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Estimation of photosynthetically active radiation absorbed 
at the surface 

Zhanqing Li, • Louis Moreau, 2 Josef Cihlar 1 

Abstract. This paper presents a validation and application of an algorithm by Li and 
Moteau [1996] for retrieving photosynthetically active radiation (PAR) absorbed at the 
surface (APARsFc). APARsF c is a key input to estimating PAR absorbed by the green 
canopy during photosynthesis. Extensive ground-based and space-borne observations 
collected during the BOREAS experiment in 1994 were processed, colocated, and 
analyzed. They include downwelling and upwelling PAR observed at three flux towers, 
aerosol optical depth from ground-based photometers, and satellite reflectance 
measurements at the top of the atmosphere. The effects of three-dimensional clouds, 
aerosols, and bidirectional dependence on the retrieval of APARs•x: were examined. 
While the algorithm is simple and has only three input parameters, the comparison 
between observed and estimated APARsF c shows a small bias error (<10 W m -2) and 
moderate random error (36 W m -2 for clear, 61 W m -2 for cloudy). Temporal and/or 
spatial mismatch between satellite and surface observations is a major cause of the 
random error, especially when broken clouds are present. The algorithm was subsequently 
employed to map the distribution of monthly mean APARsF c over the 1000 x 1000 km: 
BOREAS region. Considerable spatial variation is found due to variable cloudiness, forest 
fires, and nonuniform surface albedo. 

1. Introduction 

The Boreal Ecosystem-Atmosphere Study (BOREAS) is a 
large international field experiment witIn the goal of improving 
the understanding of the exchanges of radiative energy, sensi- 
ble heat, water, CO,, and trace gases between the boreal forest 
and the atmosphere [Sellers' el al., 19t•5]. Photosynthesis is 
essential in regulating ma•y of the exchange processes. With a 
suflicient supply of nutrients and water, the photosynthetic rate 
is governed primarily by the solar energy in the wavelength 
region 400-700 nm, rcfcrrcd to as photosynthetically active 
radiation (PAR). Green vegetation can absorb up to 95% of 
the incident PAR, the bulk of which is converted into latent 
and sensible heat. Only a small fraction (<5%) is consumed in 
photochemical processes in which CO: is assimilated as or- 
ganic carbon [Monteith, 1972' Mynetti a•d Ga•apol, 1992]. 
Therefore the amount of PAR absorbed by green vegetation 
(APAR) not only influences the net primary productivity and 
the carbon cycle but also affects the exchange of energy and 
water between the atmosphere and the land surface. 

Monitoring APAR over a large area is a great challenge duc 
to the paucity of ground-based observations. This is true even 
for a field experiment as large and expensive as BOREAS. 
Although BOREAS deployed tens of PAR radiometers, they 
covered only a small portion of the 1000 )< 1000 km: BOREAS 
region. In addition, the majority of the stations were equipped 
only with an up-facing PAR sensor at the top of the tree 
crowns, while the determination of canopy-absorbed PAR en- 
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tails simultaneous measurements from four PAR sensors: up- 
facing and down-facing, placed above and below the tree 
crowns. There were very few sites with all the components 
measured. Clearly, mapping APAR cannot bc achicvcd from 
ground-based observations, and remote sensing is the only 
feasible alternative. 

Remote scnsi•g of APAR has bccn achieved by estimating 
surface downwelling PAR (PAR • ) and the fraction of PAR 
intercepted by the canopy (FPAR). PAR •, can be inferred 
from satellite measurements in visible channels [thwuin and 
Gautier, 1990; Pi•zker attd Laszlo, 1992; Git at•d Srtzith, this 

issue] or in other solar channels such as UV leek a•d Dye, 
1991]. FPAR is usually related to remotely sensed vegetation 
indices, which arc combinations of visible and near-infrared 

satellite measurements [Sellers, 1985; Goward at•d Htten•rnrich, 
1992; Rot•jeat• a•d Brerm, 1995]. Determination of PAR • 
from satellite data requires knowledge of the atmosphere, 
clouds, and surface, cloud properties being the most critical. In 
contrast, the PAR absorbed at the surface by the vegetation- 
soil complex (APARsv(•) can be retrieved much more easily, as 
demonstrated by Li and 31o•vatt [1996]. Given APARsv c, PAR 
albedo, and FPAR, the amount of PAR absorbed by the green 
canopy can be computed [Cihlar et al., this issue]. Unlike 
PAR •, inversion of APARsv(• and PAR albedo does not need 
to specify cloud parameters. The cloud effect is "encoded" in 
the reflection at the top of the atmosphere (TEA) as measured 
from satellite platforms [Li and Moteau, 1996]. 

This study deals with APARsvc• only. The paper is struc- 
tured as follows: Section 2 describes the algorithm of Li and 
Moteau [1996] which forms the basis of the study. The data 
employed are described in section 3. Section 4 provides anal- 
ysis of the data and discussion of their characteristics. Valida- 
tion of the algorithm and mapping of APARsv c over the 
BOREAS region are presented in section 5. 
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Figure 1. Model relationship between upwelling photosyn- 
thetically active radiation (PAR) at the top of the atmosphere 
(TOA) and APARsF c (absorbed). Solid curves represent the 
linear regressions of the simulation results for different cloud 
optical thicknesses given by % for the same solar zenith angles 
(SZAs). The simulations are for the midlatitude summer at- 
mosphere with an ozone amount of 0.332 cm atm and a surface 
albedo of 5% [from Li and Moteau, 1996] (reprinted with 
permission from Rern. Sens. Environ., 55, 175-191, 1996, 
Elsevier Science Inc.). 

2. Algorithm 
The algorithm of Li and Moreau [1996] was developed fol- 

lowing extensive radiative transfer calculations with a dou- 
bling-adding atmospheric radiative transfer model [Masuda et 
al., 1995] for a range of conditions. The algorithm takes ad- 
vantage of the linear relationship between APARsv c and PAR 
reflected at the TOA (PAR 1' TO^) for a fixed solar zenith 
angle (SZA). The relationship is driven by synchronous varia- 
tions in APARsFc and PAR 1' TO^ caused by the changes in 
cloud optical thickness (compare Figure 1). Because of this, 
APARsFc can be predicted from PAR 1' TO^ without knowl- 
edge of the cloud optical thickness. Sensitivity tests [Li and 
Moreau, 1996] suggest that the linear relationship is either 
weakly dependent on or independent of cloud microphysics, 
cloud amount, cloud height, and surface albedo. The relation- 
ship is altered, however, by the absorbers of PAR, primarily 
ozone and aerosol. Their effects are accounted for by the 

following physics-based parameterizations that fit well the re- 
sults of detailed radiative transfer computations [Li and Mo- 
teau, 1996]: 

APARsFc: a p^R PAR ,[ to^ (1) 

apA R = O•(•, 03, 're)- [3(lj6, 03, Te)FTOA (2) 

a(/x, 03, 're) = -0.015 + exp (-0.0503/x -•) 

- 0.168're[exp (-3/x 2) + 1] (3) 

/3(/x, 03, 're) = exp (0.08303) - 0.168re(1.21 - 0.348/x) 

ß [exp (-3/x 2) + 1] (4) 

T e --- 'ra[(1 -- tOa)/0.109] ø'845 (5) 

where/x is the cosine of the SZA; 03 is the amount of ozone 
in centimeter-atmosphere; % and to a are aerosol optical thick- 
ness and single-scattering albedo at 550 nm; rTo ̂  is the PAR 
albedo at the TOA which can be inferred from satellite- 

observed visible albedo [Li and Moteau, 1996]; and a eA R rep- 
resents surface absorbed PAR normalized by the PAR incident 
at the TOA, PAR,[ TO^' Instantaneous and daily mean 
PAR $ TO^ are computed by 

PAR ,[ To^=PARod-2/x (6) 

PAR ,[ TOA,d-- PARod-2tXdfd (7) 

where d is the Sun-Earth distance in astronomical units; PAR o 
is the incoming PAR at the TOA for the mean Sun-Earth 
distance (d = 1) which is set to be 544 W m-2 according to the 
extraterrestrial solar irradiance data of Iqbal [1983];/x d is the 
daytime mean cosine of solar zenith angle; and fd is the frac- 
tion of daytime. Both/Xd and fd can be computed according to 
date and latitude. 

While the coefficients in the above equations were obtained 
by fitting the parameterizations to the results of a detailed 
atmospheric radiative transfer model, the formats of the pa- 
rameterizations were selected on the basis of radiative transfer 

rather than through empirical fitting [Li and Moteau, 1996]. 
The first and second terms of the linear relationship given in 
(2) represent principally the attenuation of downwelling and 
upwelling PAR, respectively. Therefore a depends only on the 
amounts of PAR absorbers, while /3 is modified by both ab- 
sorbing and scattering events. Note that the parameterization 
does not include a term accounting for cloud absorption. This 
is because pure water cloud droplets have almost zero absorp- 
tion in PAR (<0.2 W m-2; see I in Table 1). However, the 
cloud does alter moderately the amount of PAR absorbed in 

Table 1. Atmospheric Absorption of PAR (W m -2) Computed With a Douling-Adding Radiative Transfer Model [Masuda 
et al., 1995] Under Different Atmospheric and Cloud Conditions at Various Cosines of Solar Zenith Angle/x 

/x 0.011 0.056 0.135 0.240 0.365 0.500 0.635 0.760 0.865 0.944 0.989 

I 0.00 0.00 0.01 0.02 0.03 0.05 0.06 0.08 0.10 0.12 0.13 

II 1.54 6.07 10.03 12.58 14.39 15.84 17.05 18.06 18.85 19.41 19.73 

III 1.50 6.05 10.30 13.55 16.38 19.07 21.63 23.96 25.91 27.36 28.21 

IV -0.04 -0.02 0.27 0.97 1.99 3.23 4.58 5.90 7.06 7.95 08.48 
V 1.85 8.32 16.58 24.72 32.49 40.03 47.26 53.90 59.56 63.81 66.29 

PAR, photosynthetically active radiation. I, absorption by cloud droplets only; the atmosphere used contains no ozone and aerosol. II, Clear 
midlatitude summer atmosphere [McClatchey et al., 1971] with a surface albedo of 20%. III, Same atmosphere as in II but including a 
stratocumulus cloud [Stephens, 1979] of optical thickness 80 in 2-4 km. IV, Difference between III and II (III - II). V, Same atmosphere and 
cloud as in III except that (1) the cloud is placed in 0-1 km and (2) a continental aerosol [WCP, 1986] of optical thickness 0.225 is included. 
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the entire atmospheric column by serving as a reflector, which 
provides more PAR photons to be captured by the PAR ab- 
sorbers, such as ozone or aerosols. This is clearly seen from the 
comparison of atmospheric PAR absorption under clear (II in 
Table 1) and cloudy (III) conditions. Their difference (IV) is 
significantly larger than the cloud absorption (I). As a result, 
the increase in absorption is generally accompanied by an 
increase in TOA reflection. This coupling relationship is ex- 
ploited in the algorithm [Li and Moteau, 1996]. Nevertheless, 
the algorithm may suffer significant uncertainties when cloud 
droplets and absorbing aerosols (e.g., fire smoke) are located 
in the same layer. In particular, black carbon contained in fire 
smokes can drastically enhance PAR absorption (see V in 
Table 1) and at the same time reduces cloud reflection. 

The above algorithm, while extremely simple, can reproduce 
accurately the results of a much more complex radiative trans- 
fer model under a variety of conditions [Li and Moteau, 1996]. 
The APARsv c estimated with the algorithm agreed to within 
_+5 W m -2 of the model results for 93% of the cases repre- 
senting a wide range of combinations of clouds, aerosols, and 
surfaces. Furthermore, a preliminary validation using instan- 
taneous observations obtained during the First International 
Satellite Land Surface Climatology Project (ISLSCP) Field 
Experiment (FIFE) data showed a bias error of 3 W m 2 and 
a standard error of 22 W m-2 [Li and Moteau, 1996]. For the 
algorithm to be applied for mapping APARsv c over the 
BOREAS region, further validation is needed due to its dis- 
tinct environment. 

3. Data 

The data employed for this study were acquired as part of 
the BOREAS project, which was conducted in the boreal for- 
est region of central Canada [Sellers et al., 1995]. Satellite data 
were obtained over the BOREAS region encompassing most 
of Saskatchewan and Manitoba. Ground-based measurements 

were made primarily in two BOREAS study areas, northern 
(NSA) and southern (SSA), which are approximately 8000 km 2 
each and are separated by about 500 km. 

Complex infrastructure and a variety of instruments were 
deployed throughout each study area. Of particular interest 
here are three flux towers (TF03, TF08, and TF09) at which 
both upwelling and downwelling PAR fluxes were measured 
and made available through the BOREAS Information System 
(BORIS). The towers were located near the centers of rela- 
tively homogeneous areas ->1 km 2. All radiation sensors were 
mounted near the tops of the towers, well above the top of the 
canopy. TF03 was located at a mature black spruce site in the 
NSA (NOBS; 55.879øN, 98.484øW). TF08 was placed at a ma- 
ture jack pine site in the NSA (NOJP; 55.927øN, 98.624øW). 
TF09 was an OBS tower located in SSA (SOBS; 53.985øN, 
104.691øW). Thirty-minute mean PAR data were provided to 
the BORIS. TF03 also included the standard deviations of 

PAR measurements which we used to evaluate the effects of 

broken clouds. The data periods are October 4, 1993 to De- 
cember 4, 1994 for NOBS, May 24 to September 20, 1994 for 
NOJP, and May 23 to September 21, 1994 for SOBS. 

Aerosol was monitored by a network of six automatic Sun 
photometers distributed across the BOREAS region. Aerosol 
optical thickness was retrieved at six spectral intervals (339, 
380, 441,672, 873, and 1022 nm) with estimated uncertainties 
around 0.02 for spectral bands above 400 nm. The data at 441 
and 672 nm were linearly interpolated to obtain aerosol optical 

thicknes.s•at 550 nm for use in the APARsF c model. The 
aerosol data archived in BORIS span the period May..18 to 
November 1, 1994 for the NSA and May 23 to October 10 for 
the SSA. They are only available under clear-sky conditions. 
Clear/cloud discrimination was based on the temporal varia- 
tion of incident irradiance and spectra! variation of optical 
thickness (B. Markham, personal communication, 1996). Un- 
der cloudy conditions, aerosol optical thickness was taken from 
the nearest clear-sky measurement if available within 12 hours. 
Since no information is available regarding aerosol optical 
properties, a continental type of aerosol was assumed [World 
Climate Program (WCP), 1986]. 

Ozone amount is also required as input into the APARsv c 
model. Compared to aerosol, the effect of ozone on the re- 
trieval of APARsF c is small [Li and Moteau, 1996]. Moreover, 
for a given region and season the ozone amount is much more 
stable than for aerosol. Theref6re we used a constant value of 
300 Dobson units in our calculations. 

Satellite data were obtained by the advanced very high res- 
olution radiometer (AVHRR) onboard NOAA 11. Reflec- 
tance measurements in channels 1 (570-680 nm) and 2 (710- 
980 nm) were employed. Because of the overlap of satellite 
orbits at high latitudes, multiple daytime measurements were 
available between 1500 and 1800 LT. Daily AVHRR data were 
acquired in Prince Albert, Saskatchewan, Canada, and pro- 
cessed by the Manitoba Remote Sensing Centre using the 
geocoding and compositing (GEOCOMP) system [Robertson et 
al., 1992]. GEOCOMP performs sensor calibration, geometric 
registration, and resampling. Time dependent gains and offsets 
[Cihlar and Telllet, 1995] were used for sensor calibration. The 
satellite images were registered using image chips and resa- 
mpled to uniform 1 km 2 pixels. Since the AVHRR measures 
reflectance from a single viewing direction and the algorithm 
requires albedo defined over the entire upper hemisphere, 
angular corrections were needed. To this end we employed the 
bidirectional model of Wu et al. [1995] and Liet al. [1996] for 
clear-sky measurements, and the model developed for the 
Earth Radiation Budget Experiment (ERBE) [Suttles et al., 
1988] for cloudy image data. 

After all the data essential for validation were assembled, 
they were matched in space and time. The most delicate and 
time-consuming step was to locate the towers on an AVHRR 
image. With the aid of an image processing software (PCI), we 
were able to find the tower locations with a precision 1-2 
pixels. Since the PAR data are averages over time, temporal 
matching error is up to 30 min, which may pose a problem for 
evolving clouds. Time difference with respect to aerosol data 
could be much longer, since aerosol data were only available 
during clear periods. 

4. Analysis 
Figure 2 presents PAR $ flux and transmissivity measured at 

the three flux towers as well as the standard deviations of 

PAR ,• flux measured at the NOBS. Atmospheric transmissiv- 
ity was computed as the ratio of the PAR incident at the 
surface (above canopy) and at the TOA. Only the data 
matched with AVHRR measurements are shown here. The 

unit of measurements has been converted from PAR photon 
flux (micromol m -2 s •) to PAR energy flux (W m-2). A 
conversion factor of 4.6 was determined from simulations with 

a radiative transfer model [Masuda et al., 1995] by incorporat- 
ing the response function of the PAR sensors under various sky 
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Figure 2. (a) Downwelling PAR flux and (b) PAR transmit- 
tance observed at three flux towers (NOBS, NOJP, and SOBS) 
that were matched with advanced very high resolution radiom- 
eter (AVHRR) data. (c) Standard deviation of downwelling 
PAR flux for NOBS. 

Model-observation comparison of the variation of 
downwelling PAR with solar zenith angle and cloud optical 
thickness (%). Aerosol optical thickness is specified by 

conditions. The conversion factor was found to vary only 
slightly with changes in cloud and aerosol (Table 2). From 
Figure 2 it is evident that both PAR flux and PAR transmis- 
sivity vary considerably. Downwelling PAR ranged from less 
than 25 W m -2 to about 350 W m -2, and PAR transmissivity 
varied from less than 0.1 to nearly unity. One measurement 
even shows transmittance larger than 1.0. While this might be 
a bad number due to errors in observation or calibration, 
transmittance larger than 1.0 could happen occasionally if the 

radiometer was exposed to direct sunlight and, at the same 
time, received a significant amount of additional photons re- 
flected from the edges of broken clouds. The high-frequency 
variation in PAR flux and transmissivity is probably caused by 
convective clouds that occur frequently in the summer. The 
convective clouds are usually spatially inhomogeneous and 
temporally variable, making it difficult to match satellite and 
surface measurements. Temporal variation is indicated by the 
standard deviation which displays two clusters separated at 
approximately 50 W m -2 (Figure 2b). The top cluster corre- 
sponds to fast-evolving clouds. 

In addition to cloud amount, cloud optical depth (%) and 
SZA also modify significantly PAR flux. This can be seen from 
Figure 3, which shows the variations of PAR $ with the two 
factors. The curves were obtained from model simulation for 

the midlatitude summer atmosphere [McClatchey et al., 1971] 
over a vegetated land [Masuda et al., 1995] with cumulus clouds 
[Stephens, 1979] of % ranging from 0 (clear sky) to 50. Aerosol 
optical thickness (r,) was set to 0.225 for all the curves except 
the solid thick one, which represents a clears-sky (r•. = 0) 
condition without any aerosol loading (r, = 0). It thus de- 
notes the maximum theoretical bound for PAR •,. Most ob- 
servations fall within this limit except for a few points which 
may be due to the effect of partial clouds. For an overcast 
cloud, change in PAR at a fixed SZA is mainly controlled by 
%. The majority of the observations have cloud optical thick- 

Table 2. Variation of Factor Used to Convert PAR Photon Flux (micromol m -2 s-•) Into PAR Energy Flux (W m -2) 
With Cloud and Aerosol (Continental Type) Optical Thickness Simulated by a Radiative Transfer Model [Masuda et al., 1995] 

/• 0.011 0.056 O. 135 0.240 0.365 0.500 O. 635 O. 760 0.865 0.944 O. 989 

I 4.60 4.67 4.67 4.66 4.65 4.64 4.64 4.64 4.63 4.63 4.63 
II 4.54 4.58 4.64 4.66 4.66 4.65 4.65 4.64 4.64 4.64 4.64 
III 4.47 4.51 4.55 4.58 4.59 4.59 4.60 4.60 4.60 4.60 4.60 

I, a clear atmosphere (same as II in Table 1). II, Same atmosphere as I but include a continental aerosol of optical thickness 0.225. III, Same 
atmosphere and aerosol as II but include a cloud of optical thickness 50. 
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Figure 4. PAR albedo observed at the top of three flux tow- 
ers (NOBS, NOJP, and SOBS) as functions of (a) date and (b) 
the cosine of solar zenith angle. 

ness less than 50, although a few could be much higher, as 
PAR •, approaches asymptotic value at high %. The large 
impact of SZA on PAR 4, is readily understandable. The wide 
range of SZA implies that the results of validation may be valid 
for many seasons. 

Surface PAR albedo is defined as the ratio of upwelling and 

2.0 

1.0 

0.5 

0.0 

NYJP 

130 140 150 160 170 180 190 200 210 220 

Day 

Figure 5. Variation of aerosol optical thickness at 550 nm in 
the summer of 1994 in the BOREAS northern study area. 

downwelling PAR fluxes measured above the canopy. Its sea- 
sonal variation and dependence on the SZA are shown in 
Figure 4. For NOBS and NOJP, PAR albedo was quite stable 
at about 0.04 and increased slightly with an increasing SZA. 
The SOBS data exhibit an unusually strong fluctuation, al- 
though the mean value was close to the other two sites. Since 
variations up to a factor of 5 occur within a very short time 
period at similar solar zenith angles, they are unlikely to rep- 
resent real physical changes of the scene. The presence of 
noise in the data is an important consideration for the valida- 
tion. 

Figure 5 presents aerosol optical thickness on the days when 
both surface and satellite data were available. It is clear that 

the magnitude and variation of aerosol loading were so large 
that accounting for this effect is essential. The aerosol episodes 
were caused by forest fires. In the summer of 1994 there were 
many fires around the BOREAS region [Liet al., this issue]. 
Heavy smoke was visible when aerosol optical thickness was 
above 0.5 (B. Markham, private communication, 1997). The 
smoke can attenuate considerably the amount of PAR reach- 
ing the ground [Sellers et al., 1995] due to both scattering and 
absorption. The single-scattering albedo for biomass burning 
aerosols varies from 0.7 (extremely strong absorption) to near 
unity (almost no absorption) [Lenoble, 1991]. Unfortunately, 
lack of chemical composition and aerosol size distribution in 
the BOREAS measurements do not allow us to compute the 
exact values of the single-scattering albedo. Therefore the con- 
tinental aerosol defined in WCP-112 [WCP, 1986] was 
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1994. Open and solid circles correspond to cloudy and clear 
measurements. 



29.722 LI ET AL.: ESTIMATION OF PAR ABSORBED AT SURFACE 

0.25 

0.20 

0.15- 

O. lO- 

0.05 

Albedo 

Reflectance 

0.00 ' • ' I ' i ' i ' • , I ' I ' 
_80 ø _60 ø _40 ø _20 ø 0 o 20 ø 40 ø 60 ø 80 ø 

View Zenith Angle 
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adopted. It has a single-scattering albedo close to the median 
value for biomass burning aerosols in visible wavelength [Kauf- 
man et aI., 1994]. 

Figure 6 shows reflectance measurements in AVHRR chan- 
nel 1 which were matched with ground observations. As a gross 
check of the correspondence between satellite and surface 
observations, PAR transmittance is also plotted. As expected, 
the two quantities covary but are out of phase (Figure 6a). The 
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Figure 8. Comparison between observed and estimated 
APARs•c for the NOBS under clear, overcast and broken 
cloud conditions. The first and second numbers in the paren- 
theses represent the mean and standard differences (sd) be- 
tween observed and estimated APARsFc. 

reflectance is also plotted with respect to AVHRR viewing 
zenith angle (VZA) (Figure 6b). Positive and negative VZAs 
represent forward and backscattering directions, respectively. 
The data were classified as being clear (cloudy) if the ratio of 
channel 2 over channel 1 reflectance was larger (smaller) than 
1.63. This threshold was based on a visual analysis of a large 
number of AVHRR images acquired in the BOREAS region 
during the summer of 1994. Figure 6b exhibits a strong bidi- 
rectional effect, especially for clear-sky measurements. Reflec- 
tion at extreme backscattering angles exceeds that at nadir by 
a factor of 3-4, which would lead to unacceptably large errors 
if the Lambertian assumption were made. Clear-sky albedos 
were therefore derived following a bidirectional correction (re- 
fer to the Appendix). Figure 7 compares the reflectance and 
albedo. In contrast to reflectance, albedo shows only a minor 
trend with respect to the VZA. Note that the correction does 
not remove the dependence of albedo on SZA. Although the 
angular effect for cloudy measurements was not so strong as 
for clear sky, it was not negligible. 

5. Validation and Mapping 
After preprocessing, the various input data were substituted 

into (1)-(7) to estimate APARsw c to be compared with 
APARsFc values observed at the towers. Figure 8 presents 
comparisons for three cases at the NOBS (TF03): clear, over- 
cast and broken clouds. As mentioned earlier, clear/cloudy 
discrimination was made according to the ratio of reflectance 
in channels 2 and 1, while broken/overcast clouds were sepa- 
rated by the standard deviation of measured downwelling PAR 
during a 30-rain period. The standard deviation (sd) of the 
differences between observed (30-min mean) and estimated 
APARsF c (instantaneous) vary significantly among the three 
categories: largest for broken clouds (95.9 W m-:), moderate 
for overcast (47.9 W m-:), and lowest for clear sky (17.8 W m-:). 

The strong dependence of sd on cloud inhomogenity and 
mobility indicates that the scatter in Figure 8 stems mainly 
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Figure 9. Same as Figure 8 but for all the three towers under 
study (NOBS, NOJP, and SOBS). The data are differentiated 
into clear and cloudy. 



LI ET AL.: ESTIMATION OF PAR ABSORBED AT SURFACE 29,723 

,.. -.:,. ..-- .. :-,_., .,, .. ,.,. • , .• w: •,. z,-; a, -' :•. ,, Monthly mean 
• .... .• ,• • -• • • .... . . • . . • ..- 

.--• • ,."-"*,•'"" ' . ....... •-' '• .... • ..... •'..:"•"*•-,' SFC ' •.:'• • . ., '.:-':--'"_ • . qt'•'' • ;'," ..•, •" '• •' ','• • ' ': 

.-.-,, :•,' •-:,' :-•, -- -•.- ,, .•' ' June 1994 
,, %-- , .... •.¾: , .- 

,,.•-:-, •, '- :.:-' ', -,-,•',- --- , 90 W/m 2 

. - ,- -.-- ., ,.--,, -..:: •,. -.. , .,. • 100 

- : -- ,--.--, ..... •-•-'-•-,, ....... ",..'-•, - 120 

• --,• - -'" -' ,,..- ' ' •'- '•--• 130 

. , .. ... - .... --• •- .., ,•.-, . - -.- . 140 

,:,- •..-• :--'-•'-' .--, --• ,.-•. ":•..• Water 

Plate 1. Distribution of monthly mean APARsFc estimated from AVHRR in the BOREAS region in June 
1994. It covers an area of 1000 x 1000 km 2, centered around 55ø13'41"N and 103ø6'SY'W, with the Lambert 
conformal conic projection. 

from the mismatch between satellite and surface observations 

in time and/or in space. Although the satellite and tower mea- 
surements were colocated carefully, large discrepancies due to 
spatial match are inevitable in case of broken clouds. This is 
because unlike satellite measurements, which represent a small 
field of view, an upward facing PAR sensor at the surface 
measures incoming PAR photons from all directions. When 
the sky is covered partially by clouds, the space and surface 
views may thus differ considerably. Therefore sd is the upper 
limit of the random error in the estimates of APARsvo not its 
actual value. When multiple samples are averaged, the sd for 
the averaged quantities should decrease with the number of 
samples included. Consequently, the real random error in the 
monthly mean estimates of APARsvc is expected to be much 
lower than the sd values shown in Figure 8. The mean differ- 
ences (md) were equal to 38.8, 7.4, and 0.2 W m -2 for broken 
clouds, overcast, and clear-sky comparisons, respectively (Fig- 
ure 8). Note that these values are also influenced statistically by 
sd. At the 95% confidence level, the true mean bias error falls 
within the range of Amd that is determined by both sd and 
sample number (N), 

sd 

Amd = 1.96 x/- •. (8) 

Amd is found to be 58.3, 25.7, and 10.5 W m -2, respectively, 
for broken clouds, overcast, and clear skies. The absence of 
standard deviation data prevents a similar analysis for the 
NOJP and SOBS towers. An overall comparison using data 
from all three towers is presented in Figure 9. Again, scattering 
of the clear data points around the 1:1 line is significantly less 
than that for the cloudy ones, while their mean differences with 
respect to the surface observations are about the same. 

It should be noted that mismatch between satellite and sur- 

face measurements is not the sole cause for the discrepancy 
between the observed and estimated APARsF C. For example, 
the large uncertainties in some PAR albedo measurements at 
the SOBS discussed earlier (compare Figure 4) can produce a 
discrepancy in APARsF C shown in Figure 9. Imperfect algo- 
rithm and corrections for aerosol and bidirectional effects are 

also among the potential sources of uncertainty. The largest 
potential uncertainty is likely to occur when smoke and clouds 
coexist, as inferred from the sensitivity tests presented in Table 
1. Unfortunately, the available information is not sufficient to 
study this condition experimentally. 

By combining tower and satellite observations, we derived 
daily and monthly mean APARsF c over the BOREAS region 
in 1994 in three steps. First, the available NOAA 11/AVHRR 
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Figure 10. Difference between monthly mean and minimum TOA albedo obtained from daily AVHRR 
channel 1 images in June 1994. Image brightness is proportional to the difference. 

images acquired in the vicinity of the BOREAS region were 
processed by the GEOCOMP system. The processed data con- 
tain calibrated radiances in the five AVHRR channels, VZA, 
SZA, and relative azimuth angle. A daily composite image over 
the BOREAS region was constructed from the individual im- 
ages, by retaining pixels with the lowest VZA in overlapping 
areas. Bidirectional correction was applied following the 
method described in the Appendix. Water bodies were masked 
using the land cover map of Pokrant [1991] and excluded from 
further processing. Instantaneous APARsF c fluxes were then 
computed according to (1)-(7) from which daily mean values 
were derived. Because of inadequate diurnal sampling by the 
NOAA satellite, continuous tower measurements were em- 
ployed to characterize the diurnal evolution of APARsF c. 
From the tower measurements the ratio of instantaneous and 

daily mean APARsFc, apAR(/), was computed as a function of 
local solar time t. Using this function, R(t), the time of satel- 
lite overpass, t, a daily mean APARsvo APARsFcd was com- 
puted as 

APARsFc,d = apAR(t)R(t)PAR J, TOA,d- (9) 

where a PAR is the instantaneous APARsF c normalized by the 
TOA incident PAR (compare (2)). Daily mean incident PAR 
at the TOA, PAR { TOA• was calculated by (7). 

Plate 1 shows the distribution of monthly mean APARsF c 
over the BOREAS region in June 1994. The spatial variation 
of APARsFc, a is strong, ranging from less than 90 W m -2 in 
the southwest of the region to larger than 140 W m -2 around 
Reindeer Lake (north) and Lake Athabasca (northwest). To 
understand the causes of the variation, the difference between 

monthly mean and minimum TOA albedos observed during 
the same month is presented in Figure 10. Minimum TOA 
albedo (i.e., the lowest albedo observed by the satellite) is 
taken as the nominal clear-sky albedo. The mean-minimum 
difference is thus a proxy for cloudiness, while the minimum 
albedo is closely related to clear-sky surface albedo. Plate 1 
bears a close resemblance to Figure 10 in spatial distribution, 
implying that the spatial changes in APARsFc, a are primarily 
due to the spatial variation in cloud cover. Nevertheless, the 
impact of surface albedo on APARsFc, a is discernible by com- 
paring the minimal TOA albedo (Figure 11) and APARsFc, a 
(Plate 1). The large-scale variation in APARsFc, a is similar to 
Figure 11. For example, the agricultural land in the southwest 
has the highest TOA albedo and the lowest APARsFc, a. The 
effects of increasing solar zenith angle and increasing daytime 
duration with latitude compensate for each other, resulting in 
a weak latitudinal APARsFc, a trend. 

Inadequate diurnal sampling is a major limitation to the use 
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ß 

Figure 11. Same as Figure 10 but for minimum AVHRR channel 1 albedo. 

of AVHRR for mapping daily APAR. The assumption that the 
diurnal variation observed at tower sites represent the varia- 
tions at other locations contains unknown errors which may 
vary from one location to another. The diurnal sampling prob- 
lem can be dealt with using geostationary satellite data from 
GOES [Gu and Smith, this issue]. It should be noted that the 
APARsF c methodology used here is applicable to any optical 
satellite measurements, including geostationary ones. The val- 
idation tests carried out here indicate that this approach yields 
a sound estimate of instantaneous APARsF c. Since these tests 
only assumed accurate satellite sensor calibration, the instan- 
taneous surface-satellite comparisons presented here can also 
be considered as validation for other optical satellite sensors, 
provided that the latter are calibrated. In the case of geosta- 
tionary satellites the spatial resolution and large VZA are the 
main limitations to their use for vegetation monitoring at 
northern latitudes. 

6. Summary 
This study tests and applies a satellite-based algorithm for 

retrieving photosynthetically active radiation (PAR) absorbed 
at the surface (APARsFc). Most of the parameters contained 
in the inversion algorithm were measured during the 
BOREAS, including visible albedo at the top of the atmo- 

sphere (TOA), aerosol optical thickness, solar zenith angle, 
and upwelling and downwelling PAR fluxes observed at the 
flux towers. Satellite measurements of the TOA reflectance 

were acquired by the advanced very high resolution radiometer 
(AVHRR) onboard NOAA 11. Surface PAR observations 
were made at three flux towers located in three mature forest 

stands, namely, TF03, TF08, and TF09. Aerosol optical thick- 
ness was derived from photometers deployed across the 
BOREAS region. The acquired data were matched in time and 
in space and subjected to various corrections and quality as- 
surance steps. Particular attention was paid to the impact of 
three-dimensional clouds, cloud optical thickness, and the bi- 
directional dependence of reflectance on viewing geometry. 
Comparisons between estimated and observed instantaneous 
APARsF c showed small mean and large random differences 
(see Table 3 for summarized comparison statistics). Random 
discrepancy was caused by the mismatch between space-borne 
and surface-based observations under partial cloudy condi- 
tions. In principle, it may also result from enhanced PAR 
absorption by cloud droplets containing black carbon due to 
forest fires. Daily' AVHRR data in 1994 were processed for 
mapping daily and monthly mean APAR over the BOREAS 
region. The sampling problem in deriving daily mean APAR•f½ 
from a single satellite observation was overcome by taking 
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Table 3. Summary of Statistics for Comparisons Between Estimated and Observed 
APARsFc 

Site 

NOBS NOJP SOBS All Sites 

Sky Condition CLR BCD OVC CLR CLD CLR CLD CLR CLD 

md, W m -2 0.2 7.4 38.8 -1.8 -9.3 25.5 2.5 7.3 6.3 
sd, W m -2 17.8 47.9 95.9 32.0 44.9 51.2 58.9 35.7 61.4 

md, mean difference; sd, standard difference; CLR, clear sky; BCD, broken clouds; OVC, overcast; 
CLD, cloudy. 

advantage of the frequent ground-based observations. The re- 
sulting monthly mean APARsfc in the BOREAS region of 
1000 x 1000 km 2 shows a considerable spatial variation, with 
the largest value greater than 140 W m -2 and the smallest near 
90 W m -2. The variation is caused mostly (1) by nonuniform 
cloud distribution, (2) by variable surface albedo, and (3) by 
other factors such as solar zenith angle and daytime length. 

Appendix: Derivation of Albedo From 
Bidirectional AVIt• Reflectance Measurements 

The bidirectional effect, as discussed in the main text, was 
corrected following a method described by Wu et al. [1995] and 
Li et al. [1996], which is outlined briefly here. 

The first step is to fit clear-sky reflectance observations by 
the following equation: 

Ri(Os, Ov, O)= ko + a l(NDVX)klf•(Os, Or, O) 

+ a2(NDVI)k2f2(O, Ov, O) (A1) 

where fx and f2 are functions of three geometric angles, 
namely, solar zenith (0s), viewing zenith (0v), and relative 
azimuth (0) [Roujean et al., 1992]; a x and a 2 are land-cover 
dependent functions of normalized difference vegetation index 
(NDVI) [Wu et al., 1995]. For forest, a x = 0 and a 2 is a 
function of NDVI. Using the clear data shown in Figure 6, k o 
and k 2 were determined to be 0.0633 and 0.1657, respectively. 
A modified bidirectional reflectance distribution function 

(BRDF) is obtained as 

D(Os, Or, O)= 1 + k2/koa2(NDVI)f2(Os, Or, O) (A2) 

Using this BRDF, TOA albedo defined over the entire upper 
hemisphere A (0s) is computed as 

R(O, Or, O) 
A(00 = •(0•, 0•, O) 

2•r•0 •r/2 ß 12(Os, ©v, •) cos ©v sin ©v d©v d•. (A3) 
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