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Abstract. A basic methodological premise in the design of the Boreal Ecosystem-
Atmosphere Study (BOREAS) is that the findings and models obtained at the stand level
can be applied at the landscape, regional and global levels by using spatially
comprehensive data sets, in particular satellite observations and meteorological
measurements. Since many of the processes of interest are strongly influenced by solar
radiation, satellite measurements at optical wavelengths are of fundamental importance.
We describe a satellite data set and derived products prepared for the studies of the
ecosystem-atmosphere interactions, including the scaling up of site and landscape
measurements, model development and validation, and many other applications. It is
derived from daily measurements by the advanced very high resolution radiometer
(AVHRR) onboard the NOAA 11 satellite. The data set was obtained through a
compositing process to minimize the contamination by clouds. Subsequently, the ABC3
procedure [Cihlar et al., 1997] was applied to remove atmospheric attenutation effects,
identify residual clouds or snow-covered pixels and remove the effect of this
contamination, remove bidirectional reflectance effects, and correct for surface emissivity
effects. The paper briefly reviews the correction procedures, discusses the characteristics
of the corrected data set, and presents several derived products of biophysical parameters,
including leaf area index and the fraction of photosynthetically active radiation, vegetation

index accumulated over the growing season, and the daily total absorbed

photosynthetically active radiation.

1. Introduction

Land biosphere, and vegetation in particular, is a crucial
component of the global climate system. It is intimately linked
with the global biogeochemical and hydrological cycles, and by
determining the partitioning of incident solar radiation, it plays
a critical role in the dynamics of the planetary boundary layer
through which the surface-atmosphere interaction takes place.
For these reasons a prime focus of the Boreal Ecosystem-
Atmosphere Study (BOREAS) [Sellers et al., 1995] was the
understanding and characterization of the processes governing
the interactions between the ecosystem and the atmosphere at
diurnal and seasonal scales.

Although the interactive surface-atmosphere processes ulti-
mately take place at the molecular and cellular level, they must
be characterized at larger spatial scales. This is necessary be-
cause most of the variability and dynamics of interest occurs at
landscape, region, and global levels. It is at these larger scales
that the impact of seasonal and interannual variability is most
directly experienced by other components of the natural or
anthropogenic environment. In the “scaling up,” i.e., extending
the knowledge and understanding of detailed process studies
from small sites to the area beyond, satellite remote sensing
provides the principal tool. Thus the second overarching ob-
jective of BOREAS was to “develop and validate remote sens-
ing algorithms to transfer our understanding of the above pro-
cesses from local scales out to regional scales” [BOREAS
Science Steering Committee, 1991].

Since much of the biosphere-atmosphere interaction is de-
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termined or conditioned by solar radiation, remote measure-
ments at optical and thermal infrared wavelengths are the
remote sensing technique of choice. Unfortunately, surface
observations at optical wavelengths are complicated by the
ubiquitous presence of clouds, haze, and other sources of
noise. This limitation can be substantially mitigated by fre-
quent observations. For example, wide-angle optical satellite
sensors provide daily coverage of the entire globe, thus increas-
ing the likelihood of obtaining a clear-sky view of the surface.
These sensors have thus become an important source of infor-
mation about the characteristics and dynamics of the land
biosphere at regional and global scales. Their unique strengths,
afforded by daily coverage and the sensitivity to ecosystem
processes, have been demonstrated with data from the ad-
vanced very high resolution radiometer (AVHRR) onboard
NOAA satellites for over a decade [e.g., Gatlin et al., 1984].
These successes have led to the construction of several similar
sensors to be launched in the late 1990s and early 2000:
VEGETATION onboard SPOT 4 in 1997 [Saint, 1994], MO-
DIS on the first NASA Earth Observing System platform AM
1 [Salomonson, 1988], and MERIS on the ESA Envisat.

At regional scales, clouds are always present in the images.
Compositing procedures [Holben, 1986] are therefore used to
create nominally cloud-free data sets over periods of several
days when the surface conditions may be considered static.
High-performance computer systems have been designed to
process large volumes of data in this manner [Roberston et al.,
1992; Eidenshink and Faundeen, 1994]. Although the resulting
composite images are mostly cloud free, they nevertheless con-
tain some cloud-contaminated pixels, either fully (which are
easily detectable) or in part. Other sources of noise are angular
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variations in reflectance as a function of the Sun-target-sensor
geometry which fluctuates with surface cover type and season,
atmospheric effects (absorption and scattering by gases and
aerosols), and surface emissivity in the thermal infrared chan-
nels. These noise sources obscure the signal from the vegetated
surfaces and interfere with the extraction of quantitative infor-
mation from the optical satellite data. The removal of such
noise must therefore precede the estimation of biophysical
parameters from the optical data.

The objective of this paper is to describe a data set based on
AVHRR data which was developed for regional scaling in
BOREAS, to assess its characteristics, and to discuss several
derived products representing biophysical parameters of the
surface environment.

2. Data and Methodology

Data from the advanced very high resolution radiometer
(AVHRR) onboard NOAA 11 satellite [Kidwell, 1991] were
used as the basic data source. The choice was determined
primarily by continuity with related programs, e.g., the Path-
finder data set [James and Kalluri, 1994] and the proximity of
the local time of overpass to early solar afternoon. The period
was chosen so as to include the growing season, starting on
April 11, 1994, but ending prematurely after September 10 due
to the failure of the sensor. All five AVHRR channels were
processed. Data processing was carried out in two main phases,
one resulting in “raw” composite images and the other in
“refined” data sets. The first phase (sections 2.1 through 2.3
below) was carried out using the high-throughput geocoding
and compositing system (GEOCOMP) [Robertson et al., 1992],
developed jointly by Canada Centre for Remote Sensing
(CCRS) and MacDonald Detwilers and Associates and oper-
ated by the Manitoba Remote Sensing Centre; the second
phase (sections 2.4 through 2.9) was completed in house using
a methodology dubbed ABC3 (atmospheric, bidirectional, and
contamination corrections of CCRS) [Ciklar et al., 1997].

2.1. Calibration

All five AVHRR channels were calibrated. Since NOAA
satellites do not support onboard calibration for the optical
channels 1 and 2, the calibration was done in two steps: first
converting raw digital signal level into at-sensor radiance and,
secondly, representing the resulting radiance on a fixed 10 bit
output scale as calibrated digital signal level [Teillet and Hol-
ben, 1994]. For the 1994 data, NOAA 11 GEOCOMP used
time-dependent (defined as days since launch) correction of
the AVHRR gain and offset of the channels 1 and 2 [Cihlar
and Teillet, 1995]. The thermal AVHRR channels 3-5 were
calibrated using onboard calibration data as specified by
NOAA [Planet, 1988]. It should be noted that the correction
method does not deal with the effects of sunlight impinging on
an internal blackbody target of the satellite or the inclusion of
a quadratic calibration effect for these thermal channels. The
resulting values are in radiance units (W/m?*/st/mm for chan-
nels 1 and 2 and MW/m?/sr/cm* for channels 3-5).

2.2. Geometric Registration

The correction of each input image for geometric distortions
is necessary to ensure that pixels representing the same surface
area are compared in the compositing process. The following
distortions were taken into account by GEOCOMP: spacecraft
orbit and attitude, spacecraft velocity and altitude, Earth ro-
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tation, and Earth curvature. Correction parameters for the
above errors were derived from a combination of the input
images, auxiliary data, and known satellite/sensor parameters.
A systematic orbit model was generated from the orbital ele-
ments supplied in the data stream and is then refined by using
autocorrelation between the pass of input imagery and high-
resolution image chips associated with ground control points.
Operator selection of ground control points is the backup
mode. The image chips were created from Landsat MSS or
MOS MESSR images (spatial resolution of about 50 m).
GEOCOMP typically achieves a measured two-dimensional
root-mean-square absolute error around 600 m for its single-
date, 1 km pixel size scenes for control points used to refine the
orbit model. The overall registration accuracy of an image
depends, to a considerable degree, on the spatial distribution
of the control points in the image. Given that clouds typically
cover large contiguous parts of AVHRR images, the misreg-
istration can exceed 1 km in parts of the single-date image. In
addition, because of the compositing process where images are
combined whose registration errors can add up the relative
registration accuracy within the composite can be substantially
lower than that of a single scene. The variable resolution of the
data caused by different view zenith angles also reduces geo-
metric accuracy [Cihlar et al., 1996]. When the transformation
to the map projection was established, the input image was
resampled from the satellite projection to Lambert conformal
conic projection (reference latitudes 49°N and 77°N, reference
meridian 100°W) using Kaiser window damped 16 point (sin
x)/x. The same resampling was applied to all AVHRR chan-
nels.

2.3. Compositing

Individual images obtained over 10 day periods (the last
period of each month starts on the 21st) were combined
through a compositing process. The maximum value of the
normalized difference vegetation index (NDVI) computed
from top-of-the atmosphere (TOA) radiances was used to se-
lect the most cloud-free pixel available for the period. Al-
though other compositing algorithm options with better per-
formance have been considered [Cihlar et al., 1994], maximum
NDVI is still the most often used compositing criterion [e.g.,
Eidenshink and Faundeen, 1994; James and Kalluri, 1994] and
has known biases. Only pixels with view zenith angles below 57°
were eligible for compositing; this threshold was selected as a
compromise between obtaining good temporal resolution and
avoiding large off-nadir angles. When the pixel/date were se-
lected, a composite image was created which includes AVHRR
channels 1-5, solar zenith (q,) and view zenith (q,) angles, the
relative azimuth angle (difference between the solar and the
sensor azimuth angles, '), and the date when the selected pixel
was recorded. All channels were recorded in 16 bits so as not
to degrade the original 10 bit quantization. The above process-
ing thus yielded 10 channels of data for 15 periods in 1994.

2.4. Computation of Top-of-Atmosphere Reflectance

TOA reflectance for channels 1 and 2 was calculated from
the corrected radiance (see Teillet [1992] and Cihlar et al.
[1996] for details).

2.5. Atmospheric Correction of AVHRR Channels 1 and 2

The simplified method for atmospheric correction algorithm
(SMAC) [Rahman and Dedieu, 1994] was employed in the
processing. The pixel-based angular information is provided in
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the basic data set. The program also requires vertically inte-
grated gaseous contents and the value of aerosol optical depth
at 550 nm for each pixel. The processing was carried out
assuming water vapor content of 2.3 g/cm? and ozone content
of 0.319 cm atm. In the absence of actual data for optical depth
at 550 nm, a constant value of 0.05 was used. This value had
also been recommended by Teillet [1992] for clear-sky condi-
tions, based on extensive atmospheric transmission measure-
ments during the growing season in eastern Canada [4hern et
al., 1991]. It should be noted that the accuracy of 5S decreases
if g, and g, are above 60° and 50°, respectively, or if the optical
depth is above 0.8 [Rahman and Dedieu, 1994]. Since the solar
zenith angle (SZA) ranged between about 55° and 70° during
the 1994 season due to the late local time of overpass, the
SMAC algorithm itself likely contributed noise to the atmo-
spheric corrections, in addition to the errors caused by the
differences between the actual and the assumed state of the
atmosphere. SMAC was applied sequentially to all 15 compos-
ites. The processing resulted in surface reflectance for
AVHRR channels 1, 2, and NDVI which were then used in
subsequent calculations.

2.6. Identification of Contaminated Pixels

A new procedure dubbed CECANT (cloud elimination from
composites using albedo and NDVI trend) was developed to
identify pixels contaminated by local atmospheric effects or
snow [Cihlar, 1996]. CECANT is based on high NDVI sensi-
tivity to the presence of clouds, aerosols, or snow. Three fea-
tures of the seasonal surface reflectance trend are used: (1) the
high contrast between the albedo (represented by AVHRR
channel 1) of land, especially when fully covered by green
vegetation as opposed to clouds or snow/ice; (2) the expected
NDVI value for that pixel and compositing period; and (3) the
monotonic NDVI trend (increase to peak green, decrease
thereafter). For a given pixel (i, j) and compositing period ¢,
two intermediate variables are calculated, R, ;, and Z; ; ,. R
measures the deviation of NDVI, ; , from the expected average
value in units of “average scatter” (represented by median)
around the seasonal curve. Z measures the magnitude of
NDVI decrease between dates and assumes that large and
rapid NDVI decreases are not caused by surface changes. Four
threshold values are required to identify a partially contami-
nated pixel; these were derived by using the means of R, and Z,
histograms for all Canada. Prior to the application of
CECANT NDVI, ;, values were corrected for solar zenith
angle effects, following the procedure of Sellers et al. [1994]
and using the land cover map of Pokrant [1991]. The new set of
NDVI values was then computed for a reference g, = 45°
based on the equations of Sellers et al. [1994]. Details on this
correction are given by Cihlar et al. [1997].

2.7. Corrections for Bidirectional Reflectance Effects
in Channels 1 and 2

Bidirectional dependence is prominent in many land cover
types observed over the BOREAS region [Li et al., 1996].
Reflectances at extreme viewing angles are 2-4 times larger
than those observed near nadir. Correction for such effects is
thus critical to many remote sensing applications. The model
of Roujean et al. [1992] as modified by Wu et al. [1995] was used
to characterize the seasonal bidirectional reflectance distribu-
tion function (BRDF) for each cover type. Only clear-sky pix-
els were included in the derivation of the model coefficients,
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and no bidirectional corrections for snow- or ice-covered areas
were made. The BRDF is given by

ps,i(esa 61/7 ¢)
Qi(os’ ew d)) = T: 1+ al'f](os; Ow d))

+ aZfZ(esa Ow ¢)> (1)

where 7 ; denotes the surface reflectance in channel i; a,; and
a, are the weighting factors of the two kernels given by f; and
f>. Their values were obtained for each cover type using a
sample of pixels selected from the data set, following the
method described by Li et al. [1996]. The present approach is
different from that of Wu et al. [1995] and Li et al. [1996] in that
the bidirectional correction is done after the atmospheric cor-
rection. We employed AVHRR-derived land cover map of
Canada with pixel size of 1 km (Plate 1) to determine cover
type, omitting the outer pixel in all land cover polygons to
minimize the impact of misregistration errors. With (1), a
measurement made for a specific illumination and viewing
geometry can be normalized to a common Sun-target-sensor
geometry. From an observed reflectance r, ,(q,, q., f) the
normalized reflectance at g, = 45°, ¢, = 0°, and f of any
value is determined by

o o Q,(45°, 0°, f)

p;(45°,0°, $) = 0,00, 6, ) Pille 0n d). (D)
Following this procedure, a pair of channels 1 and 2 images
with a constant viewing geometry (q, = 0°, g, = 45°) were
obtained for each of the 1994 compositing periods. In addition,
the BRDF model can be used to derive an albedo defined in
the upper hemisphere A4, ;(q,), from a reflectance observed
from a specific direction 7 ;(g,, q,, f):

P.v,i(e.w 61/7 ¢)) 2 /2
WQ(O 0 d)) 01(057 ®w CI)) (3)
\Uss Uy o 0
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2.8. Replacement of Contaminated Pixels for AVHRR
Channels 1 and 2

Two cases were recognized, pixels contaminated (1) during
or (2) at the end of either end of the observed period. For
pixels during the growing season, it was assumed that no rapid
changes would occur between adjacent 10 day periods, and the
missing values could therefore be linearly interpolated using
the seasonal trajectory for that pixel/channel. To allow replace-
ment of values contaminated on September 1-10, composite
images from 1993 were used after 10 September 10, 1994, and
linear interpolation was applied. For pixels contaminated on
April 11-20, 1993, data after September 11 and an interpola-
tion procedure detailed by Cihlar et al. [1997] was employed.
Thus the pixels replaced near the ends of the 1994 measure-
ment series may not be accurate, especially for September 1-10
in pixels where significant change in land cover occurred dur-
ing 1994 (e.g., forest fire).

2.9. Smoothing NDVI Trajectories

The NDVI data were smoothed, using the temporal dimen-
sion of the data set. The smoothing algorithm was simple: for
each compositing period ¢, examine five values (¢ — 2 through
t + 2), delete the lowest and the highest value, and average

the remaining three values to obtain NDVI, , ,.
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Barren  Cropland Rangeland Bulld-up

Plate 1. A generealized land cover map of the study area [from Pokrant, 1991].

2.10. Channel 4 Correction

The goal of the processing of the thermal channel was to
obtain pixel-based surface temperature information for each
period ¢, based on the composite channels 4 and 5 data from
section 2.3 above. The modified split window method of Coll et
al. [1994] was used which accounts for both atmospheric and
surface emissivity effects. Coefficients estimating atmospheric
effects at midlatitudes were derived by Coll et al. [1994]. For
soil and vegetation emissivities in channels 4 and 5, a combi-
nation of sources was used [Salisbury and D’Aria, 1992; Becker
and Li, 1990]. The nonlinear relationship between the surface
emissivity and the NDVI [Van de Griend and Owe, 1993] was
used to estimate emissivity for channel 4 as well as the differ-
ence in emissivities between channels 4 and 5. After computing
the surface temperature, only pixels contaminated during the
growing season were replaced similarly as for channels 1 and 2;
this was done to preserve the information on the length of the
growing season. Additional information on the processing
methodology is provided by Cihlar et al. [1997].

3. Results and Discussion
3.1. Effectiveness of ABC3 Corrections

Figure 1 shows an example of the effect of the various
corrections on AVHRR channels 1 and 2 data for coniferous
forest pixels in midsummer. TOA values for all pixels cover a

wide range. The backscatter reflectances (shown with negative
view zenith angle) are higher than corresponding forescatter
values, consistently with results reported elsewhere [Wu et al.,
1995; Li et al., 1996; Cihlar et al., 1994]. Reflectance decreases
after atmospheric corrections, especially in channel 1 because
of the removal of the Rayleigh scattering effect (second panel
of Figure 1). The range of reflectances decrease significantly
once the cloud-contaminated pixels are removed (third panel
of Figure 1). Finally, the bidirectional reflectance corrections
removed most of the angular dependence of reflectance (bot-
tom panel); the residual scatter represents mostly the variable
reflectance of the forest and the admixture of other cover
types, both as mixed pixels and due to inaccurate land cover
type information. Results reported elsewhere [Li et al., 1996;
Cihlar et al., 1997] show that the bidirectional reflectance cor-
rection procedure removes about 50-70% of the viewing ge-
ometry-dependent variability, depending on the data set and
AVHRR channel.

In addition to the validation results reported by Cihlar et al.
[1997] a partial validation of the ABC3 procedure was carried
out as part of the development of biophysical parameter prod-
ucts based on NDVI. Landsat Thematic Mapper (TM) images
(61 km X 61 km area) were first corrected for atmospheric
effects using 5S (Tanre et al. [1990], midlatitude summer at-
mosphere and visibility of 30 km at sea level). TM images were
then coregistered with the GEOCOMP images in the corre-
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Figure 1. Effect of the data corrections on the advanced very high resolution radiometer (AVHRR) channel
1 (Figure 1a) and channel 2 (Figure 1b) data over the BOREAS region, July 11-20, 1993. The four panels
show the following: scattergrams of the land pixels for top-of-atmosphere (TOA) reflectances (all pixels),
reflectances after atmospheric corrections (all pixels), reflectances after eliminating contaminated pixels
(clear-sky pixels), and reflectances after bidirectional reflectance corrections. Only coniferous forest pixels are
shown.
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Figure 2. Comparison of normalized diffence vegetation in-
dex (NDVI) from 1994 corrected AVHRR data (computed
from C1 and C2 corrected for atmospheric and bidirectional
reflectance distribution function (BRDF) effects) and Landsat
Thematic Mapper (TM) data, for 1 X 1 km pixels (Figure 2a)
and 4 X 4 km pixels (Figure 2b). Landsat TM pixels were
averaged to the pixel sizes indicated.

sponding time periods using common surface features (lake
edges and centers, islands, etc.) as the ground control points.
The accuracy of the coregistration was found to be *1 pixel (1
km), limited by the difficulty in locating corresponding control
point pairs. After the registration the TM pixels were averaged
to 1 km resolution. Figure 2a shows NDVI from AVHRR
against NDVI from TM. The scatter of the data points is
considerable due to (1) misregistration because the variation in
NDVI from one pixel to the next can be high; (2) resampling
because an AVHRR pixel after resampling from an originally
larger pixel is affected by neighboring pixels [Ciklar et al.,
1996], while a TM pixel resampled to 1 km represents the true
mean NDVI value of that pixel; (3) incomplete atmospheric
corrections due to imperfect knowledge of the atmospheric
state; (4) differences in the solar zenith angles and differences
in the year of data acquisition. The scatter indicates the com-
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Figure 3. Comparison of NDVI from 1994 corrected
AVHRR data (computed from C1, C2 corrected for BRDF
effects) and Landsat Thematic Mapper data for site average
(61 X 61 km). Landsat TM pixels originate from various years:
day 218, August 6, 1992; day 221, August 9, 1991; day 223,
August 11, 1986; day 253, September 10, 1991.

plexity in obtaining accurate NDVI values at the 1 km scale
using AVHRR measurements.

In order to derive a single radiometric correction factor for
the AVHRR-derived NDVI, a 4 X 4 pixel window averaging
was performed on both TM and AVHRR images (Figure 2b).
Most of the scatter was reduced, suggesting that the inaccuracy
in registration and the artifacts introduced through resampling
and compositing are the main causes of the large scatter in
Figure 2a. It should be noted that the AVHRR intercept at the
ordinate (as TM NDVI decreases to zero) does not necessarily
reduce to zero. This is due to the effect of larger AVHRR
pixels at higher view zenith angles. Where adjacent pixels with
high and low NDVTI occur (e.g., near the edge of open water),
the large AVHRR pixels have NDVI in which the higher-
NDVI component surface tends to dominate (e.g., land with
much higher NDVI than open water). After resampling, this
dominant effect of the “brighter” cover type is spread over a
larger area. One consequence is a decrease in the apparent size
of water bodies in the composite images. Since the TM data
are averaged strictly within the specified pixel size (4 km in this
case), the NDVI difference is most evident at the low NDVI
values, thus resulting in the nonzero intercept. The intercept
causes a difficulty in determining a single correction factor
because the slope cannot be used in this case. To find the
correction factor, the NDVI values were compared only for
land pixels (where the NDVI contrast is smaller), i.e., the top
part of the data range in Figure 2. This is done by first com-
puting linear regression between these two series of data and
then calculating the AVHRR NDVI at the TM NDVI value
representing the center of the higher cluster of the data points.

Figure 3 shows the correction factor as a ratio of the NDVI
values between TM and AVHRR determined for four TM
images. The mean of the value is 1.10, suggesting that on
average, Landsat TM NDVI is 10% larger than the AVHRR
NDVTI over land surface areas. The major reason for the larger
TM NDVI values lies in the broader AVHRR visible band
(571-684 nm) than in the TM red band (622-699 nm). The
AVHRR visible band contains green wavelengths which have
larger reflectance values than red wavelengths over terrestrial
surfaces. Other factors, including difference in view geometry
and solar zenith angle, may also have small effects on the
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campaigns: (top left) FFC-T, April 21-30; (top right) IFC-1, June 1-10; (bottom left) IFC-2, July 21-31; and
(bottom right) IFC-3, September 1-10. The three squares outline the BOREAS region and the northern and

southern study areas, respectively.

difference. This 10% correction to NDVI is important because
the derivation of surface parameters is very sensitive to
changes in NDVI. For example, Chen and Cihlar [1996] found
that a difference of 5% in NDVI can cause leaf area index
(LAI) to change by 20%.

3.2. Vegetation Index and Surface Temperature Trends

Plate 2 illustrates the seasonal progression of NDVI during
the BOREAS field campaigns. The dramatic change between
April and July is primarily due to the deciduous forest and
(after June) the agricultural area south of the boreal forest,

although the coniferous forest also showed some increase in
NDVI. By early September the deciduous forest dominated
NDVI distribution. The seasonal changes in the NDVI pattern
strongly suggest that understory plays an important role (e.g.,
compare June and September images); however, the precise
effects of overstory and understory are not well understood at
present. These effects could be unraveled more effectively if
the overstory and understory have different temporal trajecto-
ries, or if allometric relations could be established between the
two (possibly as a function of site conditions). This area re-
quires more work.



CIHLAR ET AL.: AVHRR DATA SETS FOR BIOSPHERIC STUDIES

5 Z -

29,633

BT S

Plate 3. Surface temperature obtained from composite AVHRR data during four 1994 field campaigns: (top

left) FFC-T, April 21-30; (top right) IFC-1, June 1-10; (bottom left) IFC-2 July 21-31; and (bottom right)
IFC-3 September 1-10. The three squares outline the BOREAS region and the northern and southern study

areas, respectively.

Composite images of surface temperatures for the same
periods are shown in Plate 3. The seasonally persistent features
are Porcupine Hills and Pasquia Hills west of Lake Winnipego-
sis and the warmer SW grassland region with lower NDVI. The
visibility of the hills is mainly due to the contrast with the
surrounding landscape and is most likely due to a combination
of topographic and vegetation effects (Plate 1). In April the
northern area was cold due to the previous snow cover, but in
the summer, the tundra at the northern edge of the boreal
forest and cropland adjacent to the south had similar surface
temperatures. It is worth noting that in the early June the area
north of the boreal forest was as warm as the grassland in the

southwest. This indicates high sensible heat loss and explains
the thick boundary layer which was observed during the second
intensive field campaign [Sellers et al., 1995]. Also, in the early
summer the forest burns (shown as red patches in Plate 3, top
right) had markedly higher temperatures than surrounding
areas. This difference diminished during the summer as the
herbaceous vegetation developed (compare Plate 3, top right
and bottom left, with Plate 2, top left and bottom right). The
sharp edge in Plate 3, top right, is a remaining artifact caused
by the differences in imaging dates in the composite data set.
It is interesting to note that in July and September the after-
noon temperatures were similar over the entire area, in spite of
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Plate 4. Area under the NDVI curve during the 1994

“

G I

growing season. The three squares outline the

BOREAS region and the northern and southern study areas, respectively. The 1993 data were used for the last
part of the 1994 growing season (see text for explanation).

the substantial NDVI differences (Plate 2). It should be noted
that local variations in the surface temperature values could
exist due to the differences in the local solar time during
satellite overpass.

Overall, surface temperatures in the area seem quite high.
We have examined the possibility that these high values are
caused by the processing, especially the atmospheric and emis-
sivity corrections. As Cihlar et al. [1997] showed, the split
window correction is comparable to those produced by other
atmospheric correction methods for thermal infrared data,
while the emissivity correction (constrained by extreme values
of 0.955 and 0.985) was <2°C in most cases, decreasing with an
increasing emissivity. We have compared the AVHRR surface
temperatures with daily maximum air temperature values in
1993 (AVHRR data processed the same way) and found an
average offset of +5°C (not shown). Wooster et al. [1995] found
that the prelaunch central wavenumber for channel 5 of the
NOAA 11 AVHRR was not correctly specified, leading to an
error in channel 5 temperatures of about 0.4°C. This could
introduce a potential error of about 0.6°C. The +5°C variation
could be explained by the difference between surface and air
temperatures, supplemented by the error in channel 5 temper-
ature (see also Czajkowski et al. [1997]) and imprecise emis-
sivity corrections. The high surface temperatures are consistent

with surface temperature measurements of bare or straw-
covered fields in southern Alberta where the surface day minus
night temperature difference was 30°-35°C during the May to
July period [Cihlar et al., 1979].

Plate 4 portrays differences in the total photosynthetic ca-
pacity over the BOREAS region in 1994, expressed as the
accumulated NDVI over the growing season. It was produced
by identifying the starting and ending date for the growing
season, defined as the first and last date when surface temper-
ature exceeded +10°C; this value was chosen instead of the
usual +5°C to compensate for the fact that the latter repre-
sents the average daily temperature. The composite date was
considered to be the middle of the 10 day period and the exact
starting/ending date was obtained through linear interpolation.
When the growing season period was identified for each pixel,
the NDVI values were accumulated, also using linear interpo-
lation for individual days. Plate 3 shows that the maximum
photosynthetic capacity was associated with the forested re-
gion, especially deciduous. Even the transitional forest showed
higher values than cropland in spite of the shorter length of the
growing season, evidently because of the higher NDVI values
over a shorter period. This contrast is also well shown in the
Cypress Hills (bottom left-hand corner of Plate 4) in which
coniferous forest is surrounded by cropland and grassland.
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3.3. Leaf Area Index (LAI)

LAI is defined as half of the total leaf area per unit ground
surface area [Chen and Black, 1992]. This definition is an
improvement over previous definitions based on projected or
one-sided leaf area when used for leaves of different shapes.
Three LAI maps shown in Plate 5 were produced using cor-
rected NDVI images for the periods of June 1-10, July 21-31,
and September 1-10, 1994 (corresponding to BOREAS inten-
sive field campaigns IFC-1, IFC-2, and IFC-3). Similar LAI
maps were generated for other 10 day AVHRR composite
images during the growing season of 1993 and 1994. The maps
show the seasonal and spatial variations in LAI In general,
LAI increases from IFC-1 to IFC-2 in the spring and then
decreases from IFC-2 to IFC-3 in the fall. The changes are
most pronounced in the prairie agricultural areas and in the
deciduous forests near the southern edge of the boreal forest.
Changes in the tundra north of the boreal forest are also
noticeable.

In the calculation of LAI from NDVI, a land cover map
[Pokrant, 1991] was used and different algorithms were em-
ployed for the following 10 land cover types: water; mixed-
wood, deciduous, coniferous, and transitional forest; tundra;
barren lands; cropland; rangeland/pasture; and built-up areas.
For water, barren lands, and built-up areas, LAI was assigned
zero. An algorithm for cropland was formulated using pub-
lished NDVI-LAI relationships [Holben et al., 1980; Gardner
and Blad, 1986; Aase et al., 1986; Wiegand et al., 1992; Li et al.,
1993]. The algorithm for coniferous forests was derived from
our recent work [Chen and Cihlar, 1996]. The deciduous forest
algorithm is based on Chen et al. [1997]; it is less accurate than
that for conifers because of the seasonal vegetation dynamics
and insufficient field data for temporal coverage. Mixed wood
and transitional forests were considered as intermediate cases
between coniferous and deciduous forests. Tundra and range-
land/pasture were treated the same as cropland because of the
lack of cover type-specific field data.

In the LAI calculation, different algorithms were used for
the different periods in an attempt to remove the understory
contribution to the measured NDVI signal. However, this ap-
proach presently has varying degrees of success across the
landscape. In jack pine stands with lichen as the background,
the understory contribution is generally small. In black spruce,
the green moss (Sphagnum sp. and Pleurozium schreben) cover
and the predominant Labrador tea (Ledum groenlandicum)
understory are difficult to differentiate from the overstory in
the NDVI signal. Aspen stands generally have abundant ha-
zelnut (Corlus cornuta) in the understory which has similar
spectral signatures to the overstory and is even more difficult
to differentiate. Therefore in the present product, the under-
story is included in the total LAI, and only the knowledge of
the seasonal phenology for the overstory and understory can be
used to qualitatively assess the presence of the two effects in
the forested areas. We also conducted investigations on the
possible improvement to be made using other surface-adjusted
vegetation indices, but we found that NDVI and SR are the
best among all because much noise is reduced when the ratio
of the two bands is taken. Other indices involving more com-
plicated munipulations of the signals tend to either retain or
even amplify the noise in the measurements [Chen, 1996c].

Open boreal forests, especially black spruce (Picea mariana)
and jack pine (Pinus banksiana), have a distinct canopy archi-
tecture which presents a challenge for measuring leaf area
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index. To quantitatively assess the effect of canopy architecture
on optical LAI measurements, we recently developed a sun-
fleck-LAI optical instrument named the TRAC (tracing radi-
ation and architecture of canopies). The TRAC measures the
direct light transmitted through the canopy at short intervals
(10 mm) and over long transects (up to 300 m) near the forest
floor. Using the solar beam as a probe, a canopy gap size
distribution can be calculated and a clumping index derived as
a correction to LAI measurements based on gap fraction using
instruments such as the LI-COR LAI-2000 [Chen, 1996a]. The
TRAC has also been used to investigate the effect of blue light
scattering on the LAI measurements with LAI-2000 [Chen et
al., this issue]. The TRAC technique has been validated and
used for boreal forests [Chen and Cihlar, 1995a, b; Chen et al.,
this issue]. The LAI algorithms for boreal forests were devel-
oped by first correlating ground-based LAI measurements with
NDVI from Landsat TM, and using the algorithms at the
AVHRR scale after the correction for the sensor difference
with the ratio derived in Figure 3. At the present stage, no
further corrections for the difference in spatial scales between
TM and AVHRR are made. Our preliminary evaluation sug-
gests that the scaling effect due to nonlinearity in the NDVI-
LAI relationship and due to the discontinuity of NDVI at
LAI = 0 between land surface and water is generally within 5%
for pure land surfaces but considerably larger for mixed water
and land pixels.

3.4. Fraction of Photosynthetically Active
Radiation (FPAR)

FPAR is defined as the fraction of photosynthetically active
radiation absorbed by a plant canopy. It excludes the fraction
of incident PAR reflected from the canopy and the fraction
absorbed by the soil surface, but it includes the portion of PAR
which is reflected by the soil and absorbed by the canopy on the
way back to space [Chen, 1996b]. Green FPAR refers to the
fraction absorbed by green leaves only, after the removal of the
contribution of the supporting woody material to the PAR
absorption. The instantaneous green FPAR is integrated over
the day length with a weight equal to the cosine of the solar
zenith angle to obtain the daily green FPAR presented in the
map. With this weighting scheme the daily green FPAR can be
used as a parameter to convert the daily absorbed PAR to daily
total incident PAR.

The green FPAR map shown in Plate 6 is produced for the
period of July 21-31, 1994, corresponding to the BOREAS
IFC-2. Similar maps were produced for other 10 day composite
dates during the growing seasons of 1993 and 1994. Boreal
conifer forests have the moderate FPAR values with a mean
value close to 0.6. Deciduous forests at the southern border of
boreal forests show larger values, partly due to the effect of the
understory. Agricultural areas have also large FPAR values
(range 0.8-0.9) in the summer, but the values for grassland
and tundra are much lower.

Similar to the calculation of LAI, different algorithms for
the daily green FPAR were used for the 10 land cover types.
FPAR for water, barren lands, and built-up areas is assumed to
be zero. An algorithm for the cropland was formulated using
data by Asrar et al. [1984]. The algorithms for the coniferous
forest are given by Chen [1996b]. The algorithm for deciduous
forest is similar, but its coefficients were adjusted to match
FPAR measured with TRAC. Tundra and rangeland/pasture
were treated the same as cropland because of lack of data.

In Plate 6 the values for boreal forests are most reliable.
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FPAR of the overstory was calculated from the downwelling
and upwelling PAR measurements at two levels (above and
below the overstory) in over 30 stands. The below-canopy
measurements were made using the TRAC. Since the down-
welling PAR through the overstory and upwelling PAR re-
flected from the forest floor are highly variable, average values
were obtained from many closely spaced measurements -over
long transects (50-340 m). Simultaneous measurements of the
downwelling and upwelling PAR above the forest were made
on BOREAS meteorological towers [Sellers et al., 1995]. The
data were collected at the beginning, middle, and end of grow-
ing season to consider the effect of seasonal vegetation dynam-
ics and the change in solar zenith angle [Chen, 1996b].

3.5. Absorbed Photosynthetically Active Radiation (APAR)

FPAR is a measure of the capacity of a canopy in intercept-
ing visible solar energy (wavelengths 400~700 nm) during the
photosynthetic process. The actual photosynthesis rate is, how-
ever, determined by the amount of PAR absorbed by the green
canopy, APAR. By definition, APAR is related to FPAR by

APAR = PAR * FPAR, (4)

where PAR denotes downwelling PAR incident at the top of
the canopy (TOC). While a few methods exist to retrieve PAR
from satellite measurements [Frouin and Pinker, 1995], these
are generally complex and susceptible to errors, primarily be-
cause of the inadequate knowledge of cloud properties [Li and
Moreau, 1996]. Since cloud droplets do not have absorption
bands across the PAR spectral region, one should be able to
determine more readily and accurately the total amount of
PAR absorbed in the surface layer below the TOC, APARggc
[Li and Moreau, 1996]. PAR can then be computed from
APARgg with the knowledge of PAR surface albedo Apag:

APARgec
PAR = ——. 5
T~ Aras ©)
The FPAR products discussed above (Plate 6) can thus be
employed to compute APAR using the expression

APAR = ———— % FPAR. (6)
1 —Apar

On the basis of extensive atmospheric radiative transfer mod-
eling, a parameterization was developed to estimate APARggc
from satellite visible measurements with only three parame-
ters: the Sun angle, aerosol, and ozone amount. The parame-
terization, albeit extremely simple, is applicable to any sky
condition and is able to reproduce the results of a far more
complex radiative transfer model to within 5 W m~2 [Li and
Moreau, 1996). Its performance was evaluated using satellite
and surface measurements from both the First ISLSCP Field
Experiment (FIFE) [Li and Moreau, 1996] and the BOREAS
[Li et al., 1996]. The comparisons show small bias errors and
moderate random errors. Random errors were attributed
mainly to the mismatch between satellite and surface measure-

ments in time and space.
Over a large area, Ap,g can be derived from clear-sky sat-

Plate 5. (opposite) Leaf area index for the BOREAS region
for the three intensive field campaigns: (top) IFC-1, June 1-10;
(middle) IFC-2, July 21-31; and (bottom) IFC-3, September
1-10.
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July 21-31,

1994

1994). The three squares outline the BOREAS region and the northern and southern study areas, respectively.

ellite data in the visible channel such as the AVHRR channel
1. When satellite data are used, the estimation of Ap,g in-
volves four major steps: cloud screening, atmospheric correc-
tion, bidirectional correction, and spectral correction. The first
three steps have been addressed above. The last step accounts
for the spectral difference between the band pass of the visible
sensor in question and the PAR spectral band. Conversion
models for various sensors under a range of atmospheric and
surface conditions were obtained from radiative transfer mod-
eling [Li and Moreau, 1996]. For most terrestrial surfaces the
difference between Ap,r and the albedo over the spectral
region of AVHRR/1 is very small. Plate 7 (right panel) pro-
vides an example of PAR albedo derived from the composite
during the period July 21-31, 1994, over the BOREAS study

region. The values are generally small, less than 0.06 for most
of the region. Nevertheless, they show some variability, pri-
marily in response to land cover types. The lowest PAR albedo
values occur in the coniferous forests (around 0.03 ~ 0.04, in
agreement with ground observations) and the highest in the
cropland (about 0.1). A few scattered pixels larger than 0.15
are likely due to remaining cloud contamination.

Daily and monthly mean APAR products over the BOREAS
study region in the summer of 1994 have been generated from
AVHRR measurements. As an example, the distributions of
PAR and APAR on July 25, 1994, are presented in Plate 7. The
variation of PAR (Plate 7, left) is governed by cloud cover.
Regions of PAR below 110 W m ™2 correspond to widespread
cloud decks. In addition to cloud, PAR is also seriously af-
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Plate 7. Absorbed photosynthetically active radiation (APAR) over the BOREAS region on July 25, 1994
(IFC-2). (Left) PAR incident at top of canopy, (right), PAR albedo, and (bottom) APAR absorbed by green

phytomass.

BOREAS study region [Li et al., this issue (a)]. On July 25,

fected by the smoke produced from forest fires. Fire was very
1994, numerous smoke plumes were visible in the top right-

active around the BOREAS study region in June and July 1994
[Li et al., this issue (a)]. Hundreds of fires were detected from
both ground-based and space-based observations during the
growing season. Most of them were located in the north of the

hand and left-hand portions of Plate 7 (left panel) with PAR
ranging from 115 to 130 W m~2. Over clear regions, PAR was

generally greater than 145 W m™2,
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The distribution of APAR (Plate 7, bottom) exhibits a very
different pattern from that of PAR. Apart from the influence
of cloud, APAR is affected mostly by the amount of green
vegetation. The top right-hand corner of Plate 7 (bottom
panel) is the northern transitional forest and the bottom left
corner is primarily cropland. Both areas have less green vege-
tation cover and hence smaller FPAR than the central area
occupied by the boreal forest. APAR, being the product of
PAR and FPAR, is affected by both the cloud pattern and the
amount of green vegetation.

4. Summary and Conclusions

The derivation of biophysical parameters from satellite op-
tical data is complicated due to the several factors that inter-
fere with the relationship between the recorded electromag-
netic signal and the environmental attribute of interest. In
general, they belong to three domains: sensor, intervening at-
mosphere, and target. In developing the parameterization of
satellite data for the estimation of surface properties (such as
LAI), much attention is typically given to the relationship be-
tween incident and reflected radiation at the ground level and
the property of interest. While this is essential because of the
complex nature of the within-canopy radiation transfer, the
existence of superior algorithms is not sufficient for producing
quality data set over large areas. Equally important is the
preparation of satellite data to the form with which such algo-
rithms can be effectively coupled. Aside from the atmospheric
and viewing angle effects which are common to other geo-
graphic regions, the unique challenges in northern areas are
extreme solar zenith angles and intermittent snow cover near
the ends of the growing season, and the smoke from fires in the
boreal forest during the growing season.

The above results and those of others [e.g., Goward et al.,
1994] suggest that satellite data can provide useful estimates of
parameters describing the surface radiation environment
within which ecosystem processes take place. The bias and
random errors present in such products can be established by
a combination of modeling, field measurements, and the use of
higher-resolution remote sensing data [Cihlar et al., 1997].
Since the satellite products can be generated over large areas
and repeatedly, the scaling of processes through models nour-
ished by these data products is feasible. The future challenge
will be in transferring the procedures among satellite sensors,
in maintaining a rigorous quality control program so that the
derived products can be generated over many years, and in
acquiring sufficient ongoing field measurements to ensure that
the models continue to represent the actual processes. The
combined efforts of modeling and data set generation will thus
produce a much improved understanding of the ecosystem-
atmosphere interactions at daily to decadal timescales.
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