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Abstract

Since 2000, NASA's Moderate Resolution Imaging Spectro-radiometer (MODIS) has provided 1×1 km estimates of 8-day gross primary
production (GPP). The MODIS algorithm computes GPP as a simple function of absorbed photosynthetically active radiation and a regionally
assigned light-use conversion efficiency (LUE) that is reduced if temperature or atmospheric vapor pressure deficits are suboptimal. We compared
MODIS-derived GPP estimates for forested areas across the United States of America (U.S.A.) with those generated by the 3-PGS (Physiological
Principles Predicting Growth using Satellite data) model, the latter of which considers spatial variation in available soil water storage capacity
(ASWC) and nitrogen content. We expected seasonal and annual MODIS GPP values to be in close agreement with those derived from the 3-PGS
model in regions with adequate precipitation, soil water storage, and moderately fertile soils. 3-PGS was initially run with STATSGO-derived soils
information provided by the Oak Ridge National Laboratory. The analysis was expanded to include sensitivity analyses with ASWC set at 50, 100,
300, and 400 mm to identify areas within nine major ecoregions where drought might prove to be a major limitation on GPP. The majority of
forests across the U.S.A. were relatively insensitive to large variations in ASW storage. In areas where ASWC was assumed b200 mm and
average annual rainfall was b100 mm yr−1, GPP was predicted to be reduced by N60%. There was generally good agreement (within 20%)
between MODIS and 3-PGS estimates of forest GPP across the U.S.A. GPP predicted by the MODIS model was generally higher in ecoregions
with substantial drought and with relatively low soil fertility. The latter, which influences LUE, was more than twice as important as soil drought.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Evaluation of ecosystem level carbon dynamics is a key
issue in global climate change research. Gross Primary
Production (GPP), the photosynthetic uptake of carbon by
plants, is an important variable in the global carbon cycle as
roughly half of this is incorporated into new plant tissue, while
the remainder is released back into the atmosphere through
autotrophic respiration (Waring et al., 1998). Efforts to reduce
uncertainty in the global carbon cycle require repeatable and
consistent measures of the productivity of global terrestrial
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ecosystems (Running et al., 2004; Wallin et al., 1997). Satellite
remote sensing measurements of terrestrial productivity are a
prerequisite to evaluate environmental degradation and the
impacts of pollution and climate change (Running et al., 2004;
Zhao et al., 2005). The MODIS (Moderate Resolution Imaging
Spectro-radiometer) gross and net primary production products
(MOD-17 A2 and MOD-17 A3, respectively), available since
2000, provide seasonal and inter-annual estimates of these two
measures of vegetation productivity at 1×1 km resolution.

Confirming the accuracy of MODIS products is challenging
because of the difficulty in making direct measurements at the
appropriate scale (Cohen et al., 2003; Gebremichael & Barros,
2006; Turner et al., 2003b; Turner & Urbanski, 2003a). Several
studies have utilized data from a global ground-based monitoring
network of micro-meteorological tower sites (FLUXNET
(Baldocchi et al., 2001) and regional networks such as
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AmeriFLUX (Law et al., 2002)), where continuous measurement
of eddy covariance fluxes provides estimate of GPP, as the sum of
daytime net ecosystem production (NEP) and ecosystem
respiration measured at night, adjusted for temperature differ-
ences during daylight hours (Heinsch et al., 2006; Turner et al.,
2006, 2003b). Comparisons of MODIS 8-day, seasonal and
annualGPPwith data from these networks indicate that theMOD-
17 algorithm overestimates GPP on water-limited sites across the
U.S.A. (Baldocchi et al., 2001; Heinsch et al., 2006; Turner et al.,
2006, 2003b). Further research is required to determine whether
this is a site-specific limitation or if it has implications at larger
scales (Heinsch et al., 2006).

In addition to site-specific validation, there is a need to assess
how well the MODIS GPP product captures variability at the
regional level over a full range in climate and soil conditions
(Morisette et al., 2002; Running et al., 1999; Turner et al., 2006).
One approach to assess uncertainty in regional estimates ofGPP is
to use ecosystem process-based models that integrate a number of
meteorological, biophysical and soil properties (De Pury &
Farquhar, 1997; Gebremichael & Barros, 2006; Valentini et al.,
1999). Ecosystem models provide reasonable estimates of the
temporal and spatial variation in productivity given that sufficient
soil and climate data are available.

Successful simulations depend on accurate approximations of
soil water holding capacity because exhaustion of available water
limits leaf conductance and the rates of photosynthesis and
transpiration (Coops et al., 2001c; Running, 1994b; Running et al.,
2004). It is very difficult, however, to obtain accurate regional
information on soil water holding capacity, fertility and meteorol-
ogy (Coops et al., 2001c; Landsberg & Coops, 1999). Soils are
inherently variable and soils maps are often inaccurate. The scale
of most regional and continental soil maps ranges from 1:500000
to 1:1000000, so there is tremendous variation within areas that are
denoted as homogeneous (Landsberg & Coops, 1999).

The lack of soil information at fine spatial scales, coupled with
increasing evidence suggesting that MODIS GPP estimates are
likely to be overestimated in areas with significant water limitations
highlights the need to evaluate sensitivity of satellite-based broad-
scale predictions. Our general tenet is that seasonal and annual GPP
estimated by the MOD-17 algorithm, should show a close
association with estimates derived from a process-based forest-
growth model that contains both a monthly water balance and is
sensitive to locally-defined soil fertility (Physiological Principles
Predicting Growth using Satellite data, 3-PGS) only in regions with
adequate precipitation, soil water storage and moderately fertile
soils. Results of these analyses should enable us to distinguish cells
and regions where variation in key soil properties is important and
MODIS-derived estimates of productivity are likely to depart
considerably from estimates made with 3-PGS.

2. Data and methods

2.1. Overview of algorithms for estimating GPP

2.1.1. Estimation of GPP using the MOD-17 algorithm
The MOD-17 GPP algorithm is described in detail by

Running et al. (2004). In brief, theMODIS GPP product is based
on the radiation conversion efficiency concept of Monteith
(1972, 1977). MODIS-derived estimates of ƒPAR (fraction of
photosynthetically active radiation) and independent estimates
of PAR are transformed using a light-use efficiency (LUE) value
(ε) to derive gross primary production (Heinsch et al., 2003,
2006; Zhao et al., 2005). ε is reduced from εmax (the biome-
specific maximum conversion efficiency) when minimum
temperature and vapor pressure deficit (VPD) are less than
optimal. There is no attempt to estimate transpiration and thus no
requirement for precipitation data. The necessarymeteorological
information for global application at a resolution of 1.0° by 1.25°
was acquired from satellite measurements and then interpolated
to 1 km2, as will be described in more detail later.

Generalizations are made to assign a single ε value to each of
12 broad land cover classes recognized in theMOD-12University
of Maryland (UMD) classification (http://geography.bu.edu/
landcover/userguide/index.html). The resulting Biome Properties
Look Up Table (BPLUT) contains values specifying minimum
temperature and VPD limits, specific leaf area (SLA) and
respiration coefficients for the standard land cover classes
(Heinsch et al., 2003). The requirement for near-real time
calculation, and global application at a spatial resolution of
1 km, results in the algorithm not being able to account explicitly
for variation in soil properties. Instead, there is an implicit
assumption that areas with infertile soils will support less canopy
leaf area and therefore absorb less light than would be the case
with vegetation growing onmore fertile soils. Sources of error for
the MOD-17 GPP algorithm relate to: (1) meteorology, (2)
radiometry, and (3) biophysical variables required by the model.
Algorithm verification efforts have led to a recalibration of all
three of these factors in the most recently produced dataset
(collection 4.5), utilized in this study (Heinsch et al., 2006; Zhao
et al., 2005).

2.1.2. Estimation of GPP using the 3-PGS model
3-PGS was developed by Coops et al. (1998) as a simplified

version of the original 3-PGmodel (Landsberg&Waring, 1997).
Upper limits on GPP are set by the amount of photosynthetically
active radiation (PAR) absorbed by vegetation and the
photosynthetic capacity (LUE) of the canopy. 3-PGS uses
many of the principles that underlie earlier models such as
FOREST-BGC (Running & Coughlan, 1988), and BIOMASS
(McMurtrie et al., 1990). Like these models, and the MOD-17
algorithm, 3-PGS first estimates absorbed photosynthetically
active radiation (APAR) as a product of incident PAR
(photosynthetically active radiation) and the fraction of PAR
absorbed by the forest canopies (fPAR), which is estimated from
the MOD-15A2 fPAR product. 3-PGS then calculates the
utilized portion of APAR by reducing APAR by an amount
determined by the most constraining of a series of environmental
modifiers that affect gas exchange through stomata. These
include: (a) high daytime atmospheric VPD; (b) soil water
availability; and (c) the frequency of sub-freezing temperatures
(b−2 °C). In addition, photosynthesis can be further constrained
by suboptimal temperatures, but this limitation was excluded
from this analysis because sub-freezing temperature, low leaf
area and low radiation limit photosynthesis during the winter and
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vegetation were assumed to experience near optimal tempera-
tures during the growing season.

The Penman–Monteith equation is applied in 3-PGS to
estimate transpiration from the canopy. This results in a monthly
water balance that accounts for precipitation, drainage in relation
to soil texture and withdrawal of water from the root zone to
estimate the change in soil water availability (Coops et al.,
2001a). The model predicts outflow when soil water content
exceeds the estimated storage capacity. The soil water balance is
calculated by taking into account the amount of water withdrawn
from the soil through transpiration and the previous month's soil
water supply through precipitation. In this study we ignore
interception losses which may average 10–20% of available
precipitation. 3-PG (and variants of this model) has been used to
model the productivity of a wide range of forest types across
regions of North America including: ponderosa pine (Law et al.,
2000); lodgepole pine (Hall et al., 2006); loblolly pine
(Landsberg et al., 2000); Douglas-fir (Coops et al., 2005); and
jack pine (Peng et al., 2002). Model productivity estimates
generally agree well with those measured. Even the hydrologic
component, which is highly simplified, has been effective in
capturing general trends in regional soil water depletion at
monthly time steps (Coops & Waring, 2001b, d; Coops et al.,
2001a,c).

2.2. Sources of data

2.2.1. MODIS and 3-PGS GPP
MOD-17 collection 4.5 8-day GPP data were acquired from

the Numerical Terradynamics Simulation Group (NTSG: http://
www.ntsg.umt.edu/) at the University of Montana and mosa-
icked to create surfaces for the contiguous U.S.A. from January
2000–December 2004. Monthly and annual GPP averages were
derived by summing each 8-day period per month and per year
(2000–2004). We applied the 3-PGS model at 1-km resolution
for the contiguous U.S.A. for the five year period corresponding
to the available MODIS GPP archive. Similar to the MODIS
GPP dataset, monthly and annual averaged GPP were calculated
for the 2000–2005 period. The following sections describe the
datasets used within the 3-PGS model.

2.2.2. Climate data
We acquired daily meteorological observations (January

2000–December 2004) from the same NASA Data Assimilation
Office (DAO) source utilized for the MODIS GPP algorithm
(Schubert et al., 1993). Daily minimum and maximum
temperature, daytime vapor pressure deficit and total shortwave
radiation surfaces from this DAO dataset were provided by the
NTSG. To interpolate the meteorological data, a non-linear
interpolation routine was applied to rescale the coarse resolution
(1.0°×1.25°) DAO information down to 1×1 km as described in
Zhao et al. (2005). Daily values were averaged to provide the
monthly climate surfaces required to run the 3-PGS model.
Monthly estimates of precipitation were obtained from the
PRISM (Parameter-Elevation Regressions on Independent
Slopes Model) methodology available from the Oregon Climate
Service (OCS) (Daly et al., 2004). Precipitation surfaces were
originally produced at 4×4 km resolution and were interpolated
to 1×1 km resolution for use within the 3-PGS model.

2.2.3. fPAR data
Global monthly composites of MOD-15 fPAR data from

2000–2005 were acquired through the Climate and Vegetation
Research Group at Boston University (http://cybele.bu.edu/
modismisr/index.html). Subsets of the continental U.S.A. were
extracted and utilized in the 3-PGS model.

2.2.4. Soil properties
Soil maps delineated at scales of 1 km2 or coarser generally

mask significant spatial variation in physical and chemical pro-
perties. Evenwithmore precise mapping the fertility of forest soils
would be difficult to judge as the same soil type may be com-
mercially fertilized, may support nitrogen-fixing vegetation, or
receive significant atmospheric depositions of nutrients (and pol-
lutants). Most attempts to model plant growth have simply used
mean values of soil properties applied across all forest conditions.

We were fortunate to have available two spatial layers of soil
properties for the entire U.S.A., derived from cluster analysis of
STATSGO soil parameters, terrain and climate observations
from Oak Ridge National Laboratory (Hargrove & Hoffman,
2004). The first layer provides spatial estimates of plant
available soil water storage to 1.5 m depth and averaged
45 mm across the U.S.A. An average ASWC value of 200 mm is
however, more realistic as has been demonstrated by relating to
pre-dawn water potential measurements at drought-prone sites
(Coops & Waring, 2001b; Running, 1994a; Waring & Cleary,
1967). We scaled the Oak Ridge plant-ASWC surface to provide
soil water estimates to 5 m depth, which increased the average
ASWC value to ∼150 mm across the U.S.A. Our approach was
similar to that of Ollinger et al. (1998) who assumed for
modeling purposes a constant value of 120 mm of ASWC across
all soil types in New England. Scaling the ASWC data to 5 m
was considered reasonable given that trees often rely on water
stored in subsoil and at even greater depths in weathered bedrock
(Hubbert et al., 2001; Jackson et al., 2000).

Soil fertility maps, estimated on the basis of Kjeldahl
nitrogen analyses to 50 cm depth, were provided by Oak Ridge
(Hargrove & Hoffman, 2004). While soil nitrogen content is not
a direct measure of available nitrogen, this is the only dataset
with full coverage of the continental U.S.A. Spatial estimation
of canopy LUE was derived from field-measured values at
several experimental forest plots across the U.S.A., and ranged
between 0.02–0.055 mol C/mol photon (Bond et al., 1999; Law
et al., 2000; Waring et al., 1995). A logarithmic relationship was
used to relate this to the range of soil nitrogen values across the
continent (500–2000 gN m−3) (Perakis et al., 2006; Swenson
et al., 2005).

2.2.5. Ecoregions and forest classes within the U.S.A.
Forested areas across the U.S.A. were defined using the

MODIS-derived University of Maryland (UMD) land cover
classification scheme to facilitate comparison with the MOD-17
GPP product. This classification contains five forest classes:
evergreen broadleaf, evergreen needleleaf, deciduous broadleaf,
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deciduous needleleaf; and mixed forest. To stratify the analysis
further we defined forest located within broad ecological zones
using the level I classification of North American ecological
regions available from the United States Environmental
Protection Agency (EPA) (http://www.epa.gov/wed/pages/
ecoregions.htm). The ecoregions are based on a classification
derived from information on geology, landform, soils, vegeta-
tion, climate, wildlife and water resources (CEC, 1997). The
level I classification comprises nine ecological regions within
the continental U.S.A. Table 1 describes the UMD forest
vegetation type present within these ecoregions and the
percentage of forest cover.

2.3. Modeling approach

An analysis was conducted to determine which 1×1 km
forested cells across the contiguous U.S.A. were sensitive to
Table 1
EPA Level I ecoregions, percent forest defined using the MODIS land cover
product UMD classification scheme as well as pie charts showing the relative
sensitivity of forests to variations in ASWC within each ecoregion

Fig. 1. a) Percentage change in 3-PGS derived GPP by ecoregions (5–15) when a)
available soil water capacity (ASWC) is reduced to 50 mm from 200 mm and b)
when ASWC is increased to 400 mm from 200 mm.
changes in soil water content, based on variation observed in
annual GPP predicted with 3-PGS. Initially, 3-PGS was run
assuming a constant available soil water storage capacity value
of 200 mm for all forested areas. The analysis was expanded by
setting available soil water storage capacity at 50, 100, 300 and
400 mm. The effect of increasing or reducing ASWC on
estimates of GPP was evaluated by univariate image differenc-
ing (Coppin et al., 2004) and by standardizing productivity
estimates in reference to values simulated with ASWC set at
200 mm. We separated the response to changing ASWC into
three categories: (i) High, where changes in ASWC (reduction
to 50 mm or increase to 400 mm) resulted in a N20% variation
in GPP; (ii) Moderate, where changes in GPP ranged between
5–20%; and (iii) Low, where GPP variations were b±5%
indicating insensitivity to variations in ASWC. The proportion
of cells classified to one of these three categories was then
evaluated for each of the nine broad ecoregions. Once cells
were classified according to their relative deviation from the
standard run (200 mm), we compared both annual and sea-
sonal MODIS GPP estimates to those predicted by the 3-PGS
model using variable soil water storage and LUE scaled by soil
nitrogen.

http://www.epa.gov/wed/pages/ecoregions.htm
http://www.epa.gov/wed/pages/ecoregions.htm


504 J.M. Nightingale et al. / Remote Sensing of Environment 109 (2007) 500–509
3. Results

3.1. Sensitivity of 3-PGS derived forest productivity to
changing ASWC

3.1.1. Sensitivity of annual forest GPP
On average, decreasing ASWC to 50 mm from 200 mm had

only a moderate influence (5–20% change) on annual forest GPP
estimates within all level 1 ecoregions across the U.S.A. (Fig. 1a).
Ecoregions containing forests that showed N20% variation in
GPP with a large reduction in ASWC were predominately in the
south, central and western parts of the country and included: 6
(Northwestern forested mountains); 9 (Great Plains); 10 (North
American Deserts); 11 (Mediterranean California); and 13
(Temperate Sierras) (Figs. 1a and 2). Ecoregions with a large
proportion of forested pixels showing b5% variation in GPP
values from the standard ASWC of 200 mm included: 9 (Great
Plains), 13 (Temperate Sierras) and 15 (Tropical Wet Forests)
(Fig. 1a).

Increasing ASWC above 200 mm to a maximum of 400 mm
resulted in only a modest increase in forest GPP averaging 5.5%
across the U.S.A. (Fig. 1b). A large proportion of forests in five
ecoregions were relatively insensitive (±5%) to increases in
ASWC: 5 (Northwestern forested mountains); 8 (Eastern
temperate forests); 9 (Great plains); 10 (North American
Deserts); 13 (Temperate sierras); and 15 (Tropical wet forests)
(Figs. 1b and 2). There were, however, forests in ecoregions
Fig. 2. Level I ecoregions within the U.S.A. and location of forested pixels that were in
(N20%, red) to varying ASWC between 50 and 400 mm. The percentage of forest wi
indicated by pie charts in Table 1.
along the west coast that showed moderate to high sensitivity in
predicted GPP with an increase in ASWC: 6 (Northwestern
forested mountains); 7 (Marine West Coast Forest); 10 (North
American Deserts); and 11 (Mediterranean California) (Figs. 1b
and 2).

3.1.2. Sensitivity at monthly time-steps
We gained additional insight by analyzing monthly variation

in GPP. For example, in ecoregion: 8 (Eastern temperate forests)
there was relatively little seasonal sensitivity, whereas in
ecoregion 7 (Marine West Coast Forest), moderate sensitivity
to variations in ASWC appeared throughout the summer and
early fall. The highest sensitivity and longest response to
variations in ASWC was recorded in ecoregion 6 (Northwestern
forested mountains) (Fig. 3). Forests in the east and west coast
ecoregions were most sensitive to variation in available soil
water storage capacity in the late spring, summer and early fall,
with no substantial effect observed over the winter.

3.2. Average annual GPP from 3-PGS and MOD-17

3-PGS estimates of GPP range between 0.1–45.0 tC ha−1

yr−1, while MOD-17 estimates range between 0.4–34.0 tC ha−1

yr−1 for forests across the U.S.A. Both models estimated
average forest GPP at approximately 12 tC ha−1 yr−1 across the
country and the association between the two model estimates
was high (r2 =0.85, SE=1.84 tC ha−1 yr−1, n=9) (Fig. 4).
sensitive (±5%, blue), moderately sensitive (5–20%, green) and highly sensitive
thin each ecoregion as well as their relative sensitivity to variations in ASWC is



Fig. 3. Average response (percent Standardized Difference (SD)) to reducing
ASWC to 50 mm and increasing to 400 mm on monthly 3-PGS estimates of
GPP for ecoregions: a) 8 (eastern temperate forests); b) 7 (marine west coast
forest); and c) 6 (northwestern forested mountains).

Fig. 4. Average annual estimates of GPP from the 3-PGS andMODIS models for
level 1 ecoregions in the U.S.A. containing areas of forest. In comparison to 3-
PGS, MODIS tended to provide higher estimates of GPP to a greater extent in
low–moderately productive ecoregions (6, 8, 10, 11 and 13) than in ecoregions
with higher than average productivity (7, 15).

Fig. 5. Percent standardized difference in average annual forest GPP estimates
predicted by 3-PGS and MODIS for all forest pixels located within EPA level I
ecoregions and for forest pixels that were insensitive to variations in ASWC.
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Average GPP estimates from both 3-PGS and MODIS tended to
be lower (b12.0 tC ha−1 yr−1) for forests located in the western
half of the U.S.A. (ecoregions 6, 9, 10, 11 and 13) and higher
(N12.0 tC ha−1 yr−1) for forests along the eastern coast
(ecoregions 5, 8 and 15) with the exception of ecoregion 7 in the
Pacific Northwest, which also has relatively high productivity
(Fig. 4). MODIS generally predicted higher estimates of GPP
than 3-PGS in regions with low–moderately fertile soils
(ecoregions 6, 8, 10, 11 and 13) than in ecoregions with higher
than average soil fertility (5, 7, 15) (Fig. 4). However, estimates
of GPP from 3-PGS and MODIS showed generally good
agreement (within 20%) across the country (Fig. 5). Consider-
able differences of up to 40% between model predictions of
GPP were noted within ecoregions 11 (Mediterranean Califor-
nia) and 13 (Temperate Sierras) (Fig. 5).

As hypothesized, the association between MODIS and the
3-PGS GPP predictions improved by 20% when the comparison
was restricted to forested cells insensitive to variation in ASWC
(adjusted R2 =0.89, SE=1.47 tC ha−1 yr−1, n=9) (Fig. 5). The
percent standardized difference between MODIS and 3-PGS
estimates was reduced in 3 eastern ecoregions (5, 8 and 15);
however, differences between 3-PGS and MODIS GPP actually
increased by up to 10% in other ecoregions (Fig. 5), perhaps
reflecting a tradeoff between homogeneity and sample size.
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3.3. Average monthly GPP from 3-PGS and MODIS

There was a high degree of association in relation to the
magnitude and temporal dynamics of 3-PGS andMODIS average
monthly estimates of forest GPP within each level I ecoregion.
Fig. 6 shows the monthly traces of 3-PGS and MODIS predicted
GPP for four selected ecoregions (5, 7, 9 and 10) that represent
forests in the east, northwest, central and western U.S.A. (Fig. 2).
The onset of photosynthetic activity in early spring and peak
estimates of productivity in June, was not significantly different
(Pb0.05) for both models within any of the nine broad ecological
regions. However, the end of growing season was not clearly
defined by either model. Only slightly better agreement between
peak and end of growing season activitywas attainedwith the two
models by excluding forest cells sensitive to changes in ASWC.
Fig. 6. Monthly traces of average GPP from 3-PGS and MODIS for all forest pixe
ecoregions across the U.S.A. Ecoregions (Eco) are identified by number, with locat
4. Discussion

4.1. Sensitivity of GPP to changing ASWC

In general, we found that the majority of forests across the
U.S.A. are only marginally sensitive (b20% change) to
alterations in ASWC. Forests in the western U.S.A. were
more sensitive to changes in ASWC than those in the eastern
part of the country. When available soil water capacity was
reduced below 200 mm across the country, GPP fell on
average by only 11%. In specific areas, however, where
ASWC was b100 mm and annual precipitation of b100 mm
yr− 1 such as that occurs in ecoregions 6, 9, 10, 11 and 13,
GPP was predicted to drop by N60%. Conversely, increasing
ASWC above 200 mm in areas where precipitation was
ls (left) and for those insensitive to variations in ASWC (right) within selected
ions shown in Fig. 2.



Fig. 7. Mean soil fertility-scaled LUE for all forests per level 1 ecoregion used
within the 3-PGSmodel (LUE (1)), for forests insensitive to variations in ASWC
(LUE (2)) and the corresponding LUE for the dominant vegetation class within
each ecoregion for the MOD-17 GPP algorithm. Note: ENF (evergreen
needleleaf forest); MF (mixed forest); and DBF (deciduous broadleaf forest).
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N100 mm yr−1 increased GPP by only ∼5% (e.g., in ecore-
gions 8 and 15).

The montane-Mediterranean climate of the western great
plains and maritime-Mediterranean climate along the west coast
are characterized by winter precipitation followed by an
extended summer drought (Bauerle et al., 1999; Hubbert et
al., 2001; Royce & Barbour, 2001). Hence we see higher
sensitivity to variation in ASWC in these regions than in the
eastern U.S.A. (Fig. 2). Only sub-tropical forests located within
ecoregion 15 showed moderate to high sensitivity to changes in
ASWC during the winter months. The climate there enables
year around photosynthetic activity, but is still limited by
reduced precipitation, on drought-prone soils typical for in the
interior parts of the ecoregion.

4.2. Comparison of GPP derived from 3-PGS and MODIS

There was generally good agreement (within 20%) between
MODIS and 3-PGS for all forests across the U.S.A. In
alignment with results presented by several other studies, we
noted that in comparison to 3-PGS, MODIS produced higher
estimates of GPP to a greater extent in low to moderately
productive ecoregions (6, 8, 10, 11 and 13) than in ecoregions
with higher than average productivity (7, 15) (Fig. 4) (Heinsch
et al., 2006; Turner et al., 2006, 2003b; Zhao et al., 2005).
Previous studies have attributed this to overestimates of ƒPAR.
In this study, however, we used the same ƒPAR dataset for both
models. We conclude that the higher average predictions of GPP
made by the MODIS model are attributed to the higher LUE
values being assigned to specific forest type than those derived
with the 3-PGS model from correlations with soil fertility.

Considerable differences between GPP estimates from the
two models are present for the forests located within the
western and interior U.S. ecoregions (6, 10, 11 and 13). These
western ecoregions contain relatively infertile soils with
limited water storage capacity (b100 mm) and receive less
than 100 mm of precipitation annually. As a result of the
infertile soils, the LUE derived for use in the 3-PGS model is
much lower than that assigned to the dominant vegetation class
(evergreen needleleaf forest) used by the MOD-17 algorithm
(Fig. 7). Across the 9 ecoregions, variation in predicted GPP
was more closely related to the derived LUE than to ASWC
(R2 =0.69 vs. 0.31, see Figs. 5 and 7).

One of the strengths of the MODIS GPP model is its ability
to capture seasonal dynamics in photosynthesis by establish-
ing the beginning and end of the growing season (Heinsch
et al., 2006; Zhao et al., 2005). We show that MODIS and 3-
PGS exhibit close agreement at the beginning of the growing
season in relation to the magnitude of predicted values. How-
ever, results of these analyses enable us to distinguish regions
across the U.S.A. where variation in key soil properties are
important and MODIS-derived estimates of GPP are likely to
depart considerably from estimates made with 3-PGS, as
shown in Fig. 6. Similar to results obtained for the annual
average GPP, MODIS produces slightly higher estimates of
growing season GPP than 3-PGS for forests in ecoregions with
low–moderately fertile soils (6, 8, 10, 11 and 13) and slightly
less for forests in regions with relatively fertile soils (ecore-
gions 5, 7 and 15).

The reason MODIS tends to predict higher summer GPP
within the majority of ecoregions across the U.S.A. compared to
the 3-PGS model, is a result of having only two growth
modifiers (relating to suboptimal temperatures and VPD). The
3-PGS model compensates for the underestimate of VPD in the
DAO dataset by more rapidly depleting soil water supply than
would be the case if more representative (higher) VPD values
were introduced to reduce canopy stomatal conductance earlier
in the growing season. Given that the MODIS algorithm does
not account for soil moisture, GPP estimates might be expected
to be consistently overestimated in drought-prone regions. We
show, however, by excluding those forest pixels highly sensitive
to variation in ASWC, that there was only a slight reduction in
the difference between 3-PGS and MODIS GPP estimates
during mid-summer and at the end of growing season. We
conclude that the main reason for differences between model
predictions pertains to the derivation of the LUE values (Fig. 7).
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