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Abstract. Solar radiation was measured within and above an east Tennessee deciduous 
forest over a 2-yr period. Diurnal patterns of within-forest radiation follow the temporal 
variation in incident radiation but become more irregular with depth in the forest because of 
the highly variable penetration of beam radiation in space and in time. Seasonally, radiation 
in the forest increases substantially from winter to its annual maximum in early spring as solar 
elevations increase. Although solar elevations continue to rise each day until the summer 
solstice, amounts of total radiation and its beam component drop sharply in the forest with 
the advent of leaf expansion. Diffuse radiation in the forest continues to increase slowly follow­
ing the onset of leaf expansion but reverses as the forest approaches a fully leafed state. Fol­
lowing the summer solstice, forest structure remains essentially static until abscission while 
solar elevations decrease. In summer and early autumn, total radiation and both its beam and 
diffuse components decrease slowly in the forest to their annual minimum in autumn. With 
leaf abscission and subsequent fall, radiation increases slightly in the forest but soon declines 
again as solar elevations approach their annual minimum of the winter solstice.

Key words: Deciduous forest; diffuse radiation', direct beam radiation-, diurnal variation-, 
fractional penetration', radiation climate', seasonal variation; solar radiation, spatial variation, 
temperate forest', Tennessee.

Introduction

Solar energy is the driving force for essentially all 
processes occurring within ecosystems. Because of 
the dependence of ecosystem functioning upon solar 
energy, evolution has resulted in ecosystems that tend 
to be dominated by the primary producer trophic 
level. In terrestrial ecosystems, green plants are 
nearly always the ecological dominants. By virtue of 
the architecture of forest ecosystems, the canopy of 
photosynthetic tissue largely governs both abiotic and 
biotic energy flows within these ecosystems. The 
canopy controls abiotic energy flow through the com­
bined effects of biomass distribution, geometry, and 
optical characteristics upon the penetration of solar 
radiation into the forest and upon the partitioning of 
radiant energy within the forest. Since forest canopies 
shade the ground beneath, the bulk of photosynthetic 
production of forests occurs in the overstory canopy, 
therefore the biotic energy flow in the system is 
strongly controlled as well.

As part of the ecosystem analysis effort at the Oak 
Ridge site, Eastern Deciduous Forest Biome, U.S. 
International Biological Program, we have studied 
the space and time distribution of solar radiation 
within a deciduous forest dominated by tulip poplar 
(Liriodendron rulipifera). The objectives of this

study were: (1) to determine the variation of solar 
radiation in space and time in the forest and (2) to 
relate this variation to the structure and phenologi- 
cal state of the forest. In this paper we deal with 
these objectives rather qualitatively. Subsequent 
papers will attempt to quantify the relationships be­
tween forest radiation regimes and forest structure.

Forest radiation regimes are highly variable be­
cause of the interactions of a variety of external and 
internal factors. Amounts of radiation incident upon 
the forest vary regularly owing to diurnal and sea­
sonal changes in earth-sun geometry and irregularly 
because of varying atmospheric turbidity and cloudi­
ness. Optical characteristics of forests change through 
time with phenological changes in forest structure and 
with forest tree growth. Superimposed upon the 
variation produced by these factors is that variability 
resulting from horizontal and vertical heterogeneity 
in forest structure.

In this paper we illustrate the effects of the earth s 
daily rotation upon forest radiation regimes by con­
sidering full-day radiation records above and within 
the forest. The effects of seasonal changes in earth- 
sun geometry and of phenological changes in forest 
structure are shown by comparing clear-day radiation 
totals in each of seven phenoseasons which charac­
terize the forest in terms of season and phenological 
state. A phenoseason is a segment of the year during 
which the prevailing earth-sun geometry and pheno-
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Shannon-
Canopy

level

Upper
Mid
Forest floor
Overall Range 

Height
(m)

16-30
10-15

1.5- 9
1.5-30

Average
dbh

(cm)

23.8
8.6
2.3

Basal area 
(nr/hectare)

24.0
1.7
3.0

Total 28.7

Density
(stems hectare)

520
290

4770
Total 5580 Overall 

Weaver
species

diversity
index

1.11
1.42
1.78

index 2.06

logical state of the forest create a unique set of 
conditions which determine forest radiation regimes. 
We present data from clear days to prevent confound­
ing the effects of these sources of variation by 
changing cloudiness. Nevertheless, some variation is 
included resulting from the differing amounts of at­
mospheric turbidity present on these clear days. 
Since we have no measure of this factor, we are un­
able to separate out its effect upon forest radiation 
other than hy selecting data from the clearest days 
of record for analysis. To show the effect of cloud 
cover, we include data from a heavily overcast day in 
winter and in summer for comparison. Since partly 
cloudy days are difficult to characterize for com­
parative purposes, we ignore data from such days 
except in the derivation of the annual radiation bud­
get for the forest under study. Finally, the effects 
of horizontal and vertical heterogeneity in forest 
structure are quantified through replication of mea­
surements of forest radiation in horizontal and verti­
cal space.

To further illustrate the effects of seasonality and 
phonological changes in forest structure, average phe- 
noscasonal penetration rates were calculated and ap­
plied to phcnoseasonal total incident radiation mea­
sured at the NO A A weather station in Oak Ridge, 

10 km to the north. As described below, the method 
of derivation of the seasonal budget attempts to ac­
count for the variation arising from differing degrees 
ot cloudiness and morning fog that is frequently 
present in east Tennessee. All data from this study- 
are written on magnetic tape and may be obtained 
for further analysis from the authors.

Site Description

The forest in which this study of radiation climate 
was made is a serai, deciduous forest composed pre­
dominantly of tulip poplar, Liriodendron tulipifera 
L. The stand is — 50 yr of age and is situated in a 
moist limestone sink on the ERDA reservation 10 
km south of the town of Oak Ridge. Because of the 
mesic nature of the sink, this stand has a higher 
density and a more highly developed understory than 
is typical of the Appalachian region.

The overstory canopy is nearly pure tulip poplar 
although numerous other species are present in small 
numbers. The overstory canopy extends down past 
the zone of crown closure (—20 m above the floor) 
to about 16 m elevation. The lower limit of the over- 
story is rather well defined since the live crown 
generally ends at 16 m. Between 16 and 10 m there 
are a few crowns of suppressed trees, but in general 
this stratum is devoid of biomass other than the boles 
of codominant overstory trees. Below 10 m, however, 
is a rather distinct secondary canopy composed prin­
cipally of flowering dogwood (Cornus florida) and 
redbud (Cercis canadensis). This secondary canopy 
extends down to about 3 m above the forest floor. Be­
low 3 m are the crowns of numerous saplings and 
shrubs of various species.

The pertinent mensurational data for this forest 
are shown in Table 1, along with the Shannon-Weaver 
diversity indexes for tree species in the various can­
opy strata. The overall basal area of this forest at the 
time of this study was -28 m-’/ha, while the total 
stem density exceeded 5,500 stems/hectare. The leaf 
area index of this forest when fully leafed was 6.0 
(Dinger et al. 1972). Figure 1 shows a general view 
of the forest under study in summer full-leaf.

The climate of the region in which the study site 
is situated is characteristically warm and humid. 
Winters are mild and wet with frontal storm systems 
predominating. Summers are hot and humid with 
convective thunderstorms developing almost daily, 
yielding scattered areas of intense precipitation. Be­
cause of the high humidity and nearby reservoirs in 
the Tennessee River system, heavy radiative ground 
fog is frequently present in mornings throughout the
year. Hence, fog at this site often persists well into 
the day.

I he study is within the zone of influence of an 
unshielded research reactor at the Oak Ridge Na- 
"°na! Laboratory. Because of this, we could enter 
the site only during periods when the reactor was not 
in operation. As a result, instruments and the data 
acquisition system could not be checked frequently, 
hence, mamtenancc and repair of the monitoring
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Fig. 1. General view of the tulip poplar stand in midsummer showing method of deployment of elevated solar- 
imeters. ORNL Photo #2155-73.
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syslcm was a continuing problem which created diffi­
culties in data analysis.

Methods

Radiation reaching the earth's surface is of two 
forms; radiation in a collimated beam directly from 
the sun (beam radiation), and radiation diffused by 
its passage through the earth’s atmosphere (diffuse 
or sky radiation). These two radiative components 
interact differently with vegetation and so must be 
measured separately if the relationships between stand 
structure and radiation climate are of interest (An­
derson 19646). Total radiation was measured using 
open sensors, while the diffuse component was mea­
sured using sensors equipped with shadow bands as 
designed by Horowitz (1969). (A shadow band is 
visible on the forest floor in Fig. 1.) Subtracting 
the diffuse radiation amount from the simultaneous 
total radiation yields an estimate of the direct beam 
radiation received at that time.

The penetration of beam radiation into a forest 
depends upon the flux density of the solar beam inci­
dent upon the stand and upon the number, size, and 
space distribution of canopy openings (Anderson 
1964r, Anderson and Dcnmead 1969, Horn 1971, 
Reifsnydcr et al. 1971). On the other hand, diffuse 
radiation penetration depends upon the distribution 
and amount of sky brightness, the number, the size, 
and the space distribution of canopy openings, and 
the geometry, space distribution, and optical charac­
teristics of the forest biomass (Vcrhagen et al. 1963, 
Anderson 19646,c, Anderson and Denmead 1969, 
Horn 1971, Miller and Norman 1971). Since the 
sun's apparent position changes through the day and 
from day to day, and since canopy opening distribu­
tions tend to be highly variable, the amount of beam 
radiation penetrating a forest canopy is highly vari­
able in space and time. In contrast, the factors 
governing the penetration of diffuse radiation are 
not highly variable, therefore diffuse radiation within 
a forest is more uniform in space and time. As a re­
sult, different sampling schemes are necessary for 
measurements of the two radiative components if 
comparable statistical accuracy of the two quantities 
is required (Gay et al. 1971, Reifsnydcr et al. 1971). 
Reifsnyder et al. (1971) found that 18 replicate 
measurements of total radiation at the floor of a 
Connecticut deciduous forest were necessary to ob­
tain space means having standard errors of the means 
of ±10 millilangleys per minute (mly/min) [*®418 
joules/m2] or less. Only two replications of the dif­
fuse measurement were necessary to attain this level 
of precision.

Radiant flux densities were measured within and 
above the forest with an array of Lintronic Dome 
Sol a ri meters®, a commercial modification of Mon-

teith's (1959) field solarimctcr. These instruments 
sense radiation in the spectral hand 0.3 to 3 pm, this 
band accounting for some 9897 of the solar energy 
reaching the earth's surface (Fritz 1958). Horizontal 
space variation in total radiation received within the 
forest was assessed through replication of observa­
tions at a given level. Vertical variation was similarly 
determined by replicating the horizontal arrays at 
three levels in the forest. All sensors were randomly 
situated in horizontal space with 11 replications at the 
16-m level and 12 at the 3- and 0-m levels. Elevated 
sensors were mounted on the tops of telescoping 
steel masts extended to the desired height (see Fig. 1).

The levels of vertical replications of measurement 
were selected such that the attenuation of radiation 
by major canopy strata could be determined. The 
sensors at 16 m were at the base of the overstory 
canopy while those at 3 m were at the base of the 
secondary canopy. The sensors on the forest floor 
were elevated above the general level of herbaceous 
vegetation and thus sensed that radiation penetrating 
the three-canopy strata: the overstory canopy, the 
secondary understory canopy, and the shrub layer.

Incoming diffuse radiation was also measured at 
each of these levels. Following Reifsnyder et al. 
(1971), the diffuse measurements were replicated 
twice at the 0- and 3-m levels. Only one measurement 
of this variable was possible at 16 m throughout 1972 
and early 1973. In late 1973, the diffuse measure­
ment was replicated twice at 16 m as at other levels.

The total and diffuse radiation incident upon the 
forest was measured using single open and shaded 
sensors located 32 m above the forest floor, 1 to 2 m 
above the tops of the tallest trees. Although Drum­
mond (1956) developed a method for correcting 
measurements of diffuse radiation for that radiation 
originating in the area of sky occluded by the shadow 
band, all diffuse data are presented here uncorrected. 
We feel that the distribution of brightness in the for­
est canopy is likely to be considerably different from 
that in the sky owing to the conversion of beam radia­
tion to diffuse radiation by multiple reflections and 
transmissions from and through leaves. Hence appli­
cation of corrections such as those proposed by 
Drummond (1956) is probably inappropriate for 
measurements within plant stands and thus all diffuse 
data are presented in their uncorrected form.

All sensors were periodically recalibrated against 
an Eppley Precision Pyranometer® that we use as a 
local standard. Owing to the nonlinear response of 
the Lintronic sensors, nonlinear calibration functions 
were empirically derived for each sensor used in this 
study (Matt and Hutchison 1974). These functions 
were used to convert the millivolt output signals from 
the Lintronic solarimcters to engineering units. Care 
was taken to orient all sensors the same during cali-
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bration and during field measurements to minimize 
errors arising from departures from flatness of the 
printed-circuit sensing elements.

The output signals from all sensors were fed into 
a data acquisition system, scanned periodically (10- 
min intervals on weekdays in 1972, 5-min intervals on 
weekdays in 1973, and 20-min intervals on week­
ends), converted to digital form, and recorded on 
punch paper tape. Subsequently these paper tapes 
were read, the data converted to engineering units, 
edited, and summarized.

As noted above, horizontal space variation in total 
and diffuse radiation was assessed through simul­
taneous, horizontally replicated measurements. The 
space average direct beam radiation can then be 
derived by subtracting the space mean diffuse radia­
tion front the space mean total. Vertical variation 
was assessed through comparison of space means 
from the three different levels. Temporal variation 
within days was characterized by analyzing radiation 
measurements made periodically through full days. 
All curves of smoothed data were smoothed using a 
five-point smoothing technique.

Seasonal variation in radiation incident upon the 
earth's surface increases with increasing latitude 
owing to the combined effects of the earth’s tilted 
axis of rotation and its annual revolution about the 
sun. Superimposed upon this regular, annual cycle 
of radiation received within plant stands is another, 
less regular variation produced by phenological 
changes in stand structure. Even in temperate zone 
conifer forests, seasonal changes in radiation climates 
have been reported which are ascribed to phenologi­
cal changes in the canopy structure (e.g., Schomaker 
1968).

In deciduous forests, the effects of phenological 
change upon radiation climates within the forests 
rival those effects of changing celestial geometry. 
Salisbury (1916) referred to two different radiation 
climates in the deciduous woodlands in which he 
worked. The radiation regime in the leafless winter 
forest was termed the light phase, while the radiation 
climate of the fully-leafed summer forest was termed 
the shade phase. While these relative phases are 
clearcut, they do not coincide with absolute amounts 
of radiation penetrating deciduous forests because of 
the great variation in incident insolation from day to 
day and from season to season (Anderson 19646).

To account for the seasonally and phenologically 
induced changes in forest radiation regimes, we 
define seven phenoseasons as shown in Fig. 2, using 
the solstices, the equinoxes, and dates of phenological 
events in this forest of importance to radiation pene­
tration. Phenological data were obtained from Taylor 
(1974). Data from a single clear day in each pheno- 
season were summarized and plotted over time of

t
Fig. 2. Phenoseasons in the tulip poplar forest. 

RNL Dwg. 74-11562.O

year to illustrate the changes in forest radiation cli­
mates resulting from changing earth-sun geometry 
and phenological state.

To further illustrate seasonal differences, average 
phenoseasonul penetration rates were calculated and 
applied to the continuous radiation record from the 
NOAA weather station in Oak Ridge. In this way, 
the annual radiation regime above and within this
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JONURRT 16. 1973

Fig. 3. Diurnal course of average radialion on a clear 
day in (he winter leafless forest: (a) above canopy total 
and diffuse radiation, (b) 16 m total and diffuse radi­
ation. (c) 3 m total and diffuse radiation, and (d) 0 m 
total diffuse radiation. The arrows on the abscissae 
(time axis) of this and subsequent figures denote solar 
noon. Afternoon peaks in diffuse radiation curves are 
spurious and result from beam radiation passing beneath 
the shadow band and striking the shaded sensor. To con­
vert millilangleys (mly) to joules per square metre 
(J nr), multiply by 41.84. ORNL Dwg. 76-15807.

forest was derived. For this approximation, data 
from partly cloudy days had to be included since 
partly cloudy skies are far more common than either 
clear or heavily overcast skies. To incorporate the 
effects of varying cloudiness, the continuous radiation 
record from the Oak Ridge weather station was seg­
regated into clear, partly cloudy, and overcast morn­
ings and afternoons and the half-day totals of radi­
ation calculated for each of the six cloudiness time 
period categories. The separation of morning and

afternoon data was necessary hccattse of the frequent, 
heavy morning fog that is present in this region on 
clear to partly cloudy days.

Similarly, the forest radiation data were segregated 
as above as well as by phenoseason. Average pheno- 
seasonal penetration rates were then calculated for 
each cloudiness-time period category for each of the 
three levels in the forest. Summing the appropriate 
half-day radiation totals from the Oak Ridge station 
over the phenoseason and multiplying by the cor­
responding fractional penetration for each forest level 
yielded an estimate of the total radiation received at 
each level in the forest for each kind of half-day 
cloudiness category in each phenoseason. Summing 
these estimates over all cloudiness classes and half­
days in each phenoseason yielded an estimate of the 
total radiation received during each of seven pheno- 
scasons at each of the three levels in the forest. From 
these derived totals, gross phcnoseasonal mean pene­
tration rates were calculated, as well as photosyn- 
thetically active and leafless seasonal totals and per­
centages.

Results and Discussion 

Clear clay forest rtuliatiori regimes

Radialion regimes above and within the winter 
leafless forest on a representative January day are 
shown in Fig. 3. Since total radiation represents 
the sum of the beam and diffuse radiation com­
ponents, the differences between the total and diffuse 
radiation curves on this and subsequent similar figures 
represent the flux densities of beam radiation re­
ceived. As is evident from Fig. 3a, skies on this win­
ter day were clear except for the 2-h period just prior 
to solar noon. During this time, thin clouds or haze 
developed which were sufficiently dense to reduce 
beam radiation inputs slightly, but not so dense as 
to significantly increase the incident diffuse radiation. 
The brief plateau at 0900 h in the total radiation 
record of Fig. 3a results from melting of frost on 
the solarimeter dome. Peaks in the diffuse radiation 
records at around 1600 h arc spurious and result from 
beam radialion passing beneath the shadow bands and 
striking the shaded sensors. The equivalent morning 
peaks are absent because of topographic shading by 
a low ridge to the southeast of the study site on this 
midwinter day.

The rapid morning rise and equivalent rapid after­
noon decrease in total radiant flux densities of Fig. 
3a are characteristic of reasonably clear day records. 
Within the leafless forest however (Fig. 3ft,c, and d), 
when solar elevations are low' the slopes of the total 
radiation curves are much reduced from those above 
the forest. Then at some time nearer solar noon, the 
slopes of the within-forest curves increase. Through-
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Fig. 4. Canopy photograph of winter leafless forest 
taken from the forest floor, showing solar paths on the 
winter solstice and on the vernal equinox. Note that the 
canopy density is much higher along the winter solstice 
solar path throughout most of the day than on the vernal 
equinox, represented by the innermost solar path on this 
figure. ORNL Photo # 0060-75.

out the day, the slopes of diffuse radiation curves are 
quite low and change only slowly with time. Hence 
it is the beam radiative component that is responsible 
for the changing slopes and temporal irregularity of 
the total radiation curves.

Figure 4 explains this well. Throughout most of 
the winter day, the solar path (outermost arc) is ob­
scured by woody forest biomass. Only around mid­
day is sky along the solar path visible from the forest 
floor. Hence the beam radiation is strongly attenu­
ated by the woody biomass and only at midday can 
such radiation penetrate to the forest floor. Diffuse 
radiation, on the other hand, originates from the 
entire hemisphere of sky and therefore can penetrate 
into the forest more freely. Note too that as the 
solar paths rise in the sky from winter to spring, the 
amount of sky obscured by woody biomass along 
these paths decreases. Furthermore, the midday 
period during which the sun is above the completely 
occluded regions near the horizon lengthens. This 
has great significance to the seasonal variation in 
the radiation climates of this forest as is discussed in 
the seasonal variation section.

While the above canopy record of total radiation 
appears fairly symmetric about solar noon, the 
within-forest records show considerable asymmetry. 
Despite the random siting of replicated sensors in the 
forest, the heterogeneity of the forest structure is

JANUARY 16. 1973 
PENETRRTION

Fig. 5. Smoothed daily course of average fractional 
penetration of solar radiation in the winter leafless forest 
under clear skies: (a) total radiation, (b) diffuse 
radiation, and (c) direct beam radiation. A five-point 
smoothing technique was used to reduce noise in all 
smoothed curves. ORNL Dwg. 76-16854.

still manifest in these data. At 16 m, somewhat 
greater canopy opening is indicated to the west of 
the sensors at that level. At the 3- and 0-m levels, 
more canopy openings fall to the east of the sensors 
than to the west resulting in greater morning pene­
tration of beam radiation. Figure 5 gives further evi­
dence of this. While the fractional diffuse penetra­
tions along with the fractional penetrations of the
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Fig. 6. Smoothed daily course of spatial variability 
of total radiation received within the winter leafless forest 
as measured by the half-hour time averaged instan­
taneous standard error of the space mean total radiation. 
To convert millilangleys to joules/m', multiply by 41.84. 
ORNL Dwg. 76-15.8000.

derived beam radiative component are in error after 
about 1500 h because of the spurious peaks in the 
diffuse records of Fig. 3, considerable asymmetry is 
still evident in Fig. 5 prior to this time. Peak direct 
beam penetration occurs in midafternoon at 16 m 
and in late morning at 3- and 0-m levels (Fig. 5c). 
Since the beam radiation component dominates the 
total radiation received in the winter forest, the 
fractional penetration of total radiation (Fig. 5a) fol­
lows that of the beam radiation closely.

The penetration of diffuse radiation into the 
forest exceeds that of the beam component through­
out much of the day (Fig. 56). This would be ex­
pected in view of the canopy structure shown in Fig. 
4. Greatest attenuation of the beam component oc­
curs in the overstory canopy (Fig. 5c) with much 
less but still significant attenuation between 16 and 
3 m. Little further attenuation between 3 m and the 
forest floor is indicated. Attenuation of the diffuse 
component is more even throughout the vertical 
extent of the forest (Fig. 56).

Spatial variation in total radiation flux densities 
within the forest follow the temporal pattern of beam 
radiation closely (Fig. 6). The space variation is 
greatest at 16 m and similar in magnitude at the 
lower levels. Midday variations at all levels greatly 
exceed the ±10-mly/min variation desirable for most 
energy budget determinations (Reifsnyder et al. 
1971).

Beyond the problem of characterizing radiation 
climates of vegetative stands engendered by the 
extreme variability of beam radiation in space and 
time, is the further problem of defining such climates 
in a biologically meaningful manner. Ramann (1911)

DLTLKF R. MATT

JON 16.1973
FLU) DENSITY FREQUENCY DISTRIBUTION

Fig. 7. Smoothed frequency distributions of total 
radiation flux densities observed within and above the 
winter leafless forest on a clear midwinter day. Milli­
langleys x 41.84 = joules nr. ORNL Dwg. 76-15803.

pointed out that the presence of beam radiation in 
plant stands produces nonnormal frequency distribu­
tions of radiant flux densities, thereby making the 
use of mean values less than satisfactory for many 
purposes. Mean radiation values are especially poor 
characterizations of radiation climates in terms of 
processes such as photosynthesis and transpiration 
which vary nonlinearly with radiant flux density 
(Norman et al. 1971).

Typically, radiant flux density frequency distribu­
tions are bimodal in the upper reaches of fully leafed 
plant canopies (Niilisk et al. 1970, Hutchison 1971) 
and are unimodal and tend to be skewed at greater 
canopy depths (Ovington and Madgwick 1975, Hutch­
ison 1971, Hutchison and Matt 1973). Using a 50- 
mly/min | = 2.092 kj/(m- min)] class interval and a 
5-point smoothing procedure to reduce noise, we con­
struct the distributions of Fig. 7 for this winter day. 
1 he above-canopy distribution is roughly rectangular 
while within-forest distributions are unimodal and 
skewed as previously reported. Modal frequencies 
at all levels in the forest are in the 0- to 50-mly/min 
class and the modal frequencies are shown to increase 
with depth. According to these data, <2% of the 
radiation received within the winter leafless forest 
occurs at flux densities exceeding 200 mly/min [= 
8.368 kJ/(m- min)] despite incident midday flux den­
sities of the order of 900 mly/min F= 37.656 kJ/(m- 
min)]. Because of penumbral effects, radiant flux 
densities in the leafless forest are severely reduced 
below those incident. Despite the accentuation of the 
skewness of these distributions effected by the plot­
ting of the ordinate to a log scale, it is evident from 
Fig. 7 that mean daily radiation values are poor 
characterizations of leafless forest radiation regimes. 
Since the kurtosis of these distributions decreases and
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JUNE 14, 1972

200
: (d)

GROUND

ii_i ill i i.. i.... i..
6 8 10 12 IT 16 re 20

TIME CEST)
Fig. 8. Diurnal course of average radiation on a mostly clear day in the summer fully leafed forest: (a) above 

canopy, (b) 16 m, (c; 3 m, and (d) 0 m average total and diffuse radiation records. The portion of the above canopy 
diffuse radiation curve lacking symbols is estimated. See text for details. Millilangleys x 41 84 = joules;nr ORNI 
Dwg. 76-16171.
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before, the asymmetry of the within-forest curves 
about solar noon reflects that insufficient measure­
ment replications were made to account for the 
spatial heterogeneity in structure in this forest.

Views of the fully leafed forest canopy at 0 and 
16 m are shown in Figs. 9 and 10. As indicated by 
these photos, the sky in the region just above the 
horizon is completely occluded at both levels. At 
higher angular elevations, more canopy opening is 
present, but even at 16 m most openings are small 
and irregularly distributed. Since the distance to 
which beam radiation can penetrate undiminished 
through an opening in an opaque surface is a func­
tion of the diameter of the opening (Horn 1971), 
the greatly diminished sizes of canopy openings from 
winter (Fig. 4) to summer implies greatly decreased 
beam radiation penetration by virtue of increased 
penumbral effects (Miller and Norman 1971). 
Hence, despite the greatly increased amount of beam 
radiation incident upon the summer forest, greater 
absorption and attenuation of this radiation is ef­
fected by the fully leafed canopy, and the fraction of 
radiation penetrating the canopy decreases.

Figure 11 emphasizes this reduction. The frac­
tional penetration of total radiation and both its 
components are reduced trorn those of winter, 
especially at midday. Since these midday values for 
beam and diffuse radiation penetration are suspect 
by virtue of the use of estimated incident diffuse 
radiant flux densities, we will not consider them 
further. However, values for the penetration of total 
radiation are derived from observed data and should 
be reasonable. The change in shape of the morning 
and afternoon portions of the curves of Fig. 11 from 
those of winter (Fig. 5) are also of interest. Since 
there is no abrupt change front occluded to unoc­
cluded sky in the fully leafed canopy (Figs. 9 and 
10), the fractional penetration of radiation in general 
and of diffuse radiation in particular increases much 
more gradually in summer (Fig. lift) than in winter 
(Fig. 5ft).

Despite the reduction in beam radiation penetra­
tion into the fully leafed forest. Fig. 12 shows that 
midday spatial variabilities are larger at 16 m in sum­
mer than in winter (Fig. 6). Variability at 3 m is 
somewhat decreased while that at the forest floor is 
strongly reduced. Peak values occur only at midday 
when significant beam penetration can occur. Earlier 
and later in the day, space variation is much lower at 
all three levels. The increased upper canopy space 
variation with a fully leafed canopy reflects increased 
heterogeneity in the upper canopy when leaves are 
present.

As in winter, the summer clear day flux density 
frequency distributions approach rectangular above 
and are unimoda! and highly skewed within the lorest

JUNE 14. 1972 
PENETRATION

Fig. 11. Smoothed course of average fractional pene­
tration of solar radiation in the summer fully leafed for­
est under clear skies: (a) total, (b) diffuse, and (c) 
direct beam radiation. ORNL Dwg. 76-16857.

(Fig. 13). Much higher flux densities are received 
by the forest in summer by virtue of the greatly in­
creased midday solar elevations. Nevertheless, the 
incidence of radiation at flux densities >200 mly/min 
are decreased at the lower levels in the summer forest 
because of the increased penumbral overlap in the 
sunflecks formed by the much smaller canopy open­
ings (Figs. 7 and 13). At 16 m, incidence of higher 
flux density sunflecks increases somewhat (since the 
incident diffuse is estimated to peak at around 200
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Fig 12. Smoothed course of spatial variability of 
total radiation received within the summer fully leafed 
forest as measured by the half-hour lime averaged in­
stantaneous standard error of the space mean total radi­
ation. Millilaneleys X 41.84 — J/'nr. ORNL Dwg. 76- 
15795.

mlj min at midday on 14 June, all flux densities in 
excess of this amount probably stem from beam radi­
ation 1 hut still drops to insignificant frequencies at 
rather low flux densities compared to those incident 
upon the forest. Essentially no radiation reaches 0 
or 3 m at flux densities > 200 mly/min, while only 
about half of that received at 16 m exceeds this 
flux density.

To give hiological perspective for these data, 
Dinger (19711 has reported that light saturation in 
Liriodendron liilipifcra occurs at flux densities of 
about 400 mly/min [= 16.736 kJ/(m2 min)], while 
the compensation point for this intolerant species oc­
curs at about 40 mly/min [*=1.674 kj/(m- min)]. 
Hence, despite the great attenuation of radiation and 
the sex ere reduction of incidence of higher flux den­
sity radiation by the fully leafed forest, few leaves in 
this forest received insufficient quantities of radiation 
for photosynthetic compensation on clear summer 
days. However, since leaves transmit green and near 
infrared wavelengths preferentially, much of the 
radiation present within the summer forest may be 
photosv nthelically inactive.

Overcast day forest indiation regimes

With overcast shies, amounts of radiation reaching 
the surface of the earth or of a plant community are 
reduced from ihose present on clear days because of 
absorption and back-reflection of radiation by and 
from the cloud cover. Furthermore, direct beam 
radiation is diffused by the process of transmission 
through clouds, and consequently that radiation inci­
dent upon a forest on overcast days is nearly entirely 
dilfuse. This is evident in Fig. 14a.

JUNE 14,197c
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Fig. 13. Smoothed frequency distributions of total 
radiation flux densities within and above the summer fully 
leafed forest on a mostly clear summer day. Millilangleys 
X 41.84 - J/nr. OR’NL Dwg. 76-15796.

Throughout the morning and early afternoon of 
this January day, skies were heavily overcast; total 
and diffuse flux densities are nearly equal. That dif­
ference that is present is most likely the result of the 
presence of the shadow band since our diffuse values 
arc uncorrccted for radiation stemming from the 
portion of the sky occluded by the band. In mid­
afternoon the sky cleared partially, resulting in a 
sharp rise in incident total radiation.

During the overcast portion of this day, the records 
of total radiation above and within the leafless 
forest of Fig. 14 are quite similar to the equivalent 
diffuse records on the clear day of 16 January (see 
Fig. 3). Total radiation within the forest on the 
overcast day exceeds the amount of diffuse radiation 
received there on the clear January day because of the 
greater amounts of diffuse radiation incident on the 
forest on the overcast day. Otherwise the diurnal 
trends are similar.

Comparison of Figs. 15 and 5a for the overcast and 
clear winter days, respectively, shows that more of 
the incident radiation penetrates the forest on the 
overcast day than on the clear day. However, com­
parison of Fig. 15 with Fig. 5b shows that the pro­
portion of radiation from overcast skies that pene­
trates the forest is less than that of the diffuse that 
penetrates on a clear day. This indicates that the 
enrichment of diffuse radiation within the forest 
on clear days by down-reflected direct beam radiation 
may be significant even in the leafless winter forest.

Because of the absence of direct beam radiation, 
the forest is much more uniformly illuminated on 
this overcast day. The space variation in total 
radiation is around ±1 mly/min [=^41.8 J ■ m~2 • 
mim’] or less at all levels in the forest. With the 
clearing skies in midafternoon, the space variation
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JRNURRY 30, 1973

Fic. 14. Diurnal course of average radiation on an overcast day in the winter leafless forest: fa) above canopy, 
(b) 16 m, (c) 3 m. and id) 0 m. Millilangleys x 41.84 — J nr. ORNL Dwg. 76-15808.
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Fir,. 15. Smoothed daily course of average fractional 
penetration of solar radiation from an overcast sky in the 
winter leafless forest. ORNL Dwg. 76-16784.

rises dramatically to values comparable to those of 
the clear winter day shown in Fig. 6.

As shown on Fig. 16, no radiation was incident on 
the forest at flux densities >900 mly/min. Within 
the forest, the woody biomass is shown to effect con­
siderable change in the frequency distributions of 
radiant flux densities from that incident. Only at 
the 16-m level are there significant amounts of radi­
ation present at flux densities exceeding 200 mly/min.

Radiation received within and above the summer 
fully leafed forest on a heavily overcast day is shown 
in Fig. 17. The irregularity of these curves indicates 
that the density of the cloud cover on this June day 
was not as uniform in time as on the overcast January 
day. Nevertheless, the density of cloud cover was 
sufficiently high to reduce incident direct beam flux 
densities to very low values.

As would be expected with reduced insolation, 
the radiation within the forest is much reduced from 
that received on the clear day of 14 June (see Figs. 
8 and 17). Almost no radiation penetrates to the 3- 
or 0-m levels. The amounts of diffuse radiation pene­
trating the forest shown in Figs. 17c and d are sub­
stantially reduced from those penetrating the forest on 
the clear June day of Figs. 86 and c despite com­
parable magnitudes of incident diffuse radiation on 
these two days. This further illustrates the impor­
tance of direct beam enrichment of diffuse radiation 
within the forest through transmission and down- 
reflection processes.

Comparison of the winter and summer overcast 
day penetration of Figs. 15 and 18 shows that the 
fully leafed forest canopy effects a considerable re­
duction in the penetration of diffuse radiation from 
overcast skies. Furthermore, whereas in winter the 
proportion of radiation penetrating the forest is in­

JflN 30.1973
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Fig. 16 Smoothed frequency distributions of total 
radiant flux densities observed within and above the win­
ter leafless forest on an overcast day. Millilangleys X 
41.84 = J/nr. ORNL Dwg. 76-15801.

creased with overcast skies, the reverse is true in the 
summer leafed forest. Comparison of Figs. 18 and 
11 a shows that the fraction of total incident radiation 
penetrating to all forest levels is reduced by the cloud 
cover when the forest is fully leafed. This finding is 
in disagreement with results of studies by Brecheen 
(1951) and by Tsel'Niker (1968). As Anderson 
(1964a) has pointed out, forests in general show 
decreasing canopy density from the horizon to the 
zenith. This is especially true in conifer forests and 
is increasingly true of deciduous forests at higher 
latitudes. Since uniformly overcast skies usually 
have brightness distributions that increase from 
horizon to zenith (Moon and Spencer 1942), 
in contrast to clear skies where the brightest 
area of the sky is immediately adjacent to the 
solar disk (Dorno 1919. Kimball and Hand 1921, 
Pokrowski 1929), a forest whose canopy density de­
creases toward the zenith will admit a greater pro­
portion of incident radiation on overcast days than 
on clear days. As the canopy photograph of our for­
est in winter shows (Fig. 4), the leafless forest does 
have minimal canopy density at the zenith and the 
penetration of radiation into the forest in this phono­
logic phase agrees with results reported in the litera­
ture. However, measurements of canopy opening 
distributions on replicated canopy photos from this 
forest in full leaf indicate maximum sky area visible 
at midelevation angles (Fig. 19). Hence, our results 
for the summer overcast day are in disagreement with 
those of Brecheen (1951) who worked in western 
conifer forests and of Tsel’Niker (1968) who studied 
radiation in an oak forest near Moscow.

Comparison of clear day diffuse radiation (Figs. 
86,c, and d) with overcast day total (Figs. 176,c, 
and d) shows that more diffuse radiation is received
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Fig i7 Diurnal course of average radiation on an overcast day within and above the summer fully leafed forest: 
(a) above canopy, (b) 16 m, (c) 3 m, and (d) 0 m. While the detail of the radiation records at 3 and 0 m is lost 
when plotted to this scale, the reduction of radiant flux densities to very low levels is obvious. Mililangleys X 41.84 = 
J/nr. ORNL Dwg. 76-15809.
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Fig. 18. Smoothed daily course of average fractional 
penetration of solar radiation from an overcast sky in the 
summer fully leafed forest. ORNL Dwg. 76-16783.

within the fully leafed forest on a clear day than 
total radiation on this overcast day. On clear days, 
significant enrichment of diffuse radiation within the 
forest occurs because of the down-reflection and

AND DH.T1.EF R MAIT F. colo^kal Monographs
Vol. 47, No. 2

transmission of direct beam radiation from and 
through leaf tissues, which has the effect of increas­
ing the apparent proportion of incident diffuse radi­
ation that penetrates the canopy (Hutchison and 
Matt 1976). Thus, in the fully leafed forest, frac­
tional clear day diffuse penetration and absolute 
quantities of diffuse radiation exceed overcast day 
fractional radiation penetration and amounts.

As in the winter leafless forest, overcast day illumi­
nation within the summer fully leafed forest is quite 
uniform in space and in time. Variabilities at the 
lower levels are < ±1 mly/min throughout the over­
cast day. In the upper canopy (16 m), this variation 
ranges from ±1 to ±5 mly/min. The cloud cover 
effects a considerable reduction in spatial and tem­
poral variability in radiation through its elimination 
of the direct beam component.

Because of the lack of high flux density radiation 
incident upon the forest on this day (Fig. 20), skew­
ness in the flux density distributions within the forest 
practically disappears. Modal frequencies in the 
0- to 20-mly/min flux density class are increased and 
the frequencies drop to insignificant values at quite 
low flux densities at all levels in the forest.

OPENING AS FRACTION OF SKY AREA

Fig. 19. Distribution of canopy opening expressed as a percent of the total projected area of sky over angular 
elevation. ORNL Dwg 77-9655.
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Fig. 20. Smoothed frequency distributions of total 
radiant flux densities observed within and above the 
summer fully leafed forest on an overcast day. Milli- 
langleys X 41.84 = Tm". ORNL Dwg. 76-15799.

Phenoseasonal variation in forest radiation regime’s

Figure 21 shows the daily radiative component 
totals for a clear day in each of the seven phenosea- 
sons defined in Fig. 2 as well as for the two overcast 
days presented above. As shown, the phenoseasonal 
course of incident total radiation on the clear days 
departs considerably from the sinusoidal seasonal 
variation of potential incident radiation. As would be 
expected, the minimum total radiation incident on the 
forest occurs on the winter day, but because of in­
creasing atmospheric turbidity through spring and 
into summer, the annual observed maximum occurs 
during the summer leafing forest phenoseason rather 
than during the summer fully leafed forest phenosea­
son nearer the summer solstice.

Incident diffuse radiation is minimal during the 
winter season and slowly increases through the 
spring. In summer, the incident diffuse radiation in­
creases substantially as a result of increased atmos­
pheric turbidity, then declines again in autumn. 
Minimum direct beam radiation reaches the forest in 
winter, while maximum daily totals of incident direct 
beam are observed in the spring leafing forest pheno­
season. After this phenoseason, the direct beam totals 
are reduced somewhat, despite the high daily totals 
of radiation incident on the forest because of the in­
creases in incident diffuse radiation.

The daily totals of incident radiation on heavily 
overcast days are much reduced from those of the 
clear days and approach the daily totals of clear day 
diffuse (denoted by stars on Fig. 21). Although the 
total for the summer overcast day exceeds that of the 
winter day as would be expected, we have no mea­
sures of the relative densities ot the cloud cover 
on these days and hence, this is merely fortuitous.

90C •—

Fig. 21. Annual clear day radiation regimes in and 
above the Liriodendron forest. Starred values are over­
cast day totals for each of these levels. To convert lang- 
leys (ly) to joules per square metre (J/irr), multiply by 
4.184 x 10‘. ORNL Dwg. 75-1134.

Within the canopy, the seasonal course of total 
radiation received closely follows that of the radiation 
incident upon the forest during the winter and early 
spring. With leaf expansion however, the radiation 
regimes within the forest change abruptly. Daily 
total radiation received at the lower two forest levels 
begins to decrease in the spring leafing phenoseason, 
whiie in the upper canopy a continued increase is
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Fig. 22. Approximation of the annual regimes of daily total radiation in and above the Liriodendron forest. Lang­
leys x 4.184 x 10' = J/nr. ORNL Dwg. 75-1133R.

evident. With continued leaf expansion, daily totals 
drop sharply at all levels in the forest during the 
summer leafing forest phenoseason despite increasing 
totals of radiation incident upon the forest. Through­
out the summer and early autumn, daily total radi­
ation received within the forest continues to decrease 
as a result of decreasing incident radiation and lower 
solar elevations throughout the day. Then with ab­
scission in late autumn, radiation in the forest again 
increases despite the continued decrease in above­
canopy isolation.

Daily totals of diffuse radiation received within the 
forest on clear days show much less seasonal variation 
than daily totals of either total or direct beam radi­
ation. Maximum daily totals of diffuse radiation 
occur in the early summer in the upper canopy and 
in spring at the lower levels. Minimum diffuse 
radiation values occur in the autumn fully leafed 
forest phenoseason at the forest floor, in the autumn 
partially leafed forest phenoseason at midcanopy, and 
in winter in the upper canopy. Direct beam radiation

in the forest is maximal through the early spring and 
minimal in summer and early autumn.

Overcast day totals are reduced in the winter 
forest and are strongly reduced in the summer fully 
leafed forest. Because of the leaf cover, overcast 
summer day totals of radiation in the forest are less 
than those in the winter leafless forest despite the 
greater daily total radiation incident upon the forest 
on the summer overcast day.

While the clear day radiation totals indicate the 
interactions of changing earth-sun geometry and for­
est phenology throughout a year, they cannot serve 
as an approximation of the annual radiation regime 
in or above the forest because most days are not 
clear. Using the techniques outlined in the methods 
section above, we have approximated an annual radi­
ation regime (Fig. 22) in and above this forest using 
the discontinuous observations of radiation in this 
forest and the continuous record of solar radiation 
collected in Oak Ridge, approximately 10 km to the 
north. The daily totals shown on this figure follow
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TIME OF YEAR ( phenoseason)

Fto. 23. Derived annual course of average daily fractional penetration in the Liriodendron forest. ORNL Dwg. 
74-11563.

closely the trends of the clear day data of Fig. 21, 
but the absolute values are much reduced at all levels 
in and above the forest. Unlike the clear day totals, 
maximum average daily totals occur at all levels in 
the forest during the spring leafless forest phenosea­
son. The minimum daily totals at all levels occur 
during the autumn fully leafed forest phenoseason.

Normalizing these daily totals within the forest by 
that incident upon the forest yields Fig. 23, the an­
nual course of average daily penetration of total radi­
ation in the forest. The interaction between forest 
phenology and earth-sun geometry is clearly shown 
on this figure. With increasing solar elevations in 
the spring, penetration rates increase at all levels in 
the forest. With the advent of leaf expansion in early 
April, the penetration rates begin to decline. Then 
with the stabiliz.ation of leaf area, the penetration 
rates continue to decline, but at very low rates as a 
result of decreasing solar elevations after the summer 
solstice. Finally, with leaf abscission in the autumn, 
these penetration rates again begin to rise as a result 
of decreased canopy density despite the continued 
decrease in solar elevations.

From these same data, we approximate the annual 
incoming radiation budget for this forest in Table 2. 
Although insolation on the forest during the photo- 
synthetically active portion of the year is over one and 
one-half times as great as that during the inactive 
period, less radiation is received within the forest at 
all levels than in the leafless period because of the 
presence of leaves. The greatest fraction of the total 
radiation received within the forest at all levels is 
received during the spring leafless forest phenoseason. 
Furthermore, the fraction of the yearly total radiation 
received during this phenoseason increases with 
depth to about 45% at the forest floor. Following 
this phenoseason, these fractions decrease to much 
lower values in the fully leafed forest phenoseasons. 
Because of this, the development of the forest floor 
vegetation peaks during the spring and mostly ceases 
by summer. Most of the herbaceous plants in this 
forest complete their annual cycle of growth and 
reproduction in the spring leafless and leafing forest 
phenoseasons.

Assuming an exponential attenuation of radiation 
with depth in the forest and utilizing our knowledge
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Um.i 2. Approximation of radiation received within the Liriatlcmiron forest throughout the year. To convert lane- 
Rys (ly) to joules per square metre (J/nr1). multiply by 4.184 x 10*

Total radiation received (langlcys 1 percent of yearly total])

Phcnoscason
Duration

(days)
Above (32 m)

%

Upper canopy 
(16m)

%

Midcanopy 
(3 m)

%

Forest floor 
(0 m)

%
Winter leafless 
Spring leafless 
Spring leafing 
Summer leafing 
Summer full-leaf 
Autumn full-leaf 
Autumn partial-leaf
Photosynthetically 

active period total 
Dormant period total
Yearly total

91
55
30
26
67
57
39

13,300 ( 11.5%) 
15,000 (13.05% ) 
10,200 ( 8.8% ) 
11.700 (10.1%) 
31.500 (27.2%) 
21,100 (18.2%) 
12,900 (11.2%)

74.500 (64.4% ) 
41,200 (35.6%)

115,700

5.400 ( 17.5%)
7,600 (24.6%)
4.000 ( 12.9%)
2.400 ( 7.8%)
5.100 (16.5% )
3,300 (10.7%)
3.100 (10.0%)

14.800 (47.9% ) 
16,100 (52.1%)
30,900

2,400 (16.9%,) 
4,900 (34.5%,)
2.500 ( 17.6%) 

800 ( 5.6%)
1.500 (10.6% ) 
1,000 ( 7.0%) 
1,100 ( 7.8%)

5,800 (40.8% ) 
8,400 (59.2%,)

14,200

1,500 (16.5% ) 
4.100 <45.0% ) 
1,800 (19.8%) 

300 ( 3.3% ) 
700 ( 7.7%) 
200 ( 2.2% ) 
500 ( 5.5%)

3.000 (33.0% ) 
6,100 (67.0%)
9,100

of the seasonal and phenological changes occurring, 
we synthesize these data on the seasonal variation 
in forest radiation climates in Fig. 24. This figure 
represents our estimates then, of the annual cycle of 
radiation regimes in this forest. The penetration of 
greater amounts of radiation into the leafless forest 
as solar elevations increase from winter to spring is 
shown by the height depression of radiation isopleths 
in spring. With the onset of leaf expansion, this 
increase is reversed and the isopleths move higher 
in the forest. After the summer solstice forest struc­
ture remains relatively static, and solar elevations 
slowly decline. With this decline the radiation within 
the forest declines to the autumn minimum. With leaf 
abscission in the autumn, radiation isopleths again 
move slightly deeper into the forest indicating slight 
increases in radiation received there. With the con­
tinued decline in solar elevation after leaf fall is 
complete, this trend quickly reverses and radiation 
within the leafless forest declines slightly.

Summary and Conclusions

The average amount of radiation received at any 
lime within the forest varies directly as the amount of 
radiation incident at that time. This holds for total 
radiation and for its direct beam and diffuse com­
ponents at all times of the year. Only the propor­
tionalities change in time with varying cloudiness, 
with changing solar elevations, and with phenological 
changes in forest structure.

Of the two radiative components, direct beam radi­
ation sutlers the greatest attenuation by the forest 
biomass. The penetration of this component is 
strongly controlled by the interaction of solar eleva­
tion and canopy density variation with angular ele­
vation. 1 he greatest attenuation of direct beam 
radiation occurs in the overstory canopy in all pheno- 
seasons with decreasing attenuation in lower forest 
strata.

The diffuse component, on the other hand, is less 
attenuated by the forest biomass and its attenuation is 
more uniform in the three-canopy strata of the leaf­
less forest than that of the direct beam component. 
In the fully leafed forest, the greatest amount of 
attenuation of diffuse radiation occurs in the over- 
story canopy as well. Because of the differences in 
the origin of these two radiative components and the 
structure of the forest, the diffuse component is at­
tenuated less than direct beam radiation in all seasons 
and phenological phases of the forest.

With the expansion of leaves in spring, attenuation 
of both direct beam and diffuse radiation increases. 
Early in the leafing phase, increasing amounts of 
these components incident on the forest and rising 
solar elevations offset the increased attenuation by 
new leaves in the canopy, and absolute quantities of 
radiation in the forest continue to increase. With con­
tinuing leaf expansion, however, attenuation increases 
and radiation in the forest decreases. After the forest 
attains full leaf, both diffuse and direct beam radia­
tion continue to decrease within the forest, despite un­
changing forest structure. In the overstory canopy, 
the decrease in direct beam radiation is much greater 
than the decrease in diffuse as a result of the increas­
ing optical path lengths of direct beam radiation in 
the forest with the decreasing solar elevations of late 
summer and early autumn. The decrease in diffuse 
radiation in the forest results from the decreasing 
amounts of incident diffuse radiation with time after 
the summer solstice.

The variability of radiation in horizontal space in 
the forest is largely the result of the penetration of 
direct beam radiation. Hence, the degree of spatial 
variability varies directly as the amounts of direct 
beam radiation penetrating the forest canopy through­
out the year. Because of the apparent movement of 
•he sun across the sky each day. the sunflecks result­
ing from the penetration of direct beam radiation
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Fig. 24. Synthesized annual course of average daily total solar radiation received within and above a tulip poplar 
forest. Langleys X 4.184 X 10‘ = S/nv. ORNL Dwg. 76-7581.

move across surfaces in the forest, introducing tem­
poral variation as well. Thus, a direct relationship 
exists between direct beam radiation penetration and 
temporal variation in daily forest radiation regimes.

Variation in both space and time decreases with 
depth in the forest. Space variation in the upper 
canopy greatly exceeds the ±10-mly/min [‘ 418 
J • m - • min ') accuracy desirable for energy budget 
considerations. This implies that more than 12 repli­
cations of measurements would be needed in all 
phenoseasons in the upper canopy to attain this level 
of precision. Even at the forest floor in the summer 
fully leafed forest where variation of radiation in 
horizontal space is generally quite low. our 12 repli­
cated measurements yield variabilities in excess of 
this level around solar noon. Thus, numbers of repli­
cations of measurements needed to attain specific 
levels of precision vary in vertical space and through 
time.

In winter, the proportion of radiation penetrating 
the forest is increased with cloud cover, although ab­
solute values decrease because of lower amounts of 
incident radiation. Despite the increased penetration 
of radiation from overcast skies, clear winter day 
diffuse penetration exceeds that of overcast winter 
days, indicating that the enrichment of diffuse radi­
ation by reflected direct beam radiation is significant 
in the winter forest, or that differences in sky bright­
ness distributions between clear and cloudy days 
effect significant differences in amounts of diffuse 
radiation penetrating the forest. In summer, the 
proportion of incident radiation penetrating the forest 
decreases with increasing cloudiness in contrast to 
results from other studies reported in the literature. 
We attribute this difference to a rather different for­
est structure than has been studied in the past. Our 
mesic, lower latitude, temperate, deciduous forest, 
when fully leafed, has greatest amounts of opening at
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midelcvation angles rather than at the zenith. As far 
as we are able to determine, the previously studied 
forests had minimal density at the zenith which inter­
acts with overcast sky brightness distributions to al­
low greater penetration of radiation on overcast days.

As in winter, the summer overcast day penetration 
rates of total radiation are substantially less than 
those of the summer clear day diffuse radiation, indi­
cating again the importance of direct beam enrich­
ment of diffuse radiation in the forest on clear to 
partly cloudy days.

The amount of direct beam radiation that pene­
trates the forest strongly controls the distribution of 
radiant flux densities in space and in time within the 
forest. Maximum amounts of direct beam radiation 
penetrate this forest in the early spring and, as a re­
sult. a substantial portion of the radiation received in 
the forest arrives at high flux densities. As the leaves 
expand later in the spring and in early summer, the 
penetration of direct beam radiation is severely re­
duced within the forest. This in turn causes a major 
reduction in the amount of higher flux density radi­
ation within the forest. After the forest attains full 
leaf, very little radiation is present at any level in the 
forest at flux densities exceeding 200 mly/min, de­
spite incident flux densities as high as 1,500 mly/min 
[= <->2.7b kJ • nr2 • min-1]- With decreasing solar 
elevations after the summer solstice, further reduc­
tions in the penetration of high flux density radiation 
occur. Then with leaf abscission, slight increases in 
direct beam penetration effect the penetration of 
radiation at higher flux densities once again. With 
the decreasing solar elevations of autumn and early 
winter, these increases are soon eliminated and the 
amount of high flux density radiation within the for­
est decreases from autumn to winter.

Greatest amounts of radiation are received within 
the forest in the spring before leaf expansion begins. 
The least radiation is received with the lower solar 
elevations and shorter day lengths of early autumn 
while the forest is still fully leafed. With leaf fall 
later in the autumn, radiation in the forest increases 
slightly but then decreases again with the winter de­
cline of insolation.
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