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Abstract

In this study we seek empirical relationships among canopy resistance to water vapor transport, the time-varying leaf area
index (LAI), in situ radiative flux observations, and a satellite-based estimate of leaf state (NDVI, the normalized difference
vegetation index) from a leafless deciduous forest to a covered canopy and vice versa. These relationships can be used in
numerical models such as verification in global climate models. They also can be useful tools for developing remote sensing
techniques.

LAI was found through analysis of frequent video images of canopy evolution in spring and autumn during 1992 and
1993 at a deciduous forest in central Massachusetts. We examined the impact of leaf presence on water vapor transport
during spring and autumn using an LAI time series during leaf emergence and leaf fall for the four study seasons. The
canopy resistance to water vapor transport () decreased abruptly at leaf emergence in each year but then also continued to
decrease slowly during the remaining growing season, owing to slowly increasing LAL One remarkable result is that a single
linear relationship between r, and LAI during leaf emergence can be used to estimate the minimum seasonal 7, associated
with the maximum foliage cover. Canopy resistance and PAR-albedo (albedo from photosynthetically active radiation (PAR)
instruments) began to increase about 1 month before leaf fall with the diminishment of CO, gradient above the canopy as
well, at which time evaporation began to be controlled as if the canopy were leafless. We present empirical linear
regressions relating NDVI, r_, and PAR-albedo. The NDVI linear regressions with surface measurements indicate that
tower-based measurements can represent at least a satellite pixel region. These results reinforce the notion that relationships
among these parameters are scale independent from tower-based measurements spatial scale to a satellite pixel resolution
(1.1km X 1.1km area), at least. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction stomata, a very small scale phenomenon, is ex-

pressed in the large-scale behavior of the forest as a

To understand the regional and seasonal impact of
vegetation on climate, we seek ways to understand
how the transfer of water vapor and CO, across
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whole. The resuits of many observations at the leaf
and branch scale have been incorporated into empiri-
cal mechanistic models that describe transpiration
and C uptake by representing a canopy as a °‘Big
Leaf’ (e.g. Collatz et al., 1991; Amthor et al., 1994).
Specifying how canopy resistance depends on the
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canopy microclimate and canopy characteristics of
different forest types is a key element of the mecha-
nistic models. To bridge the gap in scales, relation-
ships among canopy resistance (r,) and vegetation
indices obtained from satellite remote sensing have
been sought. Sellers et al. (1992a) found a nearly
linear relationship between a modeled canopy con-
ductance (1/r,) and the incident photosynthetically
active radiation (PAR) flux for a grassland ecosys-
tem in Kansas. These models and their simplifica-
tions are designed ultimately to appear as modules to
describe surface exchanges in mesoscale or global
climate models (e.g. Sellers et al., 1986; Dickinson
and Henderson-Sellers, 1988; Xue et al., 1990; Ar-
gentini et al., 1992).

A central problem for these approaches is estimat-
ing the leaf area index (LAI) for different forest
types and then relating it to canopy resistance and to
vegetation indices derived from remote sensing. Each
element—IL Al r_, and vegetation index—has been
measured separately in the past. For example, Ne-
mani and Running (1989) and Running et al. (1989)
used satellite data and calculated canopy resistance
from a forest ecosystem model for which LAI is an
input parameter to estimate regional evapotranspira-
tion. However, there are relatively few observations
on the scale of seasons and longer for which all three
elements have been independently measured (Verma
et al., 1993; Gamon et al., 1995). A program of
long-term measurements of these and other variables
is under way at a midlatitude deciduous forest in
central Massachusetts (Harvard Forest, Wofsy et al.,
1993). In this study, we seek empirical relationships
among r, derived from directly measured heat, water
vapor, and momentum, the time-varying leaf area
index (LAL, in situ radiative flux observations, and a
satellite-based vegetation index for this forest.

The annual cycle of leaf emergence and fall in a
deciduous forest provides an ideal experiment to
determine characteristics of vegetative control on
surface exchanges of H,O and CO,. In a recent
paper, Moore et al. (1996) showed how seasonal
variation in leaf presence at Harvard Forest is regis-
tered in radiative and turbulent exchange properties.
Global solar radiation and PAR (400-700 nm) albe-
dos were demonstrated to be indicators of leaf pres-
ence. Furthermore, these albedos and an albedo de-
rived from satellite reflectances showed linear trends

after the leaf flush through the growing season. Also,
Bowen ratio declined through the growing season,
going asymptotically to its equilibrium value. It
reached its closest value to equilibrium evaporation
in early August. The physiological properties of the
canopy were shown to vary not only during spring
and autumn, but also during the core of the growing
season. In this paper our objective is to quantify
relationships among LAI, r_, and a vegetation index,
with special emphasis on the spring and autumn
transition seasons. We characterize these periods us-
ing measurements from a long-term tower-based mi-
crometeorological measurements (solar radiation and
r.) and relate them quantitatively to a vegetation
index and LAI through simple linear regressions.

2. Site, instrumentation, and data
2.1. Site

Since 1991, groups from the University at Al-
bany, SUNY, Harvard University and other institu-
tions have made nearly continuous measurements of
atmospheric turbulence and trace gas exchange at
Harvard Forest (42.54°N, 72.18°W), a mixed decidu-
ous forest located near Petersham, Massachusetts.
The forest lies in the transition hardwood—white
pine-hemlock forest region. The dominant tree
species near the site are approximately 70% northern
red oak (Quercus rubra) and 30% red maple ( Acer
rubrum, Amthor et al., 1994). The averaged canopy
height is about 20m. Terrain near the site ranges
from 220 to 410 m above sea level (Foster, 1992)

2.2. Instrumentation

The Environmental Monitoring Site (EMS) tower
is an instrumented 30 m micrometeorological tower.
Near the tower the terrain slopes 3.1° toward the
ENE. Instruments on the tower include those to
measure mean profiles of temperature and humidity
and turbulent fluxes of sensible heat and water va-
por. Turbulent fluxes are calculated at 20 min inter-
vals using the eddy correlation technique from data
acquired at 10Hz from sonic anemometers at two
levels (30m and 11 m) and fast-response sensors to
measure water vapor and CO, fluctuations (Camp-
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bell Scientific (Logan, UT) krypton hygrometers and
Li-Cor (Lincoln, NE) 6262 CO,-H,0 sensors). Ra-
diation observations include global solar radiation,
PAR (400-700nm), and long-wave radiation. These
measurements are made with pairs of upward- and
downward-looking long-wave (Eppley (Newport, RI)
PIR), short-wave (Kipp and Zonen (Delft, Nether-
lands) pyranometer CM-11), and PAR (Li-Cor quan-
tum sensor) instruments mounted on a 1.5m arm
extending from the tower at 27 m, about 7m above
the canopy. A more complete description of the
instrumentation at the site has been given by Wofsy
et al. (1993), Lu and Fitzjarrald (1995), Goulden et
al. (1997), Moore et al. (1996), and Munger et al.
(1996). Data for most of the growing season period
in 1993 are incomplete.

2.3. Leaf area index (LAI)

In this study, we draw on one direct method and
two indirect methods to determine LAIL, the (one-
sided) foliage coverage by unit of ground area. LAI
at the end of the growing season was determined by
Bassow and Bazzaz (1993, Bassow and Bazzaz,
1994) using 35 litter fall baskets dispersed near the
tower. On several occasions, these workers also ob-
tained LAI estimates using an LAI-2000 Plant
Canopy Analyzer (Li-Cor; hereafter PCA). We used
a variant of the photographic technique to track plant
area index (PAI) during the transition seasons of
1992 and 1993. Our digital images from a wide-an-
gle lens were used to provide the fine temporal
resolution LAI estimates during leaf emergence and
leaf fall. The litter fall basket results each autumn
provide a reference point to calibrate the digital
images (see text below).

The canopy image system consists of a vertically
pointing CCD (charge coupled device) video camera
(Sanyo, (Tokyo, Japan) Model VDC3800) with a 60°
field of view lens placed at one location on the forest
floor. Canopy images were automatically digitized
using a digitizer—transmitter (Imagewise, Inc.
(Vernon, CT)) and the image files were stored hourly
in a personal computer. Each image has 244 X 256
pixels with 64 gray scales. One important difference
between digital images and photographs is the fact
that in photographs LAI depends on the exposure of
the film (Chen et al., 1991). Coarse resolution lim-

ited the resolution and performance of the video
system (see below). Because our lens is not hemi-
spherical, we determined a transformation mapping
each pixel position to its zenith and azimuthal angles
referring to a checkerboard image (Sakai, 1995).
Pixel resolution at the zenith is 13.9cm X 17.8cm at
20m distant (mean canopy height), 6.9 cm X 9.0cm
at 10m high.

2.4. Ancillary data

These include the two weeks composite NOAA-
AVHRR (National Oceanic and Atmospheric Ad-
ministration Advanced Very High Resolution Ra-
diometer) normalized difference vegetation index
(NDVI) satellite images described by Moore et al.
(1996). The NDVI calculated from AVHRR re-
flectances in these data is given by

NIR — VIS
NDVI= —————— (n

NIR + VIS
where NIR is the reflectance in the near infrared
(700-1100nm) and VIS is the reflectance in the red
channel (580-680nm). Each NDVI pixel near Har-
vard Forest represents a 1.1km X 1.1km area. Use
of the index minimizes the effects of variations in
background reflectance and emphasizes variations in
the data that occur because of green vegetation
(Schlesinger, 1991). Supplementary data from a cli-
mate station near Harvard Forest (Amherst, MA,
42.38°N, 72.53°W) was obtained from EarthInfo Inc.

2.5. Calculations

2.5.1. Leaf area index (LAI) and plant area index
(PAID)

We used the digital images to determine plant
area index (PAI, foliage and branch cover combined)
according to standard techniques. As it is very diffi-
cult to distinguish leaves and tree branches in digital
images, we refer to the combined index as the plant
area index (PAI). On the basis of the assumption that
the Poisson model (exponential decay) is suitable for
the light penetration within the canopy, foliage ele-
ments are randomly distributed, and the canopy is
full cover, the effective leaf area index (L,) can be
written as (Welles and Norman, 1991)
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L.= =2 In[ P(6)]cos( )sin(8)d6 2)

where P(8) is the gap fraction, and 6 is the zenith
angle. Gap fraction refers to the ratio of sunfleck
surface over the total surface under the canopy, in a
given zenith angle. In clumped canopies, such as
forests, leaves tend to overlap with each other, and
LAI values determined by indirect methods are usu-
ally underestimated. The relationship between LAI
and L, is given by

L, = ALAI

where A is an empirical clumping index (Chen and
Black, 1991) or dispersion coefficient (Baret et al.,
1993). A value of A <1 means that the canopy is
clumped, A = 1 means that the canopy has a random
leaf distribution, and A > 1 indicates that the canopy
is more sparse.

During 1992, the PAI determined using the PCA
in early June, after the leaf flush, was 3.2. It in-
creased to 3.7-4.0 in July and August, and then
declined to 3.5 in late September. In February 1993,
it fell to about 0.9, when the canopy was leafless.
LAI from litter fall was found to be 3.4 for both
1992 and 1993. The PAI for a defoliated forest is
also known as WSI (woody silhouette-area index,
Chason et al., 1991). For a deciduous forest some
workers (Chason et al., 1991; Bassow and Bazzaz,
1994) assume that the LAI is the difference between
PAI and WSI. At Harvard Forest, the LAI value
from PCA for 1992 was 3.1, somewhat lower than
the LAI from litter fall baskets showing that the leaf
distribution is a little clumped with A =0.91. Other
studies using the Poisson model (Nilson, 1971) also
have resulted in underestimates of the PAI for decid-
uous forests (Wang and Miller, 1987; Neumann et
al., 1989; Chason et al., 1991) and for coniferous
forests (Chen and Black, 1991; Gower and Norman,
1991; Fassnacht et al., 1994).

The best contrast between the sky and plant ele-
ments in the digital images is on cloudy days without
rain. An apparent diurnal variation was found before
the leaf emergence and after leaf fall because of the
sensitivity of the estimated PAI to the incident solar
radiation (Rich et al.,, 1993; Yang et al.,, 1993). As
the leaves start to appear, glare is less pronounced
even on clear days at low zenith angles. As the
digital camera was located in only one place, a

spatial survey was performed on | day using digital
images for 12 locations within 100m of the EMS
tower (Sakai, 1995). Although there were spatial
variations of about 40—-50% of PAI value for foliated
canopy, the estimate at the permanent site was within
2% of the mean, and 15% of the median of these
data.

The WSI calculated from digital images (mean
value + standard deviation) before the leaf emer-
gence and after leaf fall was 0.78 + 0.08, 0.82 + 0.11,
and 0.84 + 0.08 for spring 1992, spring 1993, and
autumn 1993, respectively. These values are slightly
smaller than those obtained using the PCA (WSI =
0.95 + 0.05) in February 1993, when the canopy was
leafless. As the leaves emerged, we found a consis-
tent underestimation of PAI using the digital images.
We believe that this occurred because the images
lacked sufficient resolution to detect small plant
elements, leading to an overestimation of gap frac-
tions. The effect of sunlight reflected from leaves
may also reduce contrast and the ability of the
system to distinguish leaves. Each error introduces
an overestimation of the gap fraction and an underes-
timation of PAI. The use of a blue filter and higher-
resolution digital images may limit these problems in
the future. We note that the digital images capture
the transition of a leafless to a foliated canopy with a
fine temporal resolution. Asserting that these errors
lead to a change of scale alone, we adjusted the
image LAI values to those obtained from the litter
fall baskets and the PCA: The LAI time series (Fig.
1) was obtained by subtracting the WSI from the
corrected PAI time series and dividing the result by
the clumping factor A.

2.5.2. Canopy resistance r,

Canopy resistance (r,, Monteith, 1965) was esti-
mated assuming no difference among the aerody-
namic resistances to momentum transfer (r,,, ), vapor
exchange (r,,), and heat exchange (r,,):

pCde Bs r,
re=———\—~ T
YLE Y Ta
pC. de Bs
=—T 4 (— - l)ram (3)
YLE Y

where p is the air density, C, is the specific heat at
constant pressure, de is the water vapor pressure
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Fig. 1. PAI values for leaf emergence (a) and leaf fall (b) event for 1993. Graphs (c) and (d) correspond to PAI linearly corrected (see text).
Vertical dotted lines represent the start of leaf emergence (a and c) or end of leaf fall (b and d). The bars represent the spatial variability

determined by a spatial survey.

deficit, y is the psychrometric constant, LE is the
latent heat flux, 3 is the Bowen ratio, s is the slope
of the saturation vapor pressure vs. temperature given
by the differential form of the Clausius—Clapeyron
equation, and r,, is the aerodynamic resistance,
given by

Tam = U/W, (4)
where U is the horizontal wind speed, and u, is the
friction velocity. Turbulent fluxes and the averaged
wind speed were calculated from the eddy correla-
tion system at the top of the tower, and temperature
and relative humidity correspond to measurements at

279 m. We checked the importance of assuming
rum =1, =1,y following Vogel et al. (1995):

T _ ln[(z - d)/ZO]
ram ln[(z_d)/ZH]

where d is the displacement height, and z, and z,
are the roughness length for momentum and heat,
respectively. Assuming that r,, =r_;, z,= 1 m, and
In(z,/zy) = 2 (Garrat, 1992), and taking d = 19.8 m
(Moore et al,, 1996), we found that the canopy
resistance has a maximum uncertainty less than 10%
during the foliated period.

(5)

Anomalous values of 7, mainly associated with
rain were discarded by selecting days for which the
observed global solar radiation is greater than 70%
of the solar radiation of the top of the atmosphere
(sunny days). Instead of using a mean midday value
of r. (Moore et al., 1996), an average r, weighted
by the inverse of the water vapor deficit (Tan and
Black, 1976) was found:

rcl

g

where the bars correspond to a time average over the
day (09:00-17:00h Eastern Standard Time (EST))
guaranteeing that minimum r, will be taken in ac-
count. We found that the daily weighted averages
produced an r, times series with less variability than
the one reported previously (Moore et al., 1996).

r.= (6)

C

= |

€;

2.6. The case study seasons

Our study years, 1992 and 1993, were character-
ized by significantly different growing seasons. The
growing season 1992 was cooler and more overcast
than normal; in 1993 it was warmer than normal.
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The monthly averaged daily maximum temperature
record of Amherst (MA) shows that April 1992, was
the third coldest from the past 43 years and it was
3.2°C colder than April 1993. The Ambherst climate
record shows that precipitation was temporally well
distributed in 1992, with no dry period exceeding
10days. There was abnormally low monthly total
precipitation in May 1993. A striking interannual
difference is the start of leaf emergence for the two
study years—Day 137 for 1992 and Day 124 for
1993 according to the LAI and albedo time series.
This result is consistent with that of Schwartz and
Marotz (1988), who suggested that the date of leaf
emergence depends both on a degree-day heat sum
controlled by increased solar radiation in spring as
well as on transient episodes of warm advection
associated with synoptic events, such as frontal pas-
sages. Day of the year of initial bud break, and 90%
of total canopy leaf emergence from Amherst (Mauri,
1996) show that there is a positive correlation be-
tween a warm April and an earlier initial bud burst.
Synoptic charts (NOAA daily weather maps) show
that in 1992 there were two frontal passages over the
region, and three frontal passages in 1993 during the
month of April. The 90% leaf emergence in 1993
happened 6 days earlier than in 1992 at Amherst and
Harvard Forest. One possible consequence, noted by
Goulden et al. (1997), is that total seasonal C uptake
strongly depends on the start time of the canopy
development because the day length is near maxi-
mum in May. Goulden et al. estimated that there is a
potential loss of 0.5tCha~" of carbon uptake during
these 6 days in 1992 at Harvard Forest (about 50% of
the gross ecosystem production difference between
1992 and 1993).

3. Analysis

Fig. 2 and Fig. 3 illustrate that an abrupt drop in
canopy resistance accompanied leaf emergence. In
1992, the steady decrease of r. until the minimum
r.=50sm™' was reached in late summer (ap-
proximately Day 219, 7 August). Then r, increased
slightly to about 180sm~' at 1month before leaf
fall. A similar pattern was observed in midday
PAR-albedo values. The increase of PAR-albedo
before the complete leaf fall indicates the changing

leaf color. Reflecting the first signs of leaf senes-
cence, the gradient of CO, between the top of the
tower and the overstory level at noon also decreased
(Fig. 2 and Fig. 3), consistent with the decreased
CO, uptake by the forest after the leaves changed
color reported by Goulden et al. (1997). However,
during leaf fall there is no dramatic change in total
midday albedo value—it remained between 0.12 and
0.14 and then decreased, as did the LAIL

Linear regressions were performed to obtain em-
pirical relationships among some of the parameters
illustrated in the time series in Fig. 2 and Fig. 3. The
results are summarized in Table 1. Despite the differ-
ences in leaf emergence times, the regression coefti-
cients for the period of leaf emergence during 1992
and 1993 are similar.

The r.—LAI regression can be used to predict r,
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Fig. 2. Time series of NDVI, PAR-albedo, canopy resistance (r,),
CO, gradient between 29.0m and 18.5m levels (d[CO,]/dz),
total albedo, and LAI for 1992. Dots for NDVL, r_, and CO,
gradient graphs represent data set. The light dotted line in NDVI
graph represents values from a empirical relationship obtained
from Becker (1993) (see text). Dashed lines represent the spatial
variation in LAI (see Fig. 1). Horizontal light dotted line segment
on August corresponds to the NDVI estimated using LAI from
litter fall baskets. Line in r, graph is the smoothed line. High
values of total albedo and PAR-albedo associated with snow are
not shown. Dashed vertical lines represent the start of leaf emer-
gence and end of leaf fall. Continuous vertical line represents the
day when PAR-albedo attains the same value just before the leaf
emergence.
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Fig. 3. Same as Fig. 2 but for 1993.

in midsummer (Fig. 4). The canopy resistance pre-
dicted from the linear regression is 73sm~' when
LAI =34 (the end of season value obtained from
litter fall baskets), and this compares favorably with
the average daytime canopy resistance between Days

216 and 275 of 69 + 19sm~'. This period included
the seasonal minimum r, and the maximum PAI
value obtained from the PCA. This steady decrease
of canopy resistance indicates that this forest is not
physiologically static during most of the summer.

Table 1

Linear regression summary for clear days

Variables Season and year a o, b a, r? N

LAI vs. PAR-albedo Spring 92 0.0570 0.0012 —0.0082 0.0006 0.86 32
Spring 93 0.0584 0.0008 —0.0071 0.0005 0.88 28
Autumn 92 0.0582 0.0029 —0.0027 0.0011 043 10
Autumn 93 0.0563 0.0020 —0.0028 0.0010 0.29 21

LAl vs. r, Spring 92 375 46 —88 19 0.65 13
Spring 93 380 49 —100 34 0.68 6
Autumn 92 89 183 29 69 <0.01 7
Autumn 93 338 147 6 82 < 0.0l 9

LAI vs. albedo Spring 92 0.1065 0.0029 0.0214 0.0014 0.94 18
Spring 93 0.1096 0.0011 0.0236 0.0009 0.99 10
Autumn 92 0.0876 0.0062 0.0147 0.0023 0.83 20
Autumn 93 0.1155 0.0037 0.0106 0.0018 0.66 20

r. vs. PAR-albedo Spring 92 —-60 49 6.3E3 1.3E3 0.64 15
Spring 93 — 147 51 8.4E3 1.3E3 0.81 12
Autumn 92 - 171 51 7.6E3 1.2E3 0.75 15
Autumn 93 -235 235 10.4E3 4.8E3 0.32 12

a, Intercept; o, standard deviation of intercept; b, slope; o, standard deviation of slope: r?, squared regression coefficient; N, size of
sample.
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Fig. 4. Scattered plot of LAI vs. canopy resistance (r,) for leaf emergence (a) and leaf fall (b). O, Data for 1992; O, data for 1993.
Continuous line corresponds to the regression line for 1992, and the dotted line corresponds to the regression line for 1993. Numbers at the
top correspond to the day of the year of 1993 data, and numbers at the bottom correspond to the day of the year of 1992 data. ‘x’, Average
value of canopy resistance from Day 216 and 275; ‘c’ and ‘d’, coniferous and deciduous data from Kelliher et al. (1994).

One possible explanation was given by Tumner and
Heichel (1977). They measured the stomatal resis-
tance (r,) over the 1972 season for a red oak and red
maple in Connecticut. Maple leaves reach a seasonal
minimum stomatal resistance just after the leaf flush
(about June), but then begin to increase slowly after
I month. Oak leaves, however, tend to reach their
seasonal minimum resistance later and maintain it
until senescence. As the dominant species near the
EMS is oak, and there is an increase of LAI after
leaf flush (2.8) until maximum canopy cover (3.4), it
is consistent that the canopy resistance would also
decrease throughout the growing season.

As the LAI is not too large, and assuming that all
r, for individual leaves are in parallel, the canopy
resistance will be given by r. = r, /LAl Using the
seasonal minimum 7, provided by Turner and He-
ichel (1977) and weighting oak and maple according
to the approximate occurrence at the Harvard Forest
site, we found that the predicted LAI is approxi-
mately 3.5. The ratio r,/r. is close to the value
proposed by Kelliher et al. (1994), who studied
several forest types (Fig. 4). They proposed that the

ratio between the minimum seasonal r, and r, is
about three. However, this LAI-r_ relationship is
valid for this forest only for the period when the
canopy resistance reaches its seasonal minimum.
Even after the leaves appeared to be fully out, r,
continued to decrease. An important consequence is
if one were to estimate evapotranspiration based on
canopy resistance measurements conducted in late
spring (when it might appear that leaf emergence is
complete), it would lead to an underestimation of
evapotranspiration by as much as 100% in late sum-
mer.

During leaf fall, only LAI and total albedo linear
regressions have r? greater than 0.5. About 1 month
before the leaf fall starts, as the leaves start the
change color, and the PAR-albedo starts to increase,
the forest evapotranspiration decreases, and the
canopy resistance increases. This results in a high r2
(0.75) in r_ and PAR-albedo linear regression during
this period. The corresponding increase in r, at this
time is consistent with findings at the leaf scale of
Turner and Heichel (1977). They showed that r,
starts to increase from 300sm ™' and 500-700sm ™’






