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Net primary productivity distribution in the BOREAS region 
from a process model using satellite and surface data 
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Abstract. The purpose of this paper is to upscale tower measurements of net primary 
productivity (NPP) to the Boreal Ecosystem-Atmosphere Study (BOREAS) study region by 
means of remote sensing and modeling. The Boreal Ecosystem Productivity Simulator 
(BEPS) with a new daily canopy photosynthesis model was first tested in one coniferous and 
one deciduous site. The simultaneous CO2 flux measurements above and below the tree 
canopy made it possible to isolate daily net primary productivity of the tree canopy for model 
validation. Soil water holding capacity and gridded daily meteorological data for the region 
were used as inputs to BEPS, in addition to 1 km resolution land cover and leaf area index 
(LAI) maps derived from the advanced very high resolution radiometer (AVHRR) data. NPP 
statistics for the various cover types in the BOREAS region and in the southern study area 
(SSA) and the northern study area (NSA) are presented. Strong dependence of NPP on LAI 
was found for the three major cover types: coniferous forest, deciduous forest and cropland. 
Since BEPS can compute total photosynthetically active radiation absorbed by the canopy in 
each pixel, light use efficiencies for NPP and gross primary productivity could also be 
analyzed. From the model results, the following area-avera_g2ed statistics were obtained for 
1994: (1) mean NPP for the BOREAS region of 217 g C _rn- yr4; (2) mean NPP of forests 
(excluding burnt areas in the re_•on t equal to 234 g C m -• yr'•; (3) mean NPP for the SSA and 
the NSA of 297 and 238 g C rn- yr', respectiv, ely; and (4) mean light use efficiency for NPP 
equal to 0.40, 0.20, and 0.33 g C (MJ APAR)" for deciduous forest, coniferous forest, and 
crops, respectively. 

1. Introduction 

The Boreal Ecosystem-Atmosphere Study(BOREAS) was 
a large-scale international and interdisciplinary research 
program, involving over 80 science teams from five countries 
[Sellers et al., 1995, 1997]. The goal of BOREAS was to 
improve our understanding of the interactive processes 
between the boreal forest and the atmosphere in order to 
assess their roles in global change. Between 1994 and 1996, 
derailed measurements were made at multiple spatial scales, 
ranging from leaves and twigs (~ 10 '• m • - 104 m•), plots (~ 1 
m • - 100 m•), tower flux sites (~ 1 km•), and study areas (~ 10 • 
km •) to the study region (~10 • km•). These data provide 
unprecedented opportunities to explore many ecological 
processes and to address issues concerning the role of boreal 
ecosystems in global carbon cycle. Integration of the data in 
the spatial and temporal domains can maximize the potential 
of the data set and is necessary for achieving the goal of 
BOREAS. 

A key component of the terrestrial carbon cycle is net 
primary productivity (NPP), defined as the net amount of new 
carbon absorbed by plants per unit space and time. Although 
derailed NPP studies have been conducted at individual 

BOREAS sites [Black et al., 1996; Frolking, 1997; Kimball 
et al, 1997; Gower et al., 1997; Steele et al., 1997; Ryan et 
al., 1997], the spatial distribution of NPP over the entire study 
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region has not yet been mapped through mechanistic 
integration of the BOREAS data and upscaling to the study 
region. 

Currently, two types of models are used for mapping NPP 
at regional or global scales. Some simulate plant physiological 
processes on the basis of biophysical and biochemical 
principles [Running et al., 1989; Bonan, 1995; Melillo et al., 
1995; Woodward et al., 1995; Foley, 1994; Denning et al., 
1996; Liu et al., 1997]. Another approach is to determine NPP 
using photosynthetically active radiation absorbed by plants 
(AP^R) and a light use efficiency (LUE) [Potter et al., 1993; 
Ruirny et al., 1994]. The LUE models of Prince and Goward 
[1995] and Goetz et al. [this issue] use APAR to derive 
potential photosynthesis (Pg), stress terms to reduce Pg to 
actual rates, and biomass and temperature to estimate 
autotrophic respiration. LUE models have the advantage of 
high computation efficiency and low demand on input data. 
On the other hand, they considerably simplify 
ecophysiological and biochemical processes in plant canopies. 
In contrast, process models explicitly simulate these 
processes, providing an alternative in remote sensing 
applications. Models that are more process-oriented have the 
advantages of allowing investigations of the interaction 
between the biosphere and the atmosphere and to predict the 
impacts of climate change on ecosystems and their feedbacks 
to the climate system. 

The primary objectives of this study are (1) to show the 
NPP distribution in the BOREAS region calculated by using a 
process model, (2) to investigate the needs and limitations of 
methods for scaling from tower sites to the region, (3) to 
discuss the spatial distribution of NPP in relationship to 
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biological characteristics of plants and environmental 
conditions in the region, and (4) to provide independent 
estimates of the LUE and the variability in LUE of the major 
boreal cover types in the region. 

The NPP distribution was determined with a process-based 
model, namely, the Boreal Ecosystem Productivity Simulator 
(BEPS) [Liu et al., 1997]. BEPS was refined by replacing the 
analog-based photosynthesis model [Running and Coughlan, 
1988] with the Farquhar model [Farquhar et al., 1980]. In 
addition, to enable use of a leaf-level photosynthesis model 
with remote sensing measurements, a new spatial and 
temporal scaling scheme was also developed [Chen et al., 
1999a]. 

2. BEPS Description 

2.1 Overview 

BEPS was developed on the basis of the Forest 
BioGeochemical Cycles (Forest-BGC) model [Running and 
Coughlan, 1988]. Two major modifications were made to 
Forest-BGC to adapt it to the boreal environment [Liu et al., 
1997]: (1) inclusion of an advanced canopy radiation model to 
describe the specific boreal canopy architecture; and (2) 
adjustments of biophysical and biochemical parameters for the 
main boreal land cover types. Computationally, BEPS differs 
from the original version of the Forest-BGC [Running and 
Coughlan, 1988] in several respects: (1) it extends stand-level 
calculations to a large area (watershed, province, or a region) 
using gridded meteorological and soil data rather than single 
weather station data; (2) land cover information derived from 
satellite data is used to set biophysical and biochemical 
parameters; and (3) satellite data are used to provide the 
spatial and seasonal distributions of LAI. In addition to the 
satellite data, the model requires input of daily meteorological 
data (radiation, temperature, humidity, and precipitation) and 
soil data (available water-holding capacity). The temporal 
interval is daily for meteorological data, 10 days for LAI, and 
annual for land cover. BEPS integrates the input data and 
produces output of NPP and other carbon and water cycle 
components such as autotrophic respiration and 
evapotranspiration. The computation was made pixel by pixel 
in daily time steps assuming vegetation and environment 
conditions were uniform within each pixel, currently being 1 
km 2. 

2.2 An Improvement on Photosynthesis Rate Modeling 

NPP is estimated from gross primary productivity (GPP) 
and autotropic respiration (Ra): 

NPP = GPP - Ra. (1) 

In this study, BEPS was modified to incorporate Farquhar's 
model [Farquhar et al., 1980] for GPP calculation. This 
modification is similar to the transformation from Forest-BGC 

to Biome-BGC [Hunt and Running, 1992; Running and Hunt, 
1993] and from the Simple Biosphere model 1 (SiB 1) to SiB2 
[Sellers et al., 1996]. Farquhar's model provides a framework 
for evaluating the effects of the changes in CO2 concentration, 
temperature, and other factors on photosynthesis. However, 
to use this leaf-level photosynthesis model for regional remote 
sensing applications, two major challenges must be overcome: 

(1) large temporal variability in meteorological conditions 
(radiation, temperature, and humidity) exists within a given 
time step (daily or longer), and a nonlinear response of leaf 
photosynthesis to meteorological conditions can introduce 
large errors in the NPP calculations; and (2) leaves in different 
positions in the canopy are not uniformly exposed to the Sun 
at any given time, thus requiring vertical integration in the 
canopy. 

The first challenge can be avoided if a model is run at small 
time steps (seconds to minutes). To date, most global carbon 
budget models using Farquhar's approach were implemented 
at time steps of minutes to hours to avoid the need for 
temporal integration, and at coarse spatial resolution (0.50-2 ø ) 
to reduce computing demand [Bonan, 1995; Denning et al., 
1996; Foley et al., 1996]. The inherent limitation of this low- 
resolution approach is the large spatial heterogeneity. The use 
of remote sensing data at moderate to high spatial resolutions 
(~1 km) can greatly reduce this problem, but it dramatically 
increases the computational demand. Data availability is often 
a problem for small time step computations for large areas, 
especially when a model is run independently of a numerical 
weather simulation model. Therefore a practical solution for 
using satellite data at moderate to high spatial resolutions with 
the available daily meteorological data is to compute 
photosynthesis at daily steps with proper consideration of 
diumal variability of weather conditions. 

From the BOREAS field data (see below) it was found that 
because of the nonlinear response of leaf photosynthesis to 
meteorological variables, simply by using arithmetic daily 
means of the variables will result in large errors in daily 
photosynthesis calculations. To avoid the errors, a daily NPP 
model was developed with a new temporal and spatial 
integration scheme [Chen et al., 1999a]. A brief description is 
given below. 

The Farquhar's model describes the instantaneous leaf 
gross photosynthesis rate for C3 plants as the minimum of 

W c = V Ci - F , (2a) 
mCi+K 

Wj=J C i -r , (2b) 
4.5C• + 10.5F 

where Wc and W• are Rubisco-limited and light-limited gross 
photosynthesis rate in !xmol m '• s 'l, respectively. Vm is the 
maximum carboxylation rate in gmol m '• s'l; J is the 
radiation-dependent electron transport rate in !xmol m '• s'l; Ci 
is intercellular CO2 concentration;/'is temperature-dependent 
CO2 compensation point without dark respiration; and K is a 
temperature-dependent function of enzyme kinetics. The unit 
for Ci, F, K can be either in Pascal (Pa) or in ppmv (parts per 
million by volume). The procedure to calculate all the 
parameters is described in Table 1. Symbols and their 
definitions and units are listed in the Notation section. 

To obtain the net CO2 assimilation rate (A), daytime leaf 
dark respiration (Ra) is subtracted from equation (2): 

A = min(Wc, Wj)- Rs. (3) 

According to fluid physics, the photosynthesis rate can also 
be described in the form 
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A = (C• - Cdg, (4) 

where Ca is CO2 concentration in the atmosphere, and g is the 
conductance to CO2 from the leaf cells to the atmosphere 
outside of leaf boundary layer in gmol m '2 s • Pa '•. 

g; 106 gs/(Rgas(Ta + 273)) , (5) 

where gs is stomatal conductance in m s'l; Rgas is the molar gas 
constant, equal to 8.3143 m 3 Pa mol '• K'•'; and T is the air 
temperature in øC. Combining equations (2), (3), and (4) and 
choosing the solution of the quadratic equations with the 
smaller roots, we obtain the net CO2 assimilation rate as 

A = 1 (a•/2g +c•/2 4ag 2 +bg +c) 
2 

(6) 

where A is the minimum of A• and Aj, corresponding to Wc 
and Wj. For Ac. a-- (K+Ca) 2, b-- 2(2I'+K-Ca)Vm+2(Ca+K)Rd, 
and c-(Vm-Rd) 2 and for Aj, a-- (2.3F+Ca) 2, b-- 0.4(4.3F- 
Ca)J+2(Ca+2.3F)Rd, and C-(0.2J-Rd) 2. 

Theoretically, the diurnal integration of A• and Aj for daily 
total photosynthesis should be made with respect to time. Our 
attempt to obtain an analytical solution to such an integration 
was not successful because of the complication introduced by 
the nonlinear relationship between time and stomatal 
conductance, which is approximately sinusoidal. We therefore 
found an alternative by integrating with respect to 
conductance (g). The major assumptions are that the daily 
course of solar radiation follows a cosine function of solar 

zenith angle with a peak at solar noon and that this variation 
determines the diurnal pattern of stomatal conductance. 
Therefore daily averaged A can be obtained from 

gn 

A = /t ![a,/2g + c,/2 _ •/ag 2 + bg + cldg' (7) 2gn 

where gn is the conductance at noon, and la is a coefficient for 
adjusting nonlinear change of g with time. It can be calculated 
from 

n,/2 

1 ! 4 (8) • cos0d0 =--•1.27. /t = 0.5jr/2 Jr 

Finally, equation (7) is solved analytically: 

A=1.27 ..1/2 b 1/2 2g n (•-gn 2 + c•/2 g 2agn +•b d +--c n 4a 4a 

b2-4ac 2ag +b+2ai/2d 
-i- 8(13/2 In n b+ 2ai/2ci/2 ) 

(9) 

where d=(agn z + bgn+C) ta. It is noted that (1) no additional 
parameters are introduced in this daily model, all the constants 
are determined by the leaf biochemical parameters in the 
original Farquhar model (see Table 1); (2) although equation 
(9) appears to be complex, it is numerically stable, and no 
numerical problems have been encountered in its use over 
large areas and under extreme conditions; (3) the analytical 

integration given by equation (9) is computationally efficient 
and avoids a daily loop using a numerical integration method. 

For the spatial integration from leaf to canopy, a method 
for stratifying a canopy into sunlit and shaded leaf 
components has been used to upscale Farquhar's model. This 
is a preferable approach because the largest difference in leaf 
illumination in a canopy exists between sunlit and shaded 
leaves. The daily integration of Ac and Aj can then be made 
separately for each component. The calculation of sunlit leaf 
area and shaded leaf area is based on Norman [1982], with 
some modifications. One of the important modifications is the 
consideration of forest clumping index (see Table 2 in detail). 

The stomatal conductance at noon can be estimated by a 
species-dependent maximum, which is reduced by the 
departure of environmental conditions from the optimum 
[Jarvis, 1976; Baldocchi et al., 1987; Running and Coughlan, 
1988]. The reduction is described by a set of environmental 
functions, including photosynthetic photon flux density 
(PPFD), temperature (T), vapor pressure deficit (VPD), and 
leaf water potential (LWP); that is, 

gs=g,.,,mf(PPFD)f(T)f(VPD)f(LWP), (lO) 

where the environmental functions produce scalars between 0 
and 1. Leaf water potential can be derived from relative soil 
moisture [Running and Coughlan, 1988], i. e., 
LWP--0.2/(volumetric soil water content/soil water holding 
capacity). Equation (10) considers the environmental 
constraints to stomatal conductance in a way similar to NPP 
formulations in a LUE model which forces the maximum NPP 

to the actual rates using stress terms [Goetz et al., this issue; 
Prince and Goward, 1995]. However, equation (10) describes 
stomatal conductance at leaf level, and the environmental 
functions can be determined with measurements, while the 
formulation of NPP in the LUE model is at stand level and it 
is difficult to resolve the environmental functions 

experimentally. Figure 1 shows the environmental functions 
based on Jarvis and Morison [ 1981 ], Baldocchi et al. [ 1987], 
Bonan [1995], and Dang et al [1997]. Equations for some of 
the functions are also given by Chen et al. [ 1999a]. 

2.3 Autotrophic Respiration 

Autotrophic respiration (Ra) is separated into maintenance 
respiration (Rm) and growth respiration (Rg) [Ryan, 1990; 
Running and Coughlan, 1988]: 

R a =R m +Rg =Z(Rm.i +Rg.i ) , (11) 
i 

where i defines a plant component (1 for leaf, 2 for stem, and 
3 for root). Maintenance respiration is temperature-dependent: 

Rm, i = M irm.iQlo (T-Tb)/ lo , (12) 

where Mi is biomass (sapwood for stems) of a plant 
component i; rm,• is maintenance respiration coefficient for 
component i. or respiration rate at base temperature; Q•o is the 
temperature sensitivity factor, and T• is the base temperature. 
Growth respiration is generally considered to be independent 
of temperature and is proportional to GPP: 

R g ,i = rg,i ra,i GPP , (13) 
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Table 1. Procedure to Calculate Parameters in the Farquhar Model 

Step 
1 

Equation 

Kc (Michaelis_Menton constant for CO2) and Ko (Michaelis_Menton 
constant for 02) 

Kc -- 30 x 2.1 <r'25)/•ø 

Ko-- 30,000 x 1.2 <r'2s)/•ø 

K (function of enzyme kinetics) 

K=Kc(1 +02/Ko) 

F (CO2 compensation point in the absence of dark respiration) 

?= 4.04 x (1.75) (T'2s)/•ø 

Vm (the maximum carboxylation rate) 

fiT)--I/(1 +e xp((- 220,000+710(T+273))/(Rgas(T+273)))) 

•N)=N/Nr,, 

Vm = Vm25 2.4 (T'25)/•øfiT)fiN) 

J (electron transport rate) 

Jm,a=29.1 + 1.64Vm 

J---JmaxPPFD/(PPFD + 2.1JmaD 

Rd (daytime leaf dark respiration) 

Reference 

Collatz et. al. [ 1991) 

Farquhar et al. [1980) 

Collatz et al. [ 1991 ] 
Sellers et al. [1992] 

Bonan [ 1995] 

Wullschleger [ 1993] 
Farquhar and 
Caemmerer [ 1982] 

Collatz et al. [ 1991 ] 

Rd=O.O 15 Vm 

where rg.i is a growth respiration coefficient for plant 
component i, and r,•.i is carbon allocation fraction for plant 
component i. 

In this study, Q•o and Tb are set to 2.3 and 20øC, 
respectively. Biomass and respiration coefficients are 
determined on the basis of earlier BOREAS studies [Gower et 
al., 1997; Kimball et al., 1997; Lavigne and Ryan, 1997; Ryan 
et al., 1997; Steele et al., 1997]. The coefficients and biomass 
vary among land cover types (see below). The carbon 
allocation fraction is the same as in Forest-BGC for leaf, stem, 
and root [Running and Coughlan, 1988]. 

3. Validation of BEPS With BOREAS Data 

Modeled NPP results are often validated annually using 
biomass measurements, but are rarely validated on a daily 
basis because of the difficulty in measuring daily NPP. 
However, if daily CO2 flux data above and below a plant 
canopy are available, it becomes possible to obtain the 
"measured" daily NPP of the tree canopy (overstory) from the 
data. The term "overstory" is used to separate the tree canopy 
from the understory, including shrubs, grasses, and mosses. 
The fluxes at the two levels can be expressed as the sums of 
several components: 

FLUX A =PovER +PuNDER +RovER,ABOVE + 

R OVER ,ROOT +R UNDER +R SOtL 
(14) 

FLUX s =PtmDtrR +R oven,noor +RimDEn +R so,,z. ' (15) 

where FLUXA is the flux above the canopy, and FLUXB is 
the flux below the canopy. P and R denote photosynthesis and 
respiration fluxes, respectively. The subscripts OVER, 
UNDER, and SOIL indicate overstory, understory and soil. 
The subscripts ABOVE and ROOT are for above ground and 
root of the overstory. We define downward fluxes as positive 
and upward fluxes as negative so photosynthesis is always 
positive and respiration is always negative. Therefore NPP of 
the overstory, defined as PoveR + RoveRsore + Rov•oor, can 
be obtained from 

NPP--FL UX A-FL UX s +R oven.noor ' (16) 

Root respiration is involved in the equation because of the 
transport of carbon to roots, in turn, released from the soil 
surface. It can be estimated from equations (12) and (13). 
Note that the term Rson. for the heterotrophic respiration in 
soil appears in equations (14) and (15) and is eliminated after 
taking the difference between these two equations. This is the 
major advantage of this NPP validation technique. This 
approach eliminates the complexity of estimating soil 
respiration and the contribution of the understory to the 
carbon cycle. 

During BOREAS, CO2 flux measurements above and 
below the plant canopy were made at the old black spruce 
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Table 2. Procedure to Calculate Leaf Area Index and Irradiance for Sunlit and Shade Leaves 

Step Equation Reference 
1 0 (daily mean solar zenith angle) Oke [ 1990] 

0n=arccos(sin(-23.4cos(360(D + 10)/365))sinq0 
+ cos(-23.4cos(360(D+ 10)/365))cosq0) 

0=-(( •2 + 0,0/2 + 0,0/2 

2 LA/stm (sunlit leaf area index) and LAIshaa½ (shaded leaf area index) Norman [ 1982] 
Chen et al. [ 1999a] 

LA/s•m = 2 cos t?(1-exp(-0.5ff2LAl/ cos O)) 

LAls•ae = LAI-LAls•n 

3 Sak (direct solar irradiance) and Sail (diffuse solar irradiance) Erbs et al. [ 1982] 
Black et al. [ 1991 ] 

R = Sg/(So cos0) 

SaY = I 0.943 
Sg 10.13 

+ 0.734R - 4.9R 2 + 1.796R 3 + 2.058R 4 R < 0.8 

R>0.8 

&•Sg-&af 

4 C (irradiance from multiple scattering of direct radiation ) Norman [ 1982] 
Chen et al. [1999a] 

cos• = 0.537+0.025LA/ 

Sdif, under•Sdif exp(-0.50/Ad/cos • ) 

C = 0.071•Sa•(1.1-0.1LA/)exp(-cos 8) 

5 Ssun (sunlit-leaf irradiance) and Ssh•ae (shaded leaf irradiance) Norman [ 1982] 
Chen et al. [1999a] 

Sshade-'(Sdif-Sdif. under)/LA] + C 

Ssu, = Sa• cosa/cos0 + 

(NOBS) site in the northem study area (NSA) in 1996 and at 
the old aspen site (SOA) in the southern study area (SSA) in 
1994 [Black et al., 1996; Goulden et al., 1997; Goulden and 
Crill, 1997]. At the spruce site, both tower flux measurements 
over the canopy and chamber measurements at the surface 
(including the understory) were made simultaneously. The 
data were checked for quality [Goulden and Crill, 1997] and 
good data from May 28 to October 21, 1996, were used in this 
study. The chamber measurements were made at 3-hour 
intervals with two chambers for feather moss and three 

chambers for sphagnum moss. The same principles given in 
equations (14), (15) and (16) were also used to obtain the 
overstory NPP from simultaneous eddy-covariance 
measurements in the old aspen stand at two heights: one above 
the forest and one between the overstory and the understory. 
More details of the measurement procedures and the data set 
in 1994 are given by Black et al. [1996]. For both sites, 
originally measured raw flux data were summed to daily 
totals. No correction was made for nighttime eddy-covariance 
measurements because even when the upward CO2 flux was 
low at night with low friction velocity, CO2 emission due to 
root and soil respiration would be stored in the soil and air 
column within the canopy. This CO2 storage would be 

eventually released and detected by the instrument when the 
wind speed was restored [Chen et al., 1999b]. Therefore the 
calm-night flux correction was not made for a daily 
summation. For the NOBS chamber measurements, 50% 
weight was given to the average of two chambers for feather 
moss and 50% weight to the average of three chambers for 
sphagnum moss. This weight distribution reflects the 
percentage coverage of these two moss types on the forest 
floor. Details on site conditions, data processing, and 
parameterization for the species are available in the work of 
Chen et al. [ 1999a]. 

For both NOBS and SOA sites, the daily NPP values 
calculated from the two-level measurements according to 
equation (16) are referred to as the "measured daily NPP". 
The largest uncertainty in the daily NPP values exists in root 
respiration estimation, but auxiliary site measurements have 
helped reduce the uncertainty. Root respiration at these two 
sites was estimated from equations (12) and (13) using 
respiration coefficients of Biome-BGC [Kimball et al., 1997] 
and root biomass data of Steele et al. [1997]. The estimated 
annual total root respiration agrees within 15% with 
measurements reported by Ryan et al. [ 1997]. The comparison 
of our model results with the measured daily NPP at these two 
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Figure 1. Stomatal response to (a) photosynthetic photon flux density (PPFD), (b) air temperature, (c) 
vapour pressure deficit, and (d) leaf water potential as affected by the environmental scalars ranged from 0 
to 1. 

sites is shown in Figure 2. The integrated daily NPP model 
characterized by equation (9) after sunlit and shaded leaf 
separation agree well with the measured values at both SOBS 
(Figure 2a) and SOA (Figure 2b) sites. The good agreement in 
both the magnitude and the day-to-day variation pattern 
provides evidence for the following points: (1) the method of 
isolating the overstory for NPP validation is effective; and (2) 
NPP can be estimated with a good accuracy at daily steps with 
consideration of general diurnal variation patterns of 
meteorological variables. 

We have also tested two other models: (1) a big-leaf model, 
i.e., multiple layers of leaves are represented by a single leaf 
through the use of canopy conductance [Kimball et al., 1997], 
and (2) a sunlit and shaded leaf separation model implemented 
at daily steps without considering the diurnal variation in 
meteorological variables, i.e., using the daily means for 
photosynthesis calculation without the daily integration in 
equation (9). We found that the big-leaf model could simulate 
the general seasonal pattern using the same leaf biochemical 
parameters as the integrated daily NPP model, but it missed 
most of the day-to-day variation found in the flux 
measurements. The sunlit-shaded leaf model without daily 
integration showed appropriate day-to-day variations in NPP 
but overestimated NPP by 1.5-2 times [Chen et al., 1999a]. 
This is mostly due to the optimization of the radiation effect 
on photosynthesis through the use of daily mean radiation. 

The light saturation, which happened frequently for sunlit 
leaves, never occurred in such daily step calculations. This is 
a particularly important problem for highly clumped boreal 
coniferous forests [Chen et al., 1999a]. We therefore selected 
the integrated daily NPP model for application to the 
BOREAS region. 

4. Application of BEPS Over the BOREAS 
Study Region 

After the above validation, BEPS was applied over the 
entire BOREAS study region located in Manitoba and 
Saskatchewan, Canada (Plate 1). The modeling domain 
consists of 1200 by 1200 pixels at 1 km resolution in Lambert 
conformal conic (LCC) projection (standard parallels, 49 ø N 
and 77 ø N; reference meridian, 95 ø W). Hudson Bay is located 
in the top fight comer and Lake Winnipeg in the bottom fight 
comer. The two smaller boxes designate the boundary of the 
southern study area (SSA) and the northern study area (NSA). 
The larger box outlines the boundary of the study region (SR) 
(see Table 3 for the geographical coordinates). The input data 
for BEPS are summarized in Table 4, and briefly discussed 
below. 

4.1. Land Cover 

The land cover map of the BOREAS region (Plate l a) is 
part of a 1995 Canada-wide map prepared using data from 
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Figure 2. Daily variations in overstory net primary productivity obtained from flux measurements above 
and below the overstory in comparison with modeled results (a) at the old black spruce site, northern study. 
area in 1996, and (b) at the old aspen site, southern study in 1994. 
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Plate 1. (a) Land cover map of the BOREAS region after Cihlar et al. [1997a]. BARR denotes 
barren land; SHRU, shrub land/wetland; CONI, coniferous forest; MIXE, mixed forest; DECI, 
deciduous forest; CROP, cropland; GRAS, grass land; BURN, burnt areas; URBA, urban areas; 
SNOW, snow/ice areas. (b) Mean leaf area index in the BOREAS region in 1994 growing season. 
(c) Soil available water-holding capacity in the BOREAS region. 
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Table 3. Coordinates of Study Area, Study Region and Image Covering the Modeling 
Domain 

Scope Comer 
Long/Lat Coordinates LCC Coordinates a 

Longitude Latitude Pixel 
Image NW - 115.412 59.362 0 

NE - 93.286 61.010 1200 

SE - 93.739 50.027 0 

SW - 110.254 48.830 1200 

Study region NW -111.000 59.979 251 
NE -93.502 58.844 1194 

SE -96.970 50.089 970 

SW - 111.000 51.000 7 

Northern study area NW -98.82 56.247 879 
(NSA) NE -97.24 56.081 974 

SE -97.49 55.377 955 

SW -99.05 55.540 860 

Southern study area NW -106.23 54.319 396 
(SSA) NE - 104.24 54.223 520 

SE -104.37 53.419 499 

SW -106.32 53.513 374 

Line 

aLCC is the Lambert conformal conic projection, which is the projection of the images 
presented in this study. 
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AVHRR onboard the NOAA-14 satellite. Prior to the 

classification, a series of data correction procedures was 
applied to correct the atmospheric and bidirectional 
reflectance effects, to remove contaminated pixels, and to 
determine the growing season length [Cihlar et al., 1997a]. 
The growing-season average values in AVHRR channel 1 
(C1, red), channel 2 (C2, nearinfrared) and the normalized 
difference vegetation index (NDVIm) were then used in the 
classification process. A combined enhancement - 
unsupervised classification methodology was used [Beaubien 
et al., this issue; Cihlar and Beaubien, 1998]. The resulting 
spectral clusters were labeled with the use of Landsat 
Thematic Mapper (TM) images and field observations. 
Accuracy was evaluated by provincial forest inventory 
agencies and in comparison with Landsat TM classifications. 

Land cover patterns in the AVHRR-derived map was found 
consistent with provincial maps, after allowing for the 
difference in scales. Numerical accuracy is variable, mainly 
because of the mixed land cover within AVHRR pixels 
[Cihlar et al., 1996]. On basis of a digital comparison with 
Landsat Thematic Mapper classification [Klita et al., 1998] 
the per-class accuracy varied between 21.8% and 97.9%. 
Detailed information on the procedure and characteristics of 
the AVHRR land cover map is given by Cihlar and Beaubien 
[1998]. 

The original classes were regrouped into 11 categories 
(Table 5). A pixel was labeled as deciduous if 60% of the area 
in the pixel was occupied by deciduous forest, whereas the 
pixel was classified as coniferous group if 60% of the area in 
the pixel was occupied by coniferous forest. Coniferous forest 

Table 4. Input Data Sources and Formats 

Parameter Source Agency a Data Type Grid Temporal 
System Interval 

LAI AVHRR D CCRS raster pixel/line 10 days 
Land cover AVHRR b CCRS & CFS raster pixel/line annual 
AWC SLC c CLBRR vector long term 

Radiation NMC medium NCAR raster Gaussian daily 
Temperature range forecast 
Humidity model 
Precipitation 

Grid Size 

1 km 

1 km 

,..0.9 ø 
(varied with 

lat/long) 

aCCRS, Canada Centre for Remote Sensing, Natural Resources Canada; CFS, Canadian Forest 
Service; CLBRR, Centre for Land and Biological Resources Research, Agriculture and Agri-Food 
Canada; NCAR, National Center for Atmospheric Research, Boulder, Colorado. 

bAdvance very high resolution radiometer. 
CSoil Landscapes of Canada. 
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Table 5. Percentage of Land Cover Type in Study Region and by Study Area 

Land Cover Type 
Study Region SSA NSA 

No. Pixel a % Total No. Pixel % Total No. Pixel % Total 

Coniferous forest 399080 41.3 5854 49.6 5729 71.0 

Deciduous forest 29540 3.1 1027 8.7 20 0.2 

Mixed forest 36037 3.7 1748 14.8 340 4.2 

Cropland 202947 21.0 1412 12.0 0 0.0 
Grassland 8166 0.8 8 0.1 0 0.0 

Shrubland 58828 6.1 874 7.4 986 12.3 

Burnt area 82319 8.5 158 1.3 72 0.9 

Barren land 21038 2.2 3 0.03 164 2.0 

Ice/snow 220 0.02 0 0.0 0 0.0 

Urban 286 0.03 0 0.0 11 0.1 

Open water 128071 13.3 728 6.2 746 9.2 
Total 966532 100.0 11812 100 8068 100 

Classes are based on Cihlar et al. [ 1997a] and regrouped to 11 classes (see text). SSA, the southern study 
area; NSA, the northern study area. 

a 1 pixel-- 1 km 2. 

was a dominant vegetation type in the study region and in the 
study areas (Table 5). Cropland occupied the second largest 
area in the region but not in the study areas. There were more 
pixels with deciduous forest in SSA than in NSA. 

4.2. Leaf Area Index (LAI) 

The LAI is defined here as half the total leaf area (all sides) 
per unit ground surface area [Chen and Black, 1992]. For 
spruce needles with four sides, for example, two sides are 
included in this LAI definition. For flat broad leaves with two 
sides, this definition is the same as the traditional definition 

for one-sided leaf area. LAI images in 1994 for the BOREAS 
region were derived from the same AVHRR sensor using 10- 
day cloud-free composite images [Cihlar et al., 1997b]. The 
composites were produced using the maximum NDVI 
criterion and were corrected for the atmospheric and Sun-view 
angle effects [Cihlar et al., 1997b]. The residual cloud 
contamination was detected from the seasonal NDVI 

trajectories of individual pixels and removed using a temporal 
interpolation scheme [Cihlar, 1996]. For the calculation of 
LAI, the NDVI was first transformed into the simple ratio 
(SR). Land cover specific linear SR-LAI relationships were 
then used to convert SR to LAI. The use of SR reduces the 

problem of signal saturation at high LAI values. Because the 
LAI of boreal vegetation is generally low and the strong 
foliage clumping reduces the effective LAI, no saturation was 
found for boreal forests when SR is used [Chen and Cihlar, 
1996]. The algorithm for boreal coniferous forests was 
developed by Chen and Cihlar [1996]. The algorithm for 
deciduous forests is based on Chen et al. [this issue], but is 
less accurate because of insufficient field data for the seasonal 

coverage and variable understory. Mixed forest was treated as 
an intermediate case between coniferous and deciduous 

forests. An algorithm for the cropland was formulated using 
published relationships [Asrar et al., 1984; Aase et al., 1986; 
Wiegand et al., 1992; Li et al., 1993] and validated using 1996 
ground measurements in 14 agricultural fields in 
Saskatchewan located in the lower part of the LAI image. The 

grassland was treated as cropland because of lack of 
independent measurements. To consider the effect of the 
seasonal greenness change in the background (understory, 
moss and soil/litter) of coniferous stands, a seasonal 
background SR trajectory was derived from AVHRR SR time 
series to ensure that the seasonal variation in the conifer 

overstory LAI was equal to or less than 25%. The formulae 
for the various land cover types are 

Decidous forest LAI -- 0.475(SR-2.781), 

Coniferous forest LAI -- 1.188 (SR - Bc), 

Mixed forest LAI--0.592 (SR - Bm), 

(17a) 

(17b) 

(17c) 

Crop land and other land cover types 

LAI -- 0.325(SR -1.5), (17d) 

where $R is the simple ratio; Bc and B m are background SR 
trajectory for coniferous forest and mixed forest. They are 
calculated from Be= O.I (1.2XIO-•øD s - 1.1X I O'7D 4 + 
4.IX lO'SD s- 6.8X lO'SD z + 5.4XlO'•D- 15), and Bm= 
(Bc+2.781)/2, where D is the day of year. The error in a single 
LAI value is estimated to be +_25%. 

A time series of LAI images at 1 O-day intervals during the 
growing season was prepared. In a normal year, the growing 
season would be covered with 20 LAI images spanning from 
April 11to the last day of October. The LAI values before 
April 11 and after the last day of October were linearly 
interpolated between these two dates. Because of the NOAA- 
11 AVHRR sensor failure in September 1994, only the first 15 
images were acquired by September 10 (day of year-- 253). 
The five missing images were supplemented using 
measurements by the same sensor in late 1993. This might 
introduce some inaccuracy in the 1994 LAI values. However, 
the effect of LAI on NPP in the late growing season is small. 
Plate 1 b shows the mean LAI in the growing season of 1994. 
The mean LAI value was 3.3 for both study areas and 2.3 for 
the whole study region. 
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4.3. Available Water-Holding Capacity (AWC) 

Soil AWC data were acquired from the Soil Landscapes of 
Canada (SLC) database [Shields et al., 1991]. SLC is 
compiled in a geographic information system (ARC/INFO). In 
SLC, the land is divided into landscape polygons within 
which the soils are characterized by a set of attributes. The 
available water holding capacity (AWC) in the upper 120 cm 
of soil is one of the attributes contained in SLC version 1.0. In 

the BOREAS region, most roots were distributed in the upper 
120 cm of soil. About 10% of the area were missing data 
(mostly in the north) in SLC version 1.0. In order to fill in the 
data gaps, soil texture data in SLC version 2.0 were processed, 
and the dominant soil texture in each polygon was determined. 
AWC was then assessed according to its relationship with soil 
texture [De Jong et al., 1984]. The AWC data in different 
polygons and coverages were combined, rasterized, and 
resampled to the same LCC projection and spatial resolution 
as the land cover and LAI maps. There were five levels of 
AWC ranging from 5 cm to 25 cm in 5 cm increments (Plate 
l c). In the BOREAS region, AWC of cropland and pasture 
was generally higher than that of forest land. AWC of forests 
ranged from 5 to 10 cm except for two areas, one around the 
NSA with AWC of about 25 cm and the other at the forest 

edge close to the cropland where AWC was around 20 cm. 
SLC is the best soil database currently available for the 
country. Although polygons in the database are generally 
larger than 1 km, especially in the northern part of the 
BOREAS region, distinct spatial variation patterns are evident 
in Plate 1 c. 

4.4. Meteorological Data 

Meteorological data were obtained from the National 
Center for Atmospheric Research (NCAR) (Table 4). The data 
were generated by the National Meteorological Center of 
NCAR from a medium range forecast model and provided in a 
Gaussian grid format with a grid size of about 0.9 ø. All 
meteorological data were bilinearly interpolated to each pixel 
at 1 km resolution [Mather, 1987] after determining the 
geographical location of the pixel in the LCC projection based 
on Snyder [ 1989]. 

On the basis of the NCAR data set, meteorological 
conditions over the BOREAS study region in 1994 are shown 
in Plate 2 and Table 6. Plate 2 displays the spatial distribution 
of meteorological parameters, and Table 6 provides averaged 
values of these parameters over the study region and the 
intensive study areas. The latitudinal gradient of solar 
radiation was evident, as were the gradients of air temperature 
and water vapor density (Plate 2). From the northern to the 
southern boundary of the study region, the mean daily 
radiation ranged from 9 to 11 MJ m '2 d -1, the mean daily air 
temperature from-7.5 ø to 4.5øC, and vapor density from 4.1 
to 7.4 g m '3. Radiation, temperature, and vapour density were 
all higher in SSA than in NSA. The total annual precipitation 
ranged from 180 to 480 mm yr '1 with no obvious latitudinal 
gradients. 

The quality of NCAR meteorological data was checked 
against independent measurements. The solar radiation data 
were compared with observations at over 40 stations in 
Canada. As found in an earlier study [Liu et al., 1997], 
incident global radiation was generally overestimated by 30- 
40% in the NCAR data set because radiation absorption by 
aerosols was neglected. This overestimation was corrected 

with a reduction coefficient [Liu et al., 1997]. The temperature 
and humidity of the NCAR gridded data were bilinearly 
interpolated to the NOBS site and checked against 
measurements at the top of the tower during the growing 
season in 1994. The mean temperature difference was found 
to be 0.1 øC with a correlation coefficient of 0.97. The mean 

relative humidity measured at the tower was 17% larger than 
the interpolated NCAR value. The total growing season 
precipitation was 201 mm by NCAR but 238 mm according to 
rain gage measurements made at the Thompson Airport. The 
differences in these variables are small compared with the 
spatial heterogeneity, and therefore no systematic adjustments 
were made to the NCAR data for temperature, humidity and 
precipitation. 

4.5. Parameterization for Calculating Plant Respiration 
Over the Region 

Biomass and respiration coefficients are critical parameters 
for plant respiration calculation. Table 7 provides a list of 
biomass and maintenance respiration coefficients for major 
forest types in the region. The biomass data were assembled 
from Gower et al. [1997], Steele et al. [1997] and Ryan et al. 
[ 1997] at the tower sites. To determine the proportion of black 
spruce and jack pine within the conifer type, a high-resolution 
(30 m) land cover map [Beaubien et al., this issue] was 
analyzed. The map is a mosaic of six Landsat Thematic 
Mapper scenes coveting about half the study region from 
north to south. It was found that the conifer area consists of 

18% jack pine and 82% black spruce. The biomass data from 
the conifer tower sites were therefore averaged, with 80% 
weight for black spruce and 20% for jack pine. It was assumed 
that the biomass data in Table 7 were representative of the 
region. Sapwood was estimated from stem biomass. The 
maintenance respiration coefficients for coniferous forest were 
the same as those used in BIOME-BGC [Kimball et al., 1997], 
but only one coefficient was used for root as an intermediate 
value between the coefficients for fine root and coarse root. 
The coefficients for deciduous forest were derived from a 

previous study [Liu et al., 1997], after adjusting for the 
different base temperature used in this study. Intermediate 
values between coniferous and deciduous forests were taken 

for the mixed forest type. Growth respiration coefficients were 
set according to Ryan [ 1991 ] and Raich et al. [ 1991 ]. For the 
other land cover types without biomass data, maintenance 
respiration was estimated using LAI [Bonan, 1995]; that is, 
instant maintenance respiration equals LRf25(l+p)2.0 •r'25•aø, 
where L is the total leaf area index, Rf25 is foliage respiration 
at 25 øC, and p is nonfoliage contribution to maintenance 
respiration. Both Rf2s and p are vegetation-type-dependent and 
their values are given by Bonan [1995]. 

In model simulations, meteorological and biomass data 
were used without any adjustments to the coefficients. 
Adjustments are sometimes required by other process models, 
such as the DEMETER model [Foley, 1994], to confine the 
ratios of autotrophic respiration to GPP within a prescribed 
range. In our case, such adjustments were not necessary 
because the coefficients obtained from the various sources 

appear to be reliable. When using the coefficients, along with 
the biomass and temperature data, to calculate annual 
respiration rates at the tower sites, these rates were found to be 
generally compatible with measurements made by Ryan et al. 
[ 1997] and Lavigne and Ryan [ 1997]. 
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Table 6. Meteorological Information in 1994 

Parameter Unit 
Study Region Study Area 

Mean Min Max SSA NSA 

Solar radiation MJ m -• d '• 9.9 9.0 11.0 10.2 9.8 

Temperature øC -0.5 -7.5 4.5 0.8 - 1.7 
Vapor density g m '3 5.9 4.1 7.4 6.1 5.3 
Precipitation mm yr '• 345 180 480 334 346 

Values were calculated pixel by pixel over the entire image. The values represent yearly mean for all the 
parameters except for precipitation, which is yearly total. For the study areas, mean value over each of the 
area is listed, while for the study region, maximum (max) and minimum (min) in the region are added. 

5. Result and Discussion 

5.1. NPP Distribution Over the BOREAS Region 

The distribution of NPP over the BOREAS region in 1994 
is shown in Plate 3. The most productive area was the forest, 
which appears as a wide strip oriented in the northwest- 
southeast direction in the middle of the region. The average 
NPP in SSA, located near the southern border of the boreal 
forest zone, was higher than that in NSA located near the 
northern limit of the zone. The average NPP in the study 
region was lower than that of both study areas (Table 8). 
Deciduous forests showed the highest photosynthetic capacity 
among all vegetation types. The average NPP values for 
coniferous and deciduous forests in the study areas are close 
to the values for the tower flux sites reported by Gower et al. 
[1997] and Ryan et al. [1997] but are higher than those 
modeled by Frolking [1997] and Kimball et al. [1997]. The 
range in NPP between these two study areas was smaller for 
coniferous forest, and larger for deciduous forest than the 
measurements reported by Gower et al. [1997] and Ryan et al. 
[1997]. These differences between site averages and the 
regional averages underscore the importance of explicitly 
accounting for the spatial heterogeneity. 

The mean NPP over the study region was calculated to be 
217 g C m -2 yr -• in 1994 (Table 8). This average, which 
excludes open water pixels, is highly influenced by the land 
cover composition. The mean NPP of all forests, excluding 
burnt areas, was 234 g C m -2 yr •, providing a better overall 
measure of forest productivity. The total NPP in the 1000 km 
x 1000 km study region was estimated to be 182 Mt C in 1994 
(Table 9). The largest proportion was attributed to the 
coniferous forest because of its dominant presence in the 
region. Cropland was the second largest contributor, while 
deciduous and mixed wood forests contributed about 15% to 
total NPP. 

5.2. Gross Primary Productivity (GPP) and Plant 
Respiration 

As shown in Table 10, GPP in NSA was lower than that in 
SSA, while GPP in the study region was lower than those in 
both study areas. Deciduous forests had higher GPP than 
coniferous forests within the same area. The GPP value for 

cropland was lower than that of coniferous forests in SSA but 
higher than that of coniferous forests in NSA. The spatial 
distribution of autotrophic respiration followed a pattern 
similar to GPP for the major vegetation types in the study 
region. 

5.3. Relationships Between NPP and LAI 

In the BOREAS region, NPP was strongly correlated to 
LAI, as shown in Figure 3. The data points were sampled at 
regular intervals within the study region at rates of 1% for 
coniferous forests and cropland and 10% for deciduous 
forests. NPP was approximately linearly related to LAI when 
LAI was below 4 and became asymptotic (saturated) as LAI 
increased further. This saturation occurs because the increase 

in canopy radiation absorption with LAI becomes small at 
large LAI values. This saturation was more apparent in 
conifers than in other vegetation types. Good relationships 
between aircraft-measured downward CO2 flux and vegetation 
indices, such as the NDVI and greenness index, were also 
found in other studies [Cihlar et al., 1992; Ogunjemiyo et al., 
1997], suggesting that productivity is closely related to LAI at 
large scales. Gower et al. [1997] reported that only conifers 
followed a relationship between aboveground NPP and 
overstory LAI, although most LAI values in their report were 
above 4. At the same LAI value, deciduous forests showed 
higher productivity than coniferous forests, confirming the 
importance of land cover information in NPP modeling based 
on LAI distributions. Gower et al. [1997] also observed a 

Table 7. Maintenance Respiration Coefficients and Carbon Contents for Various Forests 

Parameters Unit Coniferous Deciduous Mixed 

Forest Forest Forest 

Leaf respiration coefficient kg C d 'j kg '• 0.002 0.009 0.006 
Stem respiration coefficient kg C d '• kg '• 0.001 0.005 0.003 
Root respiration coefficient kg C d '• kg '• 0.0015 0.0015 0.0015 
Leaf carbon kg C m '2 0.6 0.1 0.4 
Stem carbon kg C m '2 5.1 7.3 4.2 
Root carbon kg C m '2 1.2 1.3 1.2 
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Plate 2. Distribution of meteorological parameters in the BOREAS region in 1994. (a) Mean daily 
2 I o 

total shortwave radiation (MJ m- d' ). (b) Mean daily air temperature (C). (c) Mean daily water 
vapor density (g m-3). (d) Yearly total precipitation (mm yr-]). 
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Plate 3. Net primary productivity over the BOREAS region in 1994. 
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Table 8. BEPS Estimates of Mean NPP of Major Vegetation Types, Forest, and Land in 
BOREAS Study Region and Study Areas in 1994 (g C m -2 yr '•) 

Land Cover Type 
Study region SSA NSA 

Mean s.d. Mean s.d. Mean s.d. 

Coniferous forest 207 92 276 55 247 57 

Deciduous forest 418 91 395 92 283 75 

Crop 284 80 312 58 
Forest 234 113 308 82 253 61 

Land 217 122 297 86 238 76 

"Forest" refers to all forest pixels, including coniferous forest, deciduous forest, and mixed forest in 
Table 5. "Land" refers to all land pixels, excluding water body. s.d., standard deviation. 

Table 9. Total NPP in BOREAS Study Region in 1994 

Class Mean Class Total 
Number of 

Land Cover Type Pixela NPP NPP 
(g C m -2 yr 'l) (Mt C yr '•) 

Coniferous forest 399080 207 83 

Deciduous forest 29540 418 12 

Mixed forest 36037 380 14 

Cropland 202947 284 58 
Grassland 8166 109 1 

Shrubland 58828 175 10 

Burnt area 82319 44 4 

Barren land 21038 20 0 

Ice/snow 220 0 0 

Urban 286 62 0 

Open water 128071 0 0 
Total 966532 182 

al pixel=l km •-. 

Table 10. Mean GPP and Autotrophic Respiration of Major Vegetation Types, Forest and Land in 
BOREAS Study Region and The Study Areas in 1994 

GPP (g C m -•- yr -•) gauto (g C m -2 yr '•) 
Land Cover Type Study Study 

SSA NSA SSA NSA 
Region Region 

Coniferous forest 614 757 677 406 480 428 

Deciduous forest 967 931 727 548 534 442 

Crop 669 706 383 392 
Forest 660 808 686 425 499 432 

Land 583 767 646 365 469 406 
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Figure 3. Relationships between net primary productivity 
(NPP) and leaf area index (LAI) for the three major cover 
types: deciduous, conifer and cropland. 

higher production efficiency, expressed as the ratio of 
aboveground NPP to LAI, for aspen than for coniferous 
forests. 

In spite of the general relationship between NPP and LAI, 
large variations of NPP existed for a given LAI (Figure 3). 
These variations resulted from different vegetation, weather, 
and soil conditions. The variation may be larger in areas with 
more topographical variation than the BOREAS region. 
Although the relationship between NPP and LAI can be 
generally expressed by quadratic equations for different land 
cover types, the coefficients determining shape of a curve 
would vary from region to region and from year to year under 
different the climatic and environmental conditions. These 
coefficients are difficult to determine using empirical 
approaches, underscoring the importance of using a process 
model in integrating remote sensing, soil, and meteorological 
data for regional NPP estimation. 

5.4. Relationships Between Forest NPP and 
Environmental Conditions 

To briefly examine the influence of environmental 
conditions on forest NPP, the NPP values at LAI between 2 
and 3 were sampled over the study region at a rate of 10% for 
coniferous forest and 100% for deciduous forest. 

Environmental parameters were also sampled for the same 
pixels, including absorbed photosynthetically active radiation 
(APAR), air temperature, vapor pressure deficit (VPD), 
precipitation, and available water holding capacity. The 
correlation coefficients (R) between NPP and each 
environmental parameter are listed in Table 11. NPP was 
highly correlated with APAR, especially for deciduous forest. 
Chen et al. [1999b] also found that APAR was a major factor 
controlling the photosynthetic rate at the SOA site. By 
contrast, correlation between NPP and the incoming radiation 
was weak. This result shows the importance of LAI to NPP 
because APAR is dependent on both incoming radiation and 
LAI. An increase in temperature has three effects: (1) 
enhancing photosynthesis when the temperature is below the 
optimal point but decreasing photosynthesis otherwise (Figure 
lb), (2) increasing plant respiration (equation (12)), and (3) 
increasing VPD at a given vapor density. It appears that the 
overall effect resulted in a negative correlation between 
temperature and NPP for the forest types in the region for 
1994. It is difficult to isolate the effect of temperature from 
VPD because they are strongly correlated. The correlation 
coefficient between temperature and VPD was 0.69 and 0.81 
for coniferous forest and deciduous forest, respectively. The 
negative effect of VPD agrees with that reported by Dang et 
al. [1997]. Deciduous forest was more sensitive to VPD than 
coniferous forest. Soil water might not be a limiting factor in 
the region, as indicated by the low coefficients associated with 
precipitation and soil water holding capacity. However, the 
positive sign of the coefficients suggests some benefit of 
sufficient soil water to plant growth. 

5.5. Light use efficiency (LUE or c) in the BOREAS 
Region 

Light use efficiency (c) [Monteith, 1972], refers to the ratio 
of energy output (in terms of carbohydrate or dry matter) to 
energy input (in terms of absorbed solar radiation). For the 
calculation of light use efficiency, APAR needs to be 
determined from the incident radiation and the canopy 
architectural parameters. NPP and GPP values calculated 
using BEPS provide an independent means to assess e. 

Table 12 summarizes the mean light use efficiencies for 
NPP (espp) and GPP (Fc. Gpp) , for the major land cover types, the 
study areas, and the region. Also shown is APAR during the 
growing season calculated from daily total solar radiation, 
solar zenith angle at noon, LAI, and clumping index using the 
methodology of Liu et al. [1997]. In general, Fc. Gp P was less 
scattered than esPP, as indicated by the coefficient of variation. 
This was also observed by Goetz and Prince [1998]. In 
recognition of this fact, Fc. Gpp, rather than espp, has recently 
been more widely used for NPP modeling in some LUE 
models [Prince and Goward, 1995; Ruimy et al., 1996; Goetz 
and Prince, 1999]. In addition, large differences existed 
between cover types, with Fc. Gp P and espp about 1.5-2 times 
higher for deciduous than for coniferous forests (Table 12). In 
comparison with espp calculated by Hunt and Running [ 1992] 
in the same area, the values in Table 12 are considerably 
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Table 11. Correlation Coefficients (R) between Forest NPP 
and Environmental Parameters 

Forest Type APAR TEM VPD PRE AWC 
Coniferous forest 0.79 -0.06 -0.28 0.03 0.12 

Deciduous forest 0.82 -0.33 -0.37 0.24 0.10 

APAR, absorbed photosynthetically active radiation; TEM, 
temperature; VPD, vapour pressrure deficit; PRE, precipitation; 
AWC, available water holding capacity. 

smaller, but they are more consistent with the estimates from 
Gower et al. [ 1998], who reported the values around 0.3 g C 
MJ '• for black spruce and jack pine. From measurements 
made in several tens of stands in northeast Minnesota, Goetz 
and Prince [ 1996] reported the mean values of esPP of aspen 
and black spruce to be 0.45 g C MJ '• and 0.24 g C MJ '•, 
respectively. These values are slightly larger than the 
corresponding values reported in Table 12. The e values for 
crop were lower than those in Britain and the United States 
(•:sPP-- 0.5- 2 g C MJ '•) [Monteith, 1977; Kiniry et al. 1989] 
but higher than the global average for esPP (--0.242 g C MJ -•) 
[Potter et al., 1993] and •pp (--0.41 g C MJ '•) [Prince and 
Goward, 1995]. 

inherent in large area applications. There are several ways to 
improve the accuracy of the estimation. 

5.6.1 Consideration of subpixel heterogeneity using 
high-resolution remote sensing data. Chen [1999] showed 
that the largest errors of this type result from mixed water and 
land pixels and a large improvement can be made by just 
using the information of sub-pixel water area fraction. 

5.6.2 Improving the biomass data quality. We expect that 
the NPP spatial distribution pattern would be more accurate if 
a remotely derived biomass map were used rather than 
assigning the value by cover type. The feasibility of 
estimating biomass distribution from active microwave 
images has been demonstrated [Moghaddam et al., 1994]. 
Optical measurements can also be useful for this purpose for 
sparse canopies [Hall et al., 1995]. 

5.6.3 Reducing the computation time step. Although the 
problem associated with diurnal variability is much smaller 
when using the integrated daily NPP model, errors are still 
inevitable in the daily step calculations which cannot capture 
subdaily extreme events [Chen et al., 1999a]. With the 
improvement in computational capacity, it will soon be 
feasible to compute a moderate-resolution NPP distribution in 
a region at much smaller time steps (minutes to hours). Such 
work is only possible in conjunction with a global circulation 
model to avoid data limitation. 

5.6. Possible Sources of Errors and Directions for 

Improvements 

Although considerable efforts have been made to minimize 
the uncertainties in NPP estimation over the BOREAS region, 
some sources of error inevitably remain. They include within- 
pixel heterogeneity, simplification of natural processes with a 
daily photosynthesis model, errors in meteorological and soil 
input data, assignment of biological parameters for the various 
cover types, and the accuracy of image registration and 
processing (resampling, radiance-to-reflectance conversion, 
etc). Because of the additive effects of these sources of errors, 
the NPP values for individual pixels can be as large as 25- 
50%. However, since the model parameters and the final NPP 
results have been carefully calibrated using tower flux data, 
the major bias errors are much reduced, and therefore the 
errors in the regional NPP estimates are expected to be smaller 
than 25%. Many of these sources of error are presently 

6. Summary 

For the purpose of studying the carbon cycle in boreal 
ecosystems, the spatial distribution of net primary 
productivity (NPP) in the BOREAS region was derived by 
integrating tower-based and other ground measurements with 
remote sensing images. The major characteristics of the 
resulting NPP map are as follows: 

1. NPP is calculated using a process model, with a new 
daily integration scheme through an analytical integration of 
Farqhuar's photosynthesis model. The model is more complex 
than the original Farqhuar model, but it requires no additional 
parameters and is computationally efficient as well as 
numerically stable. Nonlinear effects of meteorological 
variables on productivity within the daily step are therefore 
much reduced through the analytical daily integration 
considering the general diurnal patterns of the variables. 

Table 12. Light Use Efficiency for NPP (esPP) and GPP (EGp P ) by Major Vegetation Type and 
by Area Covered 

ENPP (g C (MJ APAR)'•) EGpP (g C (MJ APAR)-•) APAR (MJ m -2) 

Mean s.d. CV (%) Mean s.d. CV (%) Mean s.d. 

Land cover type 
coniferous forest 0.20 0.07 36 0.60 0.09 14 1002 133 

deciduous forest 0.40 0.07 16 0.93 0.06 6 1042 79 

crop 0.33 0.06 17 0.76 0.15 20 863 119 
Area covered 

study region 0.22 0.12 52 0.61 0.22 36 927 164 
SSA 0.28 0.08 29 0.72 0.14 19 1059 120 

NSA 0.22 0.06 27 0.62 0.13 21 1036 113 

CV, coefficient of variation. 
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2. Simultaneous tower measurements of CO2 fluxes above 
and below the overstory canopy at a coniferous site and a 
deciduous site were used to validate the daily NPP model. A 
method was developed to isolate the overstory for daily NPP 
validation. The productivity of the understory (shmbs, grass, 
and moss) is therefore not included in the NPP. 

3. The process model is implemented over the BOREAS 
regio through the use of remote sensing data that provide 
spatial distributions of leaf area index and land cover type. 
Therefore the effects of canopy architecture on radiation 
absorption and on productivity are considered explicitly. With 
the use of land cover information, the physiological 
differences among the major boreal forest types are also 
considered. 

Notation 

A net photosynthesis rate, grnol m '2 S '1 . 
Ac Rubisco-limited net photosynthesis rate, gmol m '2 s -1. 
Aj light limited net photosynthesis rate, grnol m -2 s 'l 
C irradiance from multiple scattering of direct radiation, 

W m -2. 

Ci intercellular CO2 concentration, Pa. 

Ca CO2 concentration in the atmosphere, Pa. 

D day of year. 

g total conductance to CO2 from cell to air, gmol m '2 s 1 
pa -1 ' 

g• conductance at noon, l•mol m ': s • Pa -•. 
g, stomatal conductance to CO:, m s -•. 

g•.max maximum stomatal conductance to CO z m s '1. 
J electron transport rate, pmol m -: s '•. 

Jma• light saturated rate of electron transport, 

•mol m -: s -1. 
g function of enzyme kinetics, Pa. 

LAI leaf area index. 

LAIsu• sunlit leaf area index. 

LAI•had, shaded leaf area index. 

O: intercellular O: concentration (•21,000), Pa. 

PPFD photosynthetically active flux density, pmol m '• s '1. 
Mi biomass (or sapwood for stems) of a plant component 

i, kg C m -:. 
N foliage nitrogen concentration, %. 

Nm maximum foliage nitrogen concentration, %. 

P atmospheric pressure (•100,000), Pa. 

Ra autotropic respiration, g C m '2 d '1. 
R• daytime leaf dark respiration, l•mol m ': s -1. 

R• molar gas constant (-- $.• 14•), m • Pa mo1 '1 K '1. 
Rm plant maintenance respiration, g C m '2 d '1. 
R• plant growth respiration, g C m '2 d '1. 
ra.i carbon allocation fraction for plant component i. 

rm.• maintenance respiration coefficient for plant 
component i, kg C kg '1 d -1. 

l'g,i grOWth respiration coefficient for plant component i, 
kg C kg '• d '•. 

Sdk direct solar irradiance, W m '2. 
Sd• diffuse solar irradiance, W m '2. 

Sd•.under diffuse solar irradiance under plant canopy, W m '2. 
Sg global solar irradiance, W m '2. 
So solar constant (= 1360), W m '2. 

&un sunlit-leaf irradiance, W m '2. 
&bade shaded leaf irradiance, W m '2. 

T air temperature, øC. 

V,n maximum carboxylation rate, gmol m '2 s 'l. 
V,n.25 maximum carboxylation rate at 25 øC, lamol m '2 s 'l. 

Wc Rubisco-limited gross photosynthesis rate, 

pxnol m '2 s 'l. 
Wj light-limited gross photosynthesis rate, lamol m '2 s 'l. 
a mean leaf-Sun angle (--60 o for a canopy with 

spherical leaf angle distribution). 

F CO2 compensation point in the absence of dark 
respiration, Pa. 

0 solar zenith angle, o. 

0n solar zenith angle at noon, o. 

• representative zenith angle for diffuse radiation 
transmission, o. 

q> latitude of a location, o. 

f2 foliage-clumping index. 
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