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A Process-Based Boreal Ecosystem Productivity
Simulator Using Remote Sensing Inputs

J. Liu,* J. M. Chen,! . Cihlar,' and W.M. Park'

This paper describes a boreal ecosystems productivity
simulator (BEPS) recently developed at the Canada Cen-
tre for Remote Sensing to assist in natural resources
management and to estimate the carbon budget over Ca-
nadian landmass (10°-10° km?). BEPS uses principles of
FOREST biogeochemical cycles (FOREST-BGC) (Run-
ning and Coughlan, 1988) for quantifying the biophysical
processes governing ecosystems productivity, but the
original model is modified to better represent canopy ra-
diation processes. A numerical scheme is developed to inte-
grate different data types: remote sensing data at 1-km res-
olution in lambert conformal conic projection, daily
meteorological data in Gaussian or longitude-latitude grid-
ded systems, and soil data grouped in polygons. The pro-
cessed remote sensing data required in the model are leaf
area index (LAI) and land-cover type. The daily meteoro-
logical data include air temperature, incoming shortwave
radiation, precipitation, and humidity. The soil-data input
is the available water-holding capacity. The major outputs
of BEPS include spatial fields of net primary productivity
(NPP) and evapotranspiration. The NPP calculated by
BEPS has been tested against biomass data obtained in
Quebec, Canada. A time series of LAI over the growing
season of 1993 in Quebec was derived by using 10-day
composite normalized difference vegetation index images
acquired by the advanced very high resolution radiometer
at 1-km resolution (resampled). Soil polygon data were
mosaicked, georeferenced, and rasterized in a geographic
information system (ARC/INFO). With the use of the pro-
cess-based model incorporating all major environmental
variables affecting plant growth and development, detailed
spatial distributions of NPP (annual and four seasons) in
Quebec are shown in this paper. The accuracy of NPP
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calculation is estimated to be 60% for single pixels and
75% for 3X3 pixel areas (9 km?). The modeled NPP
ranges from 0.6 kg C/m*fyear at the southern border to
0.01 kg Cimifyear at the northern limit of the province.
The total annual NPP in Quebec is estimated to be 0.24
Gt C in 1993, which is about 0.3-0.4% of the global
NPP. ©Elsevier Science Inc., 1997

INTRODUCTION

Net primary productivity (NPP) is defined as the differ-
ence between accumulative photosynthesis and accumula-
tive autotrophic respiration by green plants per unit time
and space (Leith and Whittaker, 1975). NPP provides
highly synthesized information useful for natural-resources
management to achieve sustainable development and is an
important component in the global atmospheric CO, bud-
get affecting climate.

Three types of models are generally used to estimate
terrestrial NPP. As described by Ruimy et al. (1994).
they are: (1) statistical models (Leith, 1975), (2) parame-
teric models (Law and Waring, 1994; Potter et al., 1993:
Prince et al., 1995; Ruimy et al., 1994; Runyon et al..
1994) and (3) process models (Bonan, 1995; Foley, 1994
Melillo et al., 1993; Running et al., 1989). The first type
links NPP with meteorological parameters or evapotran-
spiration or both through regression analysis; the second
type uses the efficiency concept to derive NPP from inci-
dent solar radiation and its absorption coefficiency by
plant canopies; and the third type simulates biological
processes affecting NPP, such as photosynthesis, respira-
tion, and transpiration.

Process models are useful tools for revealing the
mechanisms of biomass production and plant-environ-
ment interaction and for investigating the responses of
ecosystems to climate change. They should be more reli-
able than the other types of models because of their
foundation on our understanding of ecosystems. How-
ever, models of this type are often sophisticated and re-
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quire many inputs. The application of such models to
large areas (at global and national scales) often depends
on the availability and quality of required data. Many
process models at the global scale had to be based on
the assumptions of homogeneity of the vegetation and of
environmental conditions within a 0.5-1.0 degree lati-
tude-longitude grid cell (Bonan, 1995; Foley, 1994; Mel-
illo et al., 1993). On the other hand, process models at
stand level have been developed in great detail. At an
intermediate scale, some work has been carried out to
extend the process model from stand to a watershed or
landscape level (~10>-10" km?) (Band et al., 1991; 1993;
Running et al., 1989). In this study, a boreal ecosystems
productivity simulator (BEPS) is developed to simulate
the NPP for the northern ecosystems at even larger
scales (~10°~10" km?) with a moderate resolution (1 km)
by using data from different sources. The objectives of
this paper are: (1) to describe the biological and physical
principles and data processing techniques used in BEPS;
(2) to show the first BEPS products for Quebec, Canada;
and (3) to discuss the usefulness of this process model
compared with other types of models.

MODEL DESCRIPTION

An Overview of BEPS

BEPS was built based on a site-level (~107% km?) pro-
cess model, FOREST-BGC (Running and Coughlan,
1988). The biological principles in FOREST-BGC were
adopted for modeling the processes governing carbon
and water flows in the soil-plant-atmosphere system be-
cause this model has been well documented and tested
with measured NPP over various climatic zones in Ore-
gon (Running, 1994). The model requires daily meteoro-
logical inputs and calculates NPP on a daily basis. This
daily model captures, without excessive complexity, ma-
jor ecosystem functionalities resulting from the diurnal
variation in solar energy. It is computationally feasible
for remote-sensing applications. The same model has
also been extended to simulate ecological and hydrologi-
cal processes at the landscape scale (Running et al.,
1989) and has been incorporated into the regional hydro-
ecological simulation system (RHESSys) at watershed
scale (~10°-10° km?® (Band et al., 1991, 1993). To use
FOREST-BGC at provincial and national levels in Can-
ada (~210°%-107 km?), challenges exist in (1) searching for
available data sources to satisfy the basic model input re-
quirements and (2) incorporating data from different
sources in the model and making them spatially and tem-
porally compatible.

Recent developments in remote sensing, the geo-
graphical information system (GIS), and meteorology
have made it possible to overcome the first challenge.
The most important inputs to BEPS include leaf area in-
dex (LAI), available water capacity (AWC) of soil, and
daily meteorological variables (shortwave radiation, maxi-
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mum and minimum temperatures, humidity, and precipi-
tation). Through the recent work of Chen and Cihlar
(1996) and Cihlar et al. (1996), algorithms were devel-
oped to derive LAI for various cover types from 10-day
composites of the advanced very high resolution radiom-
eter (AVHRR) measurements. A digital land-cover map
of Canada compatible with the AVHRR composites was
available from Pokrant et al. (1991). The land-cover in-
formation is used in BEPS to determine a vegetation-
dependent foliage clumping index, biological parameters,
and the initial carbon content of plant components for
the modeling. Data on the available water-holding capac-
ity of soil were compiled in a GIS soil database at Agri-
culture and Agri-Food Canada (Shields et al., 1991). For
daily meteorological data, conducting spatial extrapola-
tion for an area of 10°-10" km? from only one meteoro-
logical station becomes inadequate—a scheme used in
the original FOREST-BGC and RHESSys for small-area
applications. Therefore, a new scheme was developed in
BEPS to employ gridded meteorological data generated
either by meteorological analysis models or from meteo-
rological station measurements.

BEPS was designed to address the second challenge.
BEPS is u simulation system that integrates the input
data, automates the modeling, and produces output of
NPP and other ecological parameters. The input data re-
quired by BEPS are from different sources and of vari-
ous forms (vector, raster), resolutions, and grid systems,
as summarized in Table 1. The vector and scattered ras-
ter data were preprocessed into a gridded raster format
prior to simulation. Figure 1 shows the framework of
BEPS, including the major modeling steps, the input
data and their spatial resolutions, and temporal intervals.
The input data were harmonized for their spatial and
temporal compatibility. Vi egetation and environment con-
ditions were assumed to be homogeneous within an en-
tity of 1 km? Each entity was georeferenced (see the de-
tail in the subsequent section on processing LAI). For
each entity, the meteorological data were bilinearly inter-
polated in BEPS from the input data with ~1-degree
resolution; whereas, for the soil data with 0.02-degree
resolution, the nearest-neighbor interpolation was used.
The calculations of soil water content, canopy conduc-
tance, photosynthesis, and respiration were based on the
functionalities used in FOREST-BGC (see the next sec-
tion). The outputs of the model include NPP, transpira-
tion, evapotranspiration, soil water content, and other
variables of interest. The outputs can be given for a user-
defined period of time from 1 day to an entire year.

Biological Principles in BEPS

As shown in Figure 1, the NPP is modeled in five steps
in BEPS. A brief description of the biological principles
in each step is presented here. Further detail is available
in Running and Coughlan (1988).

In step 1, soil water balance is estimated on the ba-
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Table 1. Input Data Sources and Formats

Grid
Parameter Source Agency' Data Type  System Grid Size
LAI AVHRR CCRS Raster Pixel/Line 1 ki
(gridded)
Land cover AVHRR MRSC Raster Pixel/Line 1 km
(gridded)
AWC SLC? CLBRR  Vector
Temperature  Global analysis CMC Raster Lon/Lat 1 degree
model (gridded)
Humidity Global analysis CMC Raster Lon/Lat 1 degree
model (gridded)
Precipitation ~ Meteorological CMC Raster
measurement (scattered)
Radiation The NMC medium  NCAR Raster Gaussian  ~0.9 degree
range forecast (gridded) (varied with
model lat./long.)

' CCRS, Canada Centre for Remote Sensing, Natural Resources Canada; MRSC, Manitoba
Remote Sensing Centre, Natural Resources Canada; CLBRR, Center for Land and Biological
Resources Research, Agriculture and Agri-Food Canada; CMC, Canadian Meterological Centre:
NCAR, National Centre for Atm()spheric Research, USA.

% Soil landscapes of Canada.

sis of the soil “bucket” model, which includes the calcu-
lations of rainfall input, snowmelt, canopy interception,
evapotranspiration, and overflow. In particular, transpira-
tion is calculated by using the Penman-Monteith equa-
tion with fixed aerodynamic resistance at 5.0 s/m. Soil
water content, one of the most important factors affect-
ing canopy stomatal conductance, is a critical output
from the step.

Figure 1. Framework of BEPS showing the major modeling
steps, the input requirements, and the data’s spatial resolu-
tions and temporal intervals prior to simulation.
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Annual net primary
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Step 2 calculates the mesophyll conductance and the
canopy stomatal conductance. Mesophyll conductance is
a function of radiation, air temperature, and leaf nitrogen
concentration. Leaf nitrogen concentration was set to be
a constant in this study, as in the early version of FOR-
EST-BGC and RHESSys, because of a lack of data. This
needs improvement in the future. Canopy stomatal con-
ductance is calculated as a function of radiation, air tem-
perature, vapor pressure deficit, and leaf water potential
(LWP). Leaf water potential is, in turn, a function of soil
water content; that is,

LWP=0.2/(SOIL,,../SOIL,;), (1)

where SOIL,. is soil water content and SOIL,,; is soil
water capacity. By this equation, the water and carbon
budgets are linked and vegetation response to environ-
mental constraints, especially water stress, is considered
in the model.

Step 3 is the core of the model. The daily gross pho-
tosynthesis (PSN) is calculated by equation analogous to
Ohm’s Law:

PSN=[ACO,;XCCXCM/(CC+CM)] (2)
XLAIXDAYL,

where CC and CM are canopy stomatal and mesophyll
conductance (m/s), respectively. LAI is leaf area index,
and DAYL is daylength (s). The ACO; is the CO, gradi-
ent between leaf and air, which is assumed to be a con-
stant in FOREST-BGC (0.00013 kg/m‘?). Daily mainte-
nance respiration of leaves, stems, and roots is calculated
separately, on the basis of their respiration coefficients,
biomass, and temperatures (nighttime average air tem-
perature for leaf and stem respiration and soil tempera-
ture for root respiration). Because few data are available
on the maximum mesophyll conductance for boreal plant
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Table 2. Biological Parameters and Initial Carbon Contents for Various

Land-Cover Types in BEPS

Coniferous Deciduous — Mixed

Parameters Unit Forest Forest Forest  Grass
Specific leaf area m%kg C 25 75 30 25
Maximum canopy

conductance m/s 0.0016 0.0025 0.0020 0.0050
Maximum mesophyll

conductance m/s 0.0006 0.0009 0.0008 0.0007
Leaf respiration

coefficient kg C/day/kg 0.0001 0.0005 0.0003  0.0004
Stem respiration

coefficient kg C/day/kg 0.0002 0.001 0.0006 0.0003
Root respiration

coefficient kg C/day/kg 0.0002 0.0002 0.0002  0.0011
Leaf water potential

at stomatal closure MPa —-2.0 —-2.0 -2.0 -3.5
Leaf carbon kg C/m? 0.072 0.097 0.085
Stem carbon kg C/m* 1.22 1.94 1.58
Root carbon kg C/m? 0.65 1.02 0.83

species, we adjusted this parameter according to a more
sophisticated photosynthesis model (Farquhar et al,
1980) for the major vegetation types (Table 2).

In step 4, daily maintenance respiration is subtracted
from daily gross photosynthesis.

Finally, the difference between daily gross photosyn-
thesis and maintenance respiration is summed for the
whole year. After 20% (Raich et al., 1991; Ryan, 1991)
is subtracted from the yearly total for growth respiration,
annual NPP is obtained.

Canopy Radiation Calculation in BEPS

Solar radiation is the driving force for biological activities
in plants. The accuracy in the calculation of the amount
of photosynthetically active radiation (PAR) absorbed by
plant canopies is critical in determining the canopy con-
ductance and therefore the photosynthesis rate. We
found that the original equations in FOREST-BGC re-
sult in a considerable overestimation of radiation absorp-
tion and photosynthesis when accurate LAI data are
used. This is because the effect of canopy architecture
on radiation interception is not adequately considered in
the original model. Another improvement made to the
model considers the dependence of radiation absorption
on solar zenith angle because of the variation in the path
length through the canopy. In BEPS, we developed the
following simple scheme for daily canopy radiation calcu-
lation.

Figure 2 shows measurements of canopy gap frac-
tion (P) in boreal black spruce, jack pine and aspen
stands as a function of solar zenith angle (8) [see princi-
ple of measurements in Chen (1996a)], where canopy
gap fraction is defined as the percentage of sky seen
from underneath the canopy at a given zenith angle. It
equals the probability of solar beam penetration through
the canopy at the given angle. The distribution of gap

fraction with zenith angle is approximately linear, espe-
cially in black spruce and jack pine because of the com-
bined effects of tree crown, branch, shoot, and needle
architecture. This linear relation helps simplify the calcu-
lation for daily radiation interception. Using this linear
relation with the condition that P{#)=0 at 6=nr/2, we
have

P(6)=P(0)(0.57—8). (3)

The fraction of photosynthetically active radiation
absorbed by the canopy (FPAR) is 1—reflection—pene-
tration+absorption of PAR reflected by the background
(Chen, 1996b); that is,

FPAR=(1—p,)—(1— pg)L:i(mP( 0)cosOdb/ 4’::‘:1“0056(10

=(1=p1) = (1= p2)P(B,1000) [€O8000— (/2= 0,100, )5 O]

Nn/2=0,,)(1=sinb,,,,.)], (4)

where p, and p, are the PAR reflectivities above and be-
low the canopy, respectively. In BEPS, they are assigned
the values of 0.05 and 0.06 according to the results of
Chen (1996b). Cos € is used as a weight for variation of
solar irradiance with solar zenith angle. Compared with
the original equation in FOREST-BGC, Eq. (4) includes
the major physics of canopy radiation and requires only
one additional parameter—that is, solar zenith angle at
noon. This parameter is already available from the model
and does not incur much additional computation. If this
parameter were ignored, considerable errors would occur
because of the wide latitudinal range covered in this
study. A change of 6,4, from 30° to 60° from southern
Quebec to northern Quebec results in a change in FPAR
from 0.56 to 0.65 at LAI=2. The relative change is about
15%. The relative error in NPP would be the same un-
der nonstressed conditions. In Eq. (4), P(8,) is the gap
fraction at solar noon and is calculated from

P( Hnmm) =gl ~0.4QL/costinoon) ,

(5)
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where () is the foliage-clumping index characterizing the
effect of foliage clustering on radiation transmission. On
the basis of the work of Chen (1996a) and Chen and
Cihlar (1995), the following values were assigned:

0.5 conifer forest

Q=4 0.6 mixed forest (6)
0.7 deciduous forest
0.9 grass/crop

The use of the clumping index is critical in radiation
and photosynthesis modeling because LAI is used for
both canopy conductance and radiation calculation. If
LAT is reduced to fit observed radiation data (as done in
many studies), canopy conductance will be considerably
underestimated. For accurate calculations, we need both
LAI and the clumping index to characterize the canopy
architectural effect on the radiation regime and in the
mean to produce a realistic estimate of canopy conduc-
tance. If the clumping effect is ignored (i.e., Q=1), the
FPAR calculation will be in error by 21% for a conifer
stand with L=4 at ,,,,=30°. In Eq. (5), the projection
coefficient is taken as 0.4 rather than the usual 0.5 to
consider the multiple scattering effect on direct and dif-
fuse PAR transmission (Chen, 1996b).

DATA SOURCES
AND PROCESS METHODOLOGY

The province of Quebec was chosen as the first location
for developing and testing BEPS because of the range of
ecosystem conditions and ground data availability. The

area spans a large range of latitudes (45° N to 63° N)
and longitudes (57° W to 79° W), which occupies an area
of about 1.5X10° km? and covers numerous land-cover
types, from temperate and agricultural areas in the south
to tundra and barren land in the north (Fig. 3a). A large
part of the area is boreal forest, which is known to play
an important role in the global carbon budget. It will be
of interest to compare, in future studies, the characteris-
tics of NPP of the boreal forest in eastern Canada with
those in central Canada, where an international experi-
ment named the Boreal Ecosystem-Atmosphere Study
(BOREAS) has taken place. Quebec has a fairly even el-
evation, half of the province lying between 300 and 600
m and only 7% above 600 m. The data for 1993 were
collected for the modeling. The annual temperature and
precipitation records for the area indicate that 1993 was
a relatively normal year, with normal spring, relativelv
wetter summer, cooler autumn, and dryer winter. De-
scriptions of all the input data collected and processed
for Quebec are presented next.

LAI

Remote sensing is the only means of obtaining the spatial
distribution of LAL Figure 3b shows a LAI image of
Quebec in midsummer 1993. This image was calculated
by using an AVHRR 10-day composite image of the nor-
malized difference vegetation index (NDVI). Similar LAl
images were calculated in BEPS for each 10- (or 11-)
day period from early April to late October 1993 by us-
ing the 10-day composites. LAI before April was as-
sumed to be the same as that at the beginning of April

Figure 2. Measured canopy gap fraction in boreal forests and its approximation in BEPS for

daily fPAR calculations.
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and LAI after October to be the same as that at the end
of October. The NDVI composites were produced from
single-day coregistered images by using the maximum
NDVI criterion (Robertson et al., 1992) to obtain cloud-
free pixels. Further processing was performed to remove
residual and subpixel cloud effects by using the CEC-
ANT (cloud elimination from composites using albedo
and NDVI trend) procedure (Cihlar, 1996), to remove
directional effects by using a semiempirical bidirectional
reflectance model (Li et al., 1996), to replace contami-
nated pixels (Cihlar et al., 1996), and to mitigate the ef-
fects of residual random variations by using a five-step
moving average. The final NDVI after the processing was
corrected uniformly to a constant solar zenith angle of 45°
under clear sky conditions. To use the algorithms devel-
oped by Chen and Cihlar (1996) for deriving LAI from
NDVI obtained from Landsat thematic mapper (TM)
images, a transformation of AVHRR NDVI to TM NDVI
was performed by using a correction factor obtained by
coregistering the two images at the same date. T™M
NDVI was found to be 10% higher than AVHRR NDVI
over land surfaces. The algorithms are presumably most
accurate for conifer and deciduous stands but are less
reliable for agriculture and tundra areas because of the
lack of field measurements for validation.

The LAI images from the composites were resam-
pled to 1.0-km resolution in the lambert conformal conic
(LCC) projection (49° N and 77° N standard parallels,
90° W meridian). The image size for Quebec is 1740 pix-
els by 1960 lines. In BEPS, the geographical location, in
degrees north and west, of the center of each pixel in
the LAI images were calculated by using the procedures
provided by Snyder (1989). All images in this paper are
in LCC projection, but all calculations in BEPS were
made by matching spatial locations in geographical coor-
dinates among input data types.

Land-Cover Map

The digital land-cover map for Quebec shown in Fig-
ure 3a was extracted from the Land Cover Maps of Can-
ada provided by the Manitoba Remote Sensing Centre
(MRSC) (Pokrant et al., 1991). The land-cover map was
produced from National Oceanic and Atmospheric Ad-
ministration AVHRR imagery. After panoramic correc-
tion, geographic registration, and radiometric calibration,
the images were composited by using the highest NDVI
criterion. Then, a combination of techniques including
supervised maximum likelihood, parallelepiped, and
manual classification was used. The classified image was
reviewed by each province’s forest department to ensure
good accuarcy. The image displays the majority of the
landscape in Quebec, including deciduous forest, conif-
erous forest, mixed forest, transitional forest, agricultural
cropland, tundra, and barren land. The map is also re-
sampled to a 1.0-km resolution in LCC projection,
matching exactly with LAI images. A digital provincial

boundary mask (provided by Pokrant of MRSC) was ap-
plied to the land-cover and LAI images to constrain
the calculations.

The land-cover information was used in the LAI al-
gorithms and for assigning, to each pixel, the biological
parameters, the initial carbon content of plant compo-
nents, and the foliage-clumping index. There is a series
of biological parameters to be used in BEPS. Table 2
lists only the vegetation type—dependent biological pa-
rameters for the three major forest stands and grass. All
other unlisted parameters remain the same as those in
FOREST-BGC in the simulation, similar to the treat-
ment in BIOME-BGC (Running and Hunt, 1993). The
parameters in the table for deciduous and coniferous for-
ests were based on Band (1993), except for the maxi-
mum mesophyll conductance, which was adjusted on the
basis of Farquhar’s photosynthesis model (Farquhar,
1980). An intermediate value for each parameter was
taken for mixed forest. The parameters for grass, cited
from Running and Hunt (1993), were tentatively used
for agricultural cropland. For the other land-cover types,
the parameters for coniferous forest were applied. In Ta-
ble 2, the values of initial carbon contents of leaf, stem,
and root for each type of forest were adjusted according
to Quebec forest biomass data in RESEF (Gagnon et al.,
1994) (see explanation in the section on ground measure-
ment for model validation). These values for Quebec for-
est are lower than those set in the original FOREST-
BGC (Running and Coughlan, 1988).

Soil Data

Soil data were acquired from the Soil Landscapes of
Canada (SLC) database (Shields et al., 1991). The SLC
consists of a number of coverages compiled in a GIS
(ARC/INFO) at a scale of 1:1 million. Each mapped
polygon was delineated according to the major character-
istics of soil described by a standard set of attributes.
The AWC in the upper 120 cm was included in a domi-
nant soil landscape file as one of the attributes (SLC ver-
sion 1.0). The AWC map was produced on the basis of
soil texture information by using methods described by
De Jong et al. (1984). Also from the SLC, the un-
restricted rooting depth was found to be generally less
than 120 c¢m in Quebec. Therefore, the attribute of
AWC in the upper 120 ¢m was considered to be a good
representation of the soil water characteristics, but some
uncertainty is expected for vegetation with shallow root-
ing depth. With the use of ARC/INFO, the coverages
containing AWC data for different regions of Quebec
were mosaicked within the provincial boundary after
careful edge matching along each boundary of the origi-
nal coverages. The AWC data for the mosaic were raster-
ized into a digital file as an input to BEPS after the data
were converted into grid cells of 0.02 degree in size. The
AWC value ranges from 0.05 to 0.25 m in Quebec, with
most grid cells falling in a narrow range of 0.05 to 0.15 m.



No AWC data are available north of 56° N, where the
landscape is dominated by alpine tundra and barren
lands with low productivity. A constant value of 0.1 m
was used for this area with missing data. The location of
the center of each grid cell was calculated within BEPS
to match with other data sets.

Daily Meteorological Data

The meteorological data required by BEPS include daily
temperature, humidity, shortwave radiation, and precipi-
tation. Snowpack also is required as an initial condition.
These data were collected from various sources in differ-
ent data formats and grid systems, such as shown in Ta-
ble 1. Because the gridded precipitation data were not
available, a 1-degree grid system for this parameter was
generated from the measurements. Figure 1 shows the
spatial resolution and temporal intervals of input meteo-
rological data prior to the simulation.

The gridded data of temperature and humidity were
simulated by Canadian Meteorological Centre by using
their global and regional analysis models and meteoro-
logical station data. The simulations have taken into ac-
count the topographic effects (Canadian Meteorological
Centre, 1995). The gridded temperature values, after in-
terpolation, were compared with more than 40,000 daily
measurements from as many as 60 meteorological sta-
tions. The mean absolute difference between the two
sets of data was found to be 1.2 degree, and the standard
deviation of the difference was 1.3.

The shortwave radiation data were obtained from
National Center for Atmospheric Research (NCAR),
USA. The sum of the four 6-hourly readings was used as
the daily total. The gridded data were 6-hourly forecasts
by the National Meteorological Center (NMC) of
NCAR, using their global spectral model (the MRF
model). For the data before January 1995, the algorithm
for calculating solar radiation was based on Lacis and
Hanen’s scheme (Lacis and Hanen, 1974) on clear-sky
condition and did not account for the absorption by aero-
sols. This led to an overestimation of solar radiation at
the surface, as discussed by Li et al. (1997). To quantify
the overestimation, the gridded daily total solar radiation
was compared with observations at as many as 40 stations
in Canada in 1993 and 1994. The comparison results in
an average reduction coefficient of 0.62 (38% overesti-
mation) for the NCAR data, although the coefficient var-
ies monthly. For these 2 years, the monthly average coef-
ficient (standard deviation), in the sequence from
January to December, is 0.567 (0.145), 0.660 (0.131),
0.665 (0.111), 0.719 (0.125), 0.671 (0.122), 0.692 (0.103),
0.674 (0.119), 0.606 (0.140), 0.605 (0.152), 0.588 (0.120),
0.583 (0.116), and 0.516 (0.133). The mean for the grow-
ing season from May to November was 0.62. Because the
standard deviation was generally larger than the monthly
difference in the coefficient, this constant correction fac-
tor was applied to NCAR gridded daily radiation data
throughout the year. A similar comparison was made be-
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tween the values from NCAR and the observed 10-day-
total solar radiation averaged over 20~30 years from 20
stations within and around Quebec. and the average re-
duction coefficient was found to be 0.68. We realize that
inaccuracies in the daily radiation data must have existed,
but believe that the final NPP results will be little af-
fected by such inaccuracies when the seasonal total is
made accurate through the simple correction. Errors in
daily NPP calculation due to random errors in daily radi-
ation data are generally averaged out for the whole sea-
son where NPP is linearly related to radiation under
nonstressed conditions, which was generally the case in
Quebec in 1993. However, we expect that improvements
in NPP estimation in drier areas can be substantial when
accurate daily radiation data are used. Such data can be
obtained by processing satellite data with the use of the
methodologies described by Gauthier et al. (1980) and
Eck and Dye (1991). Examples of NCAR reanalyzed data
are given in Figure 4, which shows the distribution of
daily total shortwave radiation after the correction (Fig.
4a} and the daily mean air temperature (Fig. 4b) in Que-
bec in 1993. In both cases, the large south-north gradi-
ents are evident, and the coastal effects are seen in the
northward curvatures of the temperature isolines in the
northeastern region.

For the daily precipitation and initial snowpack data,
a l-degree grid system was generated by interpolating or
extrapolating the point values measured in as many as 60
stations in Quebec after quality control and removal of
anomalous reported values. The following equation was
used for the interpolation or extrapolation.

P=XW(ij)XPs(j)/SW(ij)
P=Ps(j)

if no d(ij)=0,
if one of d(i, j)=0, (7)

where P, is the precipitation or snowpack in grid cell ,
Ps(j) is the observed value at meteorological station j,
and W(i, j)=1/dG. j), in which d(i, ) is the distance from
grid i to meteorological station j.

Figures 5a and 5b show. respectively, the spatial and
temporal distributions of the precipitation in Quebec,
1993.

The gridded data at approximately 1-degree intervals
are much coarser than remote-sensing data. In BEPS,
the gridded data were bilinearly interpolated for each
pixel of 1 km? to match the remote-sensing data (Mather,
1987) after the geographic location of the pixel had been
determined (see the section on LAI). Such interpolation
increases computation time considerably but. without the
interpolation, patches in the NPP results are evident in
the southern areas.

GROUND MEASUREMENT FOR
MODEL VALIDATION

To validate BEPS, we used the ground-based measure-
ments in forest stands in Quebec from the Le réseau de
surveillance des écosystemes forestiers (RESEF) data-
base (Gagnon et al., 1994). The RESEF was established
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Figure 4. Spatial distribution of (a) mean daily shortwave radiation (M]/m%day) and (b)
mean daily air temperature (°C) in Quebec, 1993.
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Figure 6. Comparison of measured and modeled annual above-ground NPP for 18 conifer-
ous forest stands and 13 deciduous forest stands.

to evaluate the effect of environmental stress on the for-
est ecosystems in Quebec. Thirty-one sites, 50X50 m in
size with a 100-m-wide buffer strip around each site,
were chosen to represent various forest conditions in the
commercial zone of Quebec’s forests. The measurements
include: diameter at breast height, defoliation, density of
trees, coloration, insects and disease, and other parame-
ters. By analyzing the RESEF data, Chouinard (1996)
derived the above-ground NPP values at the 31 sites that
vary from ~240 to ~800 g dry matter/m%year. This is
equivalent to ~110 to 360 g C/m%*year if a conversion
coefficient of 0.45 between carbon and dry matter is
taken (Jackson, 1992).

The corresponding pixels containing the individual
sites in the AVHRR images were found from the geo-
graphical locations of the sites. However, because the ac-
curacy of AVHRR geometrical correction is *1 pixel, we
have to select a 3X3 pixel window to ensure that the site
is included. This implies that the accuracy in the com-
parison between model results and ground measure-
ments depends on the representativeness of the site in
the surrounding 3X3 pixel (9 km?) area.

RESULTS

Annual NPP

The modeled annual NPP was first compared with ground
measurements at the 31 sites in the RSEEF database
(Fig. 6). The ratio of below-ground to above-ground
NPP was taken to be 0.5 for the conversion of whole
plant NPP into above-ground NPP (ANPP) (Ruimy et

al.,, 1994). The ANPP simulations and measurements at
the locations compare reasonably well (#=0.40, n=31).
with a range from 100 to 300 g C/m%year for the conifer-
ous forest and a range from 200 to 400 g C/m%year for
the deciduous forest. The total range of the modeled
ANPP is smaller than that of the ground data because
the remote-sensing area (3X3 km) used in the model is
much larger than the typical dimensions (50X50 m) of
ground-truth sites. It is expected that the variability in
NPP or other parameters for the same cover types de-
creases as the sampling area increases. It is therefore dif-
ficult to completely validate the model output at the 3-
km scale. Further work is required to study this scaling
effect, using high-resolution remote-sensing data. Never-
theless, the good agreement between the average mea-
sured and modeled values provides a critical validation
to the model. The agreement appears to be better for
deciduous species than for conifer species. In general,
the model overestimates NPP for conifer species in com-
parison with the ground data. The sources for this discrep-
ancy include: (1) inaccurate assignment of the biological
parameters (especially maximum stomatal conductance
and biomass), (2) error in remote-sensing measurements,
and (3) bias in ground-based measurements. We are not
able to determine the correct source, because of a lack of
data. From remote—sensing measurements, conifer species
have higher LAI than do deciduous species; without con-
sidering the different clumping effects as given in Eq. (6),
these two cover types would have similar NPP ranges.
This suggests that it is important to consider canopy ar-
chitectural effect on PAR absorption in productivity sim-
ulations. The other weakness in the comparison is that
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Figure 7. Spatial distribution of annual NPP in Quebec in 1993 modeled by BEPS.

ground measurements of NPP are available only for the (~300-600 g C/m?¥year) appeared in southern Quebec,
lifetime (60-90 years) average for the sites, whereas where land-cover types are predominantly deciduous for-
modeled NPP is for 1993, a relatively normal year. est, mixed forest, and agricultural land. North of these

Figure 7 shows the annual NPP distribution in Que-  areas, NPP gradually decreased from about 200400 g
bec in 1993 calculated by BEPS. The highest NPP C/m?year for coniferous forest to about 10-200 g C/m¥
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Table 3. NPP Results from Various Models®

Vegetation This Leith Potter et al. Melillo et al. Bonan Prince et al. In 30°-60° N
Type Study (1975) (1993) (1993) (1995) (1995) (% Global)
Broadleaf 381 771 315 763 433 781 75
deciduous forest
Mixed forest 384 386 316 669 338 920 85
Needleleaf 231 340 226 27 509 833 59
evergreen forest
Cropland 433 — 288 — 437 468 67
Tundra 23 171 80 120 143 130 8

® Values are derived from Bonan (1995), Table 5, and Prince et al. (1995), Table 1.
Unit is g C/m%year. To be consistent with Bonan, a coefficient of 0.50 for converting biomass into carbon is used. BEPS results are for Quebec
in 1993, and all other model results are for the globe for different periods. The percentage of each cover type in 30°-60° N region is given to indicate

the representativeness of BEPS results at the global scale.

year for transition forest. Farther north are mostly alpine
tundra and barren lands, with NPP below 10 g C/m%year.

The annual NPP values for various cover types in
Quebec simulated with BEPS are within the ranges of
other NPP results for the globe, such as those by CASA
(Potter et al., 1993), TEM (Melillo et al., 1993), and DE-
METER (Foley, 1994); that is, from 200 to 600 g C/m?¥
year. However, BEPS provides much more detailed in-
formation with spatial resolution about 10? times higher
than that of other models. Such higher-resolution data
not only enable us to study the spatial variability, but also
provide better statistics for each cover type. Table 3
shows the mean NPP for various vegetation types esti-
mated by BEPS and other models. In Quebec, most
broadleaf forests are deciduous and most needleleaf for-
ests are evergreen. Therefore, only these vegetation
types are included in Table 3. An exact comparison of
the model results is not possible because the statistics of
all other models were given as the global averages over
different time periods, whereas BEPS results so far are
confined to Quebec and only for 1993. However, Table
3 is of interest because it compares the model perfor-
mance with those of others. Included in Table 3 also is
the percentage of the various cover types within the 30°
N to 60° N zone reported by Potter et al. (1993). It may
be noted that NPP ranges widely among the models.
BEPS and most models obtain higher NPP in broadleaf
deciduous forest than in evergreen needleleaf forest and
intermediate values for mixed forest, except for the mod-
els by Bonan (1995) and Prince et al. (1995), which cal-
culated higher values for conifer than for deciduous for-
est, indicating the difficulty in model representation for
the physiological processes of different species. The val-
ues of NPP for these three types of forests from BEPS
are within the lower range of other models and are in
close agreement with those from CASA (Potter et al,
1993). NPP values in Quebec are expected to be lower
than the global averages for the various forest types be-
cause much of the forest of the same types is located
south of 45° N. Note also that BEPS’s estimates are rela-
tively high for cropland and low for tundra compared

with other model results. The comparison here is in-
tended to indicate only existing results rather than the
evaluation of BEPS and other models because of the dif-
ference in time periods and spatial scales. However, the
large ranges of NPP values for each vegetation type from
the different models clearly indicate that much effort is
needed to improve our estimates at the global scale.
Beaudu (1994) and Royer et al. (1995) used a para-
meteric model that estimates NPP by relating an effi-
ciency production coefficient to the total amount of short-
wave radiation intercepted by the canopy. In their results,
an average NPP over several years was from about 310 to
340 g C/m%year for mixed or pure deciduous forests,
about 200 g C/m*year for coniferous forest, about 60 g
C/m*/year for transitional forest, and about 50 g C/m*year
for tundra. Although their land-cover classification was
slightly different from ours, the NPP for different vegeta-
tion types closely agrees with our values in spite of the
small discrepancy for transitional forest and tundra.
Table 4 shows the annual NPP in 1993 averaged for
land-cover types and the number of pixels occupied by
each land-cover type in Quebec. A summation of the NPP
for all land-cover types reveals that the total NPP in Que-
bec is estimated to be 0.24 Gt C in 1993, which is 0.3—
0.4% of the global NPP (Leith, 1975; Ruimy et al., 1994),

Seasonal Variations in NPP
The seasonal NPP distributions in Quebec in 1993 are
illustrated in Figure 8. The NPP values in the first and
the last quarter of the year were about two orders of
magnitude lower than those in spring and summer sea-
sons. This suggests that the annual NPP can be modeled
only over the span of the spring and summer months in
Quebec with adequate accuracy, because most of NPP is
accumulated during that period. The NPP appeared
slightly negative in some areas in the first and the last
three months of the year. indicating that the autotrophic
respiration exceeded the gross primary production during
those periods.

Modeled results show that, in 1993, there was more
NPP accumulated from July to September than from April
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Table 4. Annual NPP for Different Land-Cover Types in Quebec, 1993

Vegetation NPP (g C/m*/year) Total NPP

Type Mean (Std) No. Pixel (Mt Clyear)
Deciduous forest 381 (97) 47,821 18.2
Mixed forest 348 (144) 240,656 83.8
Coniferous forest 231 (129) 380,422 85.5
Transitional forest 102 (80) 339,983 34.8
Agricultural cropland 433 (134) 31,257 13.5
Arctic/alpine tundra 23 (33) 239,118 5.5
Barren lands 8 (0.04) 59,167 05
Gity 8 (0.42) 569 0.0
Total NPP 241.9

(Mt Cfyear)

to June in Quebec. There are probably two reasons for
the seasonal distribution: (1) rainfall was greater in the
summer than in the spring (Fig. 5b) and (2) maximum
LAI was in late summer according to the remote-sensing
input. In the NPP results calculated by the TEM model
for South America (Raich et al., 1991), the opposite distri-
bution pattern existed for all cover types except for ever-
green forest, mainly because of the dry season in the sum-
mer. By the use of daily meteorological data and remotely
sensed LAI data for each pixel at 10-day intervals, BEPS
can detect the seasonality of NPP more realistically than
can other process models, such as DEMTER (Foley,
1994) and LSM (Bonan, 1995), in which a constant value
of LAI for each classified vegetation type was taken from
the literature at monthly or seasonal steps.

Evapotranspiration

Estimated annual evapotranspiration in Quebec ranged
from less than 20 mm in the most northern area to ~800
mm in the southern area (Fig. 9). The spatial distribution
of the evapotranspiration bore some resemblance to the
land-cover pattern shown in Figure 3a, but other envi-
ronmental conditions also affected evapotranspiration.
The highest evapotranspiration rates were associated with
the agricultural cropland and the deciduous forest, fol-
lowed by the mixed forest, the coniferous forest, and the
transitional forest. As expected, the evapotranspiration rate
in the tundra land was the lowest (Fig. 9, Table 5).

DISCUSSION

As highly synthesized quantitative information, NPP is
one of the most important parameters characterizing the
performance of a stand and an ecosystem. In this paper,
we present the first-ever NPP map for Quebec at 1-km
resolution for a specific year. This spatial information is
useful for natural-resource management and for global-
change studies. With the simple validation using ground-
based NPP data, we estimate that the accuracy of a 3X3
pixel area is about 75% of the true ground value. This
accuracy estimate is largely based on the mean absolute

difference of 48 g C/m%year between modeled and mea-
sured NPP values, or 19% relative error in the modeled
results. If biophysical parameters can be scaled linearly,
the error in the modeled results based on remote-sensing
measurements will reduce as the size of the averaging
area increases. For a large area, the random error is
eliminated and only the bias errors remain, which will be
considerably smaller than 19%. At 3X3-km resolution,
much of the 19% error is due to variation of NPP within
the pixels (i.e., nonrepresentativeness of a 50X50 m
ground plot for the 3X3-km area). The same principle
of error estimation can be applied to the ground data.
The error in the individual ground data was estimated to
be about 30% (Beaudu, 1994). If all sources of the error
are random, the error in the mean of the 31 ground
measurements will be 5.5%. The 75% accuracy for a
3%3-km area is a conservative estimate as unity less the
sum of 19% and 5.5% without consideration for the re-
duction of random error within the area. However, there
are also other unknown additive bias errors such as rep-
resentativeness of 1993 for the life span of the stands. If
we judge from the smoothness in the NPP variation in
neighboring pixels, the accuracy of individual pixels is
only slightly lower than the 3X3 pixel average. With sup-
port of ground-based data, the NPP map presented in
this paper can therefore be used as a test bed for many
models applied on the global scale. However, we caution
that the accuracies for cropland and grassland and for
the four season NPP and annual evapotranspiration re-
sults are unknown, because of a lack of ground data for
comparison. The accuracy of these results depends on
how closely the model represents biological and physical
processes controlling plant growth and development. Al-
though we do not have sufficient data to validate all com-
ponents of the model, we believe that it has captured the
major canopy processes and the four-season results have
similar accuracy. We are in the process of validating the
components of BEPS by using data from the BOREAS
and applying it to the entire Canadian landmass.
Compared with statistical and parameteric models, a
process model such as BEPS has the following advantages:
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Figure 8 Seasonal variation of NPP in Quebec, 1993.

1. Remote-sensing data are effectively used in the allows for improved regional estimation of NPP
model to obtain spatially explicit distributions of by land-cover type.
NPP. Such spatial information not only provides 2. Changes in vegetation detected by remote sensing

visual aids in resources management, but also can be immediately considered in NPP estima-
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EVAPOTRANSPIRATION

14

Figure 9. Spatial distribution of evapotranspiration in Quebec, 1993.

tion. Both land-cover type and LAI are dynamic mechanistically incorporated into the model. With
variables in an ecosystem. Timely remote sensing large temporal and spatial variations in these vari-
data are important in accurate NPP calculation. ables, the model can be used to capture seasonal

3. Meteorological and environmental variables are and interannual variahilities in NPP over large ar-



174 Livetal

Table 5. Mean Evapotranspiration Rate for Different
Vegetation Types

Evapotranspiration
(mm/year)
Vegetation Type Mean (Std)
Decidious forest 514 (95)
Mixed forest 438 (135)
Coniferous forest 369 (154)
Transitional forest 161 (103)
Agricultural cropland 614 (144)
Arctic/alpine tundra 26 (27)

eas and to study the effect of climate change on
ecosystems.

4. The model can be improved as knowledge and
data availability and quality improve. The im-
proved model can be run retrospectively to investi-
gate long-term variability in NPP.

SUMMARY

A daily process model, named Boreal Ecosystems Pro-
ductivity Simulator was developed for estimating NPP
for large areas by using remote sensing, gridded daily
meteorological data, and soil data. With current comput-
ing technology, it is feasible to implement the daily pro-
cess model at a regional scale with moderate resolutions
(0.25-1.0 km). The combination of this relatively high
spatial and temporal resolution modeling enables us to
obtain reliable and spatially explicit NPP distribution.

Through the development of BEPS and its imple-
mentation in Quebec, we conclude the following model-
ing methodological points:

1. The canopies of boreal forests, either deciduous
or conifer as well as mixed species, have a highly
organized architecture. Such architecture has im-
portant effects on radiation absorption by the can-
opy and on the productivity and should be consid-
ered in productivity models.

2. The accuracy in LAI strongly affects almost all
components of the model, including radiation ab-
sorption, transpiration, photosynthesis, respiration,
rainfall interception, and soil water balance. For
open boreal stands where radiation interception is
far from the asymptotic value, the accuracy in
LAI is especially important. Reliable remote-sens-
ing LAI data are a prerequisite for regional appli-
cation of a process model.

3. Land-cover type information also is important be-
cause the functionalities of the various species are
very different. Changes in cover type affect NPP
statistics for a region.

This study is part of the Northern Biosphere Observation and
Modelling Experiment (NBIOME). The biological principles

adopted in BEPS from the original FOREST-BGC, before the
modification, are the same as those in RHESSys (1992 version,,
which was developed by Dr. L. Band and colleagues at the Uni-
versity of Toronto. The authors are grateful to Dr. A. Royer of
the University of Sherbrooke, for providing the RESEF data
and the normal radiation data, and Dr. Z. Li of the Canada
Centre for Remote Sensing, for helpful discussion and review.
We acknowledge the data acquired from Environment Canada,
Agriculture and Agri-Food Canada, NCAR, and MRSC. The as-
sistance of Mr. David Fraser, Tony Richichi, and Martin Guil-
beault in data handling and analysis is appreciated.
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