
for each of these plots using vegetation-type-specific ratios of
belowground production to above-ground NPP [23]. Scaling of
LAI over the complete study area is based on empirical rela-
tionships of measured LAIs to spectral vegetation indexes from
Landsat data [24]-[26]. Scaling GPP and NPP is done by run-
ning the Biome-BGC ecosystem process model at each 25-m
grid cell. A 25-m grid was used because 25 m is close to the
resolution of the Landsat data, and it captures the significant
fine scale heterogeneity in vegetation properties at several of the
BigFoot sites. Biome-BGC is a daily time step model that sim-
ulates photosynthesis, plant respiration, and site water balance
[27], [28]. The daily climate inputs to the model are from the
meteorological measurements at the flux towers. BigFoot esti-
mates of NPP (based on measured above-ground NPP) are used
in model calibration.

GPP estimates from the flux tower are used to evaluate the
effectiveness of the BigFoot products in capturing seasonality,
maximum values, and annual totals for GPP [8]. Tower GPP
is estimated from measurements of net ecosystem exchange
(NEE) using the relationship

GPP = NEE — R,

where R, is ecosystem respiration (the sum of autotrophic and
heterotrophic respiration). This calculation is made for each half
hour during the daylight periods. The R, estimate is based on the
air or soil temperature and the relationship of NEE to air or soil
temperature during nighttime periods above a threshold friction
velocity [7], [8]. A separate relationship is established for each
of several intervals during the growing season. Uncertainty in
the GPP estimates at the HARV site are discussed in Goulden
et al. [7]. Note that possible systematic errors such as overes-
timation of daytime R, [29] would not influence the ability to
detect the sign of the change in total GPP from year to year.

The flux tower footprint, i.e., the area over which the signal
is integrated, varies temporally depending on factors such as
wind speed and direction. For the comparisons of tower GPP
and BigFoot GPP, the footprint was crudely approximated as
the area within a 0.5-km radius of the tower [30]. Thus, BigFoot
GPPs for all 25-m cells within that 0.7-km? area were averaged
for the purposes of comparisons with tower GPPs.

An important feature of the BigFoot protocol as related
to interannual variation is that LAI is comprehensively pre-
scribed spatially and temporally in the Biome-BGC model
runs. Biome-BGC is most commonly run in a prognostic mode,
i.e., LAI is self-regulated. However, to maximize the benefits
of the BigFoot LAI measurements, the internal phenology and
allocation algorithms were turned off in the BigFoot application
and LAI was prescribed. Comparison of BigFoot surfaces for
LAI and annual GPP (Fig. 1) show the strong influence of LAI
on the GPP estimate.

A unique seasonal LAI trajectory for each 25-m grid cell in
a given year was derived from the mid-growing season max-
imum LAI, as estimated from Landsat data, and a reference tra-
jectory (i.e., template) based on field observations. At HARYV,
above- and below-canopy PAR sensors at the tower were used
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to monitor transmittance and a simple Beer’s Law formulation
converted transmittance to an estimate of LAI [31]. An inter-
polation to the daily time step was made from weekly LAI esti-
mates. These transmittance-based LAI trajectories showed good
agreement with the direct observations of leaf phenology at the
site [31], [32]. At SEVI, the template was based on the monthly
measurements of LAI. The template for the conifer cover types
was a constant set at the mean value from the field LAI mea-
surements. Leaf-on and leaf-off for deciduous species at NOBS
was assumed to be Day of Year (DOY) 130 and DOY 270, re-
spectively [33]. Given the template (covering 365 days) and the
Landsat-based LAI at mid-growing season, the ratio of the LAI
at the 25-m cell to the template LAI on the day of the Landsat
scene acquisition was determined. That ratio was then applied
to the template LAI for each day of the year to generate the
cell-specific LAI trajectory.

At HARY, field measurements of LAI and associated Landsat
LAI surfaces were made in 2000, 2001, and 2002. For logis-
tical reasons new maximum LAI measurement were not made
in 2004. However, there was not much interannual variation in
maximum leaf area, i.e., the difference in mean LAI over the site
between 2001 and 2002 was less than 10% [26]. The above- and
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Comparison of (a) leaf area index and (b) gross primary production at the three study sites.

below-canopy PAR measurements at HARV were made during
each of the four years and were the basis for the year-specific
reference LAI trajectories. The land cover map used to initialize
the Biome-BGC model was updated in 2002 at HARV to reflect
a small logging event. At the NOBS site, the land cover as well
as the maximum LAI was held constant over the four-year study
period. At SEVI, land cover and LAI were updated from 2002
to 2003.

D. Comparisons

Comparisons of MODIS and BigFoot data are presented in
the form of mean values over the 25 1-km? MODIS cells at a
site. To achieve precise spatial correspondence, BigFoot data
at the 25-m resolution were reprojected from the UTM coordi-
nate system to the Sinusoidal coordinate system native to the
MODIS products [25]. BigFoot data were then overlain with
the MODIS grid and values for the 25-m cells were averaged
within each 1-km MODIS cell. To achieve temporal correspon-
dence, the BigFoot daily GPPs were aggregated to the eight-day
bins associated with the MODIS GPP product. To aid in the GPP
and FPAR comparisons, an indication of the beginning and end
of the growing season was determined from observations at the
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Fig. 2. Time course of (a) GPP and (b) FPAR for (dashed) MODIS and (solid) BigFoot at the NOBS site along with associated (c) | PAR, (d) S+ min, (¢) and

Svep. Values for GPP and FPAR are at eight-day means and represent the average over 25 1-km? MODIS cells. | PAR, St min, and Sypp are reported as daily
values. The shading indicates the growing season, here defined by the first and last day that flux tower GPP achieved a value of 1 gC-m~2 - d=".

eddy covariance flux towers. Criteria used for these dates were
the first and last days of the year that GPP rose above 1 gC
-m~2. d~'. Total annual GPP at the flux towers was also cal-
culated for each year.

III. RESULTS

Comparisons here and in previous studies [8], [21] of the sea-
sonality and absolute magnitude of BigFoot GPP products and
GPP indicated by an eddy covariance flux towers have found
generally good agreement at the three study sites. For the year
of eight-day bins in 2002, the Pearson’s correlation coefficients
for the eight-day mean GPPs were 0.98, 0.97, and 0.89 at NOBS,
HARYV, and SEVI, respectively. Annual GPP over the footprint
differed by 21% at NOBS, 7% at HARYV, and 7% at SEVI. Both

flux tower and BigFoot products indicated a relatively late be-
ginning and early end of the growing season at NOBS in 2002, a
relatively early spring rise in GPP at HARV in 2001 (achieving
6¢C-m~2. y~! by DOY 140), and a delayed beginning of the
growing season at SEVI in 2003. With the exception of 2002 to
2003 at the HARV site, there was consistent agreement between
flux tower and BigFoot products with regard to the year-to-year
changes in sign for total GPP. Inspection of the land cover map
at the sites shows that the 0.7 km? around the flux tower was rea-
sonably representative of the vegetation cover over the 25-km?
study area in each case, thus lending confidence to the BigFoot
flux estimates over the entire study area.

In comparisons of the MODIS and BigFoot GPP products
at the NOBS site, the two approaches gave similar results for
the beginning and end of the growing season [Fig. 2(a)]. The
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distinctively short growing season in 2002 resulted from a
relatively late spring, and that effect was clearly captured by
the MODIS algorithm. It is the S i, in particular that drives
the seasonality of the MODIS GPP at NOBS [Fig. 2(d)]. The
MODIS FPAR has significant errors outside the growing season
at NOBS [Fig. 2(b)], but these did not have much of an impact
on estimated GPP at the beginning and end of the growing
season because of the strong control on GPP by St ,,in. The
absolute magnitude of the total GPP, as well as the sign of the
year-to-year change in total GPP was the same for the BigFoot
and MODIS products, but the magnitude of the interannual
variation in total GPP was greater for the MODIS estimates
than for the BigFoot estimates (Fig. 5).

At the HARYV site, the MODIS GPP indicated an earlier be-
ginning of the growing season than did the BigFoot product for
all four years [Fig. 3(a)]. There was greater consistently with

regard to the end of the growing season. The discrepancy at the
beginning of the growing season is driven primarily by the high
FPAR seen in the MODIS products even outside the growing
season [Fig. 3(b)]. With the high FPAR, GPP is initiated in the
MODIS algorithm as soon as temperatures warm significantly.
This response does not account for a lag in several weeks for
bud break and leaf out. There is a substantial rise in MODIS
FPAR about the same time as the BigFoot FPAR rises and it ap-
pears to be closely related to the actual increase in green foliage.
The relatively late spring recovery of GPP in 2002 at the HARV
site is not seen in the MODIS GPP. The sign of the year-to-year
changes in total GPP for the MODIS products was not consistent
with that of the BigFoot products (Fig. 5) and the magnitude of
the interannual differences was muted in the MODIS products.
The similarity in absolute magnitude of total GPP between the
MODIS and BigFoot products was because of counteracting er-
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rors in the MODIS product [8], i.e., values too high in the spring
and too low in mid-growing season.

At the SEVI site, we had only two years of observations but
the two years differed strongly with respect to precipitation, i.e.,
there was much less precipitation in 2003 (120 mm) than 2002
(247 mm) and it arrived later in the year. The BigFoot GPP first
reached above 1.0 gC - m~2 - d™* on DOY 211 in 2002 (in
agreement with flux tower data [21]), but did not rise above
1.0 gC - m~2 - d~! until DOY 296 in 2003 [Fig. 4(a)]. For
both years, the MODIS GPP rose above that level around DOY
100. Both BigFoot and MODIS GPP dropped off below 1.0 gC
-m~2. d~! around DOY 300. The nongrowing season level of
the MODIS FPAR was similar (0.2) in both years but only rose
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significantly above 0.2 in 2002 [Fig. 4(b)]. St min restricted the
MODIS GPP outside the interval of DOY 100-300 [Fig. 4(d)]
and Sypp correctly reduced MODIS GPP during a dry period
in 2002 around DOY 240 [Fig. 3(e)]. Total GPP was lower in
2003 than in 2002 for both BigFoot and MODIS products but
the absolute magnitude was consistently higher for the MODIS
products (Fig. 5).

IV. DISCUSSION

A. Boreal Forest Site

Because an increasing growing season length at high lati-
tudes is an expected consequence of projected global warming,
and has been inferred from remote sensing [34], it is important
to establish the degree to which satellite-based algorithms are
able to detect variation in the beginning of the growing season.
Winter dormancy in cold-tolerant conifers is broken by warming
temperatures rather than photoperiod [35]. The St i, in the
MOD17 algorithm is not a heat sum approach as is used in more
complex phenology models [36], [37]. However, it gives the al-
gorithm sensitivity to low temperatures and it appears to be cor-
rectly parameterized for the NOBS site (i.e., a linear ramp from
0to 1 between —8 °C and +8.3 °C).

The MODIS FPAR shows artificial variation during the
winter at NOBS, but the variation does not influence GPP
much because S¢ i, already has e, reduced to zero most of
the time. FPAR generally drops to about 0.2 in the spring
before a sustained rise. This rise is very abrupt and probably
is associated with snow melt and exposure of the ground. It is
not known to what degree the spring rise of MODIS FPAR is
driven by green up of mosses versus the leafing out of local
deciduous species. Isolating the relative contributions of ground
reflectance and green leaf area would require sustained and
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extensive observations that were not logistically feasible in this
study.

In boreal forests, the decline in incident PAR at the end of
the growing season places an especially strong constraint on
GPP. Decreasing photoperiod as well as nighttime temperatures
below 0 °C act as a signal to induce the physiological processes
of dormancy and hardening [38]. The hardening process permits
conifer foliage to tolerate cold winter temperatures but also re-
duces metabolic rates and, hence, photosynthetic capacity. Mod-
eling the decline of GPP at the end of the growing season at
NOBS is relatively easy because of the strong dependence on
temperature and |PAR; the general trend is captured well by the
BigFoot and MODIS GPP. The GPP falloff to zero was signif-
icantly earlier in 2002 than in the other years in the tower GPP
(DOY 280 versus ~DOY 300 in other years). That anomaly was
captured by the MODIS product because St i, Was also rela-
tively low during October [Fig. 2(d)].

That the signs of the year-to-year changes in total GPP were
the same at NOBS for the flux tower and MODIS estimates sug-
gests that the MODIS algorithm is effective in detecting these
changes. The temperature signal, FPAR signal, and |PAR signal
all contributed to the low GPP estimate for 2002. In a similar
study at a different boreal forest flux tower site, output from
an LUE model (VPM) did not show agreement in the sign of
the interannual variation in total GPP and this problem was at-
tributed in part to the parameterization of the minimum tempera-
ture scalar [39]. The growing abundance of multiyear flux tower
data will make it increasingly feasible to test and parameterize
ST min directly from field measurements.

B. Deciduous Broadleaf Forest Site

For deciduous forest species, the renewal of GPP in spring
is constrained by recovery of leaf area. Bud burst is depen-
dent on prolonged exposure to temperatures above a certain
threshold [40] but also, in some cases, requires long days [41].
At HARV, St nmin helps account for this temperature factor and
FPAR tracks leaf out. Generally, the spring rise in MODIS FPAR
at HARV tends to run a week or more earlier than the spring
rise in the BigFoot FPAR trajectory. This bias is seen for all
years and is probably associated with the leafing out of vernal
herbs and understory trees [42], [43] which would be detected
by the MODIS sensor but not by the measurements of above-
and below-canopy PAR that were used to create the BigFoot
LAI trajectory.

The end of the growing season in deciduous forests is, like-
wise, driven by photoperiod and low temperatures, but can also
be influenced by soil drought [38]. Leaf senescence and leaf fall
at HARV were unusually late in 2002 based on the observations
at the flux tower [32]. This phenological anomaly did not have
a corresponding effect on tower GPP, which fell to near zero by
the end of October in all four years. The relatively late leaf fall in
2002 is evident in the MODIS FPAR but it did not significantly
affect October GPP because | PAR and St ,;, are already so
low during late October.

In contrast to the NOBS site, the sign of the change in total
GPP from year to year differed between the flux tower and
MODIS products at the HARV site. Another difference was
that the range of the MODIS total GPP was smaller rather than
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larger. This kind of discrepancy at the HARV site is not unique
to results from the MOD17 model [44] and probably relates to
multiple factors. One factor in the MODIS algorithm that prob-
ably contributed to these differences relates to oversensitivity of
MOD17 to VPD (a linear ramp from 1 to O over the VPD range
of 650-3100 Pa). This effect was evident from the low Svypp
during midsummer of 2001 [Fig. 3(e)]. Neither the BigFoot GPP
nor the tower GPP [45] showed a sustained depression in GPP
during that period, which is also consistent with the conclusion
from leaf level analyses that photosynthesis at the HARV site is
not very sensitive to VPD [46].

C. Grassland Site

At the desert grassland site, the build-up of green LAI/FPAR
following the beginning of monsoon rains is a function of
rapid recovery of bryophytes and lichens, germination and
growth of annuals (released from dormancy by leaching of
germination inhibitors), and regrowth of foliage in perennial
bunchgrasses [47]. In 2002, precipitation was near normal,
with large precipitation events around DOY 200 that were
associated with greening up and significant GPP. The year 2003
also had precipitation events starting around DOY 200 but they
were of much lower magnitude and with correspondingly less
GPP [Fig. 4(a)]. MODIS FPAR captured the beginning of the
growing season well in 2002, rising from about 0.2 to 0.4, but
it showed virtually no increase from a background mean of
about 0.2 in 2003.

The incident PAR, FPAR, and Tmin inputs to the MODIS
GPP algorithm helped it correctly shut down GPP at the end of
the growing season at SEVI. There was also agreement between
the MODIS estimates and the ground-based estimates on the
sign and magnitude of the difference in annual GPP between
the 2002 and 2003. However, there is clearly a problem with
the MODIS product regarding the absolute magnitude of annual
GPP. MODIS FPAR never fell below about 0.2, which results in
substantial GPP even when conditions appeared to be too dry
to support much metabolic activity. MODIS FPAR also remains
about 0.2 throughout the year at the BigFoot agricultural site in
Ilinois [21], a pattern that is clearly incorrect.

D. Prospects for Monitoring Interannual Variation in GPP

Results of assessing interannual variation in MODIS GPP at
these three sites support the general approach of integrating re-
flectance data (i.e., FPAR) and climate data with an LUE model
to monitor interannual variation in GPP. At high latitudes, the
strong control of temperature and light on GPP contributes to the
success of the relatively simple MOD17 algorithm in simulating
GPP. At midlatitudes, the growing season length is a strong de-
terminant of total annual GPP [48] and the seasonality of FPAR
helps capture that. However, the MOD17 algorithm did not do
well in simulating the interannual variation in annual GPP at the
HARY site suggesting a closer look at all algorithm components
and inputs is needed [8], [44]. At a midlatitude grassland site, in-
terannual difference in FPAR and climate are likely to be strong
enough to indicate the correct sign of changes in total GPP, how-
ever, problems with the FPAR outside the growing season need
to be resolved.



1906 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 44, NO. 7, JULY 2006

V. CONCLUSION

The combination of information on FPAR and daily climate
in a light use efficiency-based model is an effective means of
estimating daily GPP at large spatial scales. Interannual varia-
tion in leaf phenology is clearly detected by the MODIS FPAR
in some cases. Interannual variation in the minimum tempera-
ture and VPD scalars that down regulate light use efficiency is
also evident. Both the FPAR and climate factors are contributing
to the success (albeit limited in some cases) of the MOD17 al-
gorithm in capturing interannual variation in GPP at these sites.
Increased attention to estimates of FPAR while it is at low levels
outside the growing season, and to parameterization of the min-
imum temperature and VPD scalars for particular vegetation
types, will contribute to improved performance of the MODIS
GPP algorithm.
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