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importance of
Radiant Energy

HE RECENT REVIVAL and intensification of interest in
Tradiant energy in the forest has developed partly from a
better understanding of the close relationship of radiant energy
to the physiological processes that govern tree growth and trans-
piration. There 1s also a growing appreciation among foresters
that forest-streamflow relationships are governed mainly by the
interaction of forest cover and radiant energy.

This interest has been stimulated by the recent invention of
inexpensive instruments that permit the measurement of various
portions of the energy spectrum. Shortwave instruments cover the
wave-length range from 0.3 to 4.0 microns and measure both
beam and diffuse components of solar radiation; longwave mstru-
ments cover a range of 4 to 100 microns and measure the terres-
trial or thermal radiation emitted by natural objects at or near the
earth’s surface; and instruments that measure visible light cover
that portion of the spectrum from 0.4 to 0.7 microns.

We made a study to examine how much and in what way
varioys instruments agree in their measurements of shortwave
radiation, and to describe the seasonal effects of oak and pine
canopies on shortwave, longwave, and net radiation. The study
was conducted on the Lebanon Experimental Forest, near New
Lisbon, New Jersey.



ethods
STUDY PLOTS

Radiation measurements were taken in three plots located
within 300 yards of each other. One plot was an open area;
one was o 100-x-100-foot area in a stand of mature oak, and one,
of equal size, was located in a stand of mature pitch pine. The
plots were almost level and had deep, well-drained, sandy soils.
For sampling purposes the two forested plots were gridded into
10-foot squares whose intersections were marked with steel rods.

The open area was part of a clearing of about 5 acres. Radia-
tion measurements were taken at an unshaded point over bare
soil approximately 200 feet from the surrounding oak trees,
which were about 40 feet tall.

The oak plot contained 115 chestnut oak, black oak, and white
oak trees with an average diameter breast high of 4.1 inches and
a basal area of 66 square feet. Dominants within the even-aged
stand were 9 to 10 inches in diameter, about 40 feef tall, and 65
years old. Stocking was about 0.8 normal. Five or six small pines
were removed from the stand before radiation measurements were
begun. Summer canopy closure, as measured with a spherical
densiometer, was about 63 percent, and winter closure about 15
percent. The forest floor was a patchy intermixture of about equal
areas of bare soil, oak leaves, and moss.

The pine plot contained 32 pitch pines about 50 feet tall, 90
years old, and with an average diameter at breast height of 9.3
inches and a basal area of 70 square feet. Stocking was about 0.67
normal. Canopy closure was about 24 percent. Before measure-
ments were begun a considerable oak understory, which had been
killed by fire in 1963, was removed. The forest floor was a fairly
uniform covering of pine needles, 14 to 14 inch deep, over 14 to
1 inch of humus.

PERIOD OF RECORD
Radiation measurements were taken on 33 days during the
period from April 17, 1964, to April 27, 1965. Each day measure-
ments were begun at sunrise and taken hourly until sunset. Duning



16 days of measurement the ouks were in full leaf (the growing
pertod), and during 13 days they were leafless (the dormant
period ).

From hourly estimates of cloud cover, 10 days were classitied
as uniformly clear (0 o 14 percent cloud cover), and 1t days
were classified as uniformly cloudy (33 to 91 percent cloud
cover). Four days had cloudy mornings and clear afternoons, and
2 days had the reverse condinon. Six Jays were classified as
irregularly cloudy. On 3 days (one cloudy and two clear) there
was snow on the ground.

INSTRUMENTATION

Shortwave radiation was measured with four instruments, and
longwave radiation was measured with one instrument. A daily
record of shortwave radiation was also obtained from the Weather
Bureau. Net shortwave, net longwave, net radiation (net all-
wave radiation), and direct irradiation were calculated. Direct
beam solur irradiation in langleys for cach day of record were
estimated from tables prepared by Fons ef wuf. (1960) for a zero
slope and atmospheric transmission of 0.9, Visible light was
measured with one instrument. Cloud cover, in tenths of the sky
covered, was estimated every hour.

Shortwave and longwave radiation measurements are expressed
in langleys per day (a langley is 1 gram calorie of radiant energy
per square centimeter). Visible light at noon 1s expressed in foot-
candles. Units of measurement and the mstruments used to
measure radiant energy in the forest (including the instruments
used in this study) have been described by Reifsnyder and Lull
(1965).

The instruments emploved in this study were used as follows:

Shortwave Radiation
Eppley pyranoieter —Radiation in langleys per dav for the
330 days of record, as recorded on the Eppley pyranometer, was
obtained from the U. S. Weather Bureau Station at New Bruns-
wick, N. J., 40 miles north of the Lebanon Lxperimental Porest.
Econonwtical yudiometer ~-Three mstruments were built by Irvin
C. Regrer according to instructions given by Swan ef a/. (1961)
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to measure incoming shortwave radiation in the open and be-
neath the canopies and to measure outgoing radiation from bare
soil and forest floors. In the forest plots these instruments (and
the pyranometers and atmometers) were read hourly and moved
every 2 hours to randomly selected points on the grid.

Belluni spherical pyranometers.—These instruments were placed
in insulated wooden containers to facilitate grid-sampling. The
instrument on the pine plot was broken in November so that
measurements for the last 12 days of record were not obtained.
Pyranometers were calibrated at the open plot against daily lang-
leys measured with the pyrheliograph.

Pyrbeliograph.—The pyrheliograph was operated in the open
plot only. Recorded langleys per minute were read either at 15-
minute intervals, from a chart, or in multiples of 15 minutes
during a period of little change, and were multiplied and added
to get langleys per day.

-

Livingston atmometers.—One pair of black and white atmom-
eters was employed in each plot from April 17 to November 2
when readings were discontinued because of freezing weather.
The three black and three white atmometers were calibrated
separately in the open with one black and one white designzited
as a standard. Differences in evaporation between black and white
pairs measured in cubic centimeters and divided by daily langleys
from the pyrheliograph for the calibration periods, give a cali-
bration factor of 9.6 langleys per cubic centimeter.

Longuave Radiation

Economical radiometer.— Longwave radiation from economical
radiometer readings was calculated according to procedures de-
scribed by Swan ef /. (11961 ).

Net Radiation

Econonmical radionieter~Net shortwave, net longwave, and
net radiation values were computed according to procedures given
by Swan ef 4. (19061 }.



Visible Lt ght

Brockway exposure meters, Model S, were used to measure
vistble light ar 20 randomly selected points every hour in the
forested plots, and at one point in the open every 30 seconds for
10 minutes each hour. Photocell readings were converted to foot-
candles, according to the manufacturers’ instructions, and then
converted to lungleys with the approximation that 7,000 foot-
candles equal 1 langley per minute.

Results
SHORTWAVE RADIATION

Comparison of Instruments in O pen Plot

Daily total shortwave radiation in langleys in the open for the
33 days of record was computed from measurements taken with
the Eppley pyranometer (Ep), economical radiometer (Ec),
Bellani pyranometer (B), pyrheliograph (Py), and the photocell
(Ph). Simple correlation coefficient between daily values for the
total record and for clear and cloudy days are given in table 1.

For the 33-day record the highest correlation was between the
economical radiometer and the pyrheliograph, and the lowest was
between the Bellani and Eppley pyranometers. Correlations of the
pyrheliograph and the economical radiometer with the other three
mstruments on the plot were somewhat higher than correlations
of the distantly located Eppley pyranometer with these instru-
ments. In each of the correlations the coefficients were higher for
clear days than for cloudy days.

Linear regressions for predicting daily radiation in langleys,
with four instruments, and with the pyrheliograph used as the
standard, are given in table 2 together with standard errors of
estitnate. For the total record and for clear and cloudy days the
bestestimates were made with the economical radiometer. Except
for the Bellani pyranometer, standard errors were substantially
smaller on clear days than on cloudy days. Standard errors in these
predictions may be derived partly from the pyrheliograph record.
In two recent comparisons with Kipp solarimeters, standard



Table 1.—Correlations between daily total shortwave
radiation as measured by five instruments

Item? Ep Ec Py B Ph
TOTAL RECORD (33 days)
Ep e 0.935 0.945 0.851 0.936
Ec 0.935 o 986 927 974
Py 945 986 — 925 981
B 851 927 925 e 904
Ph 936 974 981 904 —
CLEAR DAYS (10)
Ep e 994 995 976 989
Ec 994 e 998 973 989
Py 993 998 —_— 974 .994
B 976 973 974 — 962
Ph D89 989 994 962 —
CLOUDY DAYS (11)
Ep — 822 810 .802 .867
Ec 822 —— 978 964 978
Py 810 978 — 954 963
B .802 964 954 e 913
Ph 867 978 963 913 -
e — P —— N e e et i e+ e e i

! Eppley pyranometer (Ep). evonomical radiometer (Ec), pyrheliograph (Py),
Bellani pyravometer (B), and the photocell (Ph).

errors of pyrheliographs were found to be 19 and 21 langleys per
day. The correlation coefficient in each case was 0.990.1
The relationships between daily values of the pyrheliogr'aph
A
(Py) and direct-beam solararradiation estimates (X)) for the
33-day record, gave a simple correlation coefheient of 0.856 and
the regression equation:
I
Py -- 0.5505X - 208

The standard error of estimate was 82 langleys. Including percent
wm ArC SIn

of doud cover, with an arc sin transformation (angle
V/ percent) gave the following equation:

2

Py 2o 0.004993XK (1‘)0 - dﬂglﬁ) -J— 6.93
The correlation cocfhicient mereased to 0963, and the standard
error of estimate was reduced to 43 langleys,

intormanon provuled by €0 Anthony Federer, Watershed Management Rescardh
Provect, Northeastern Forest Expormment Statwon, Durham, N, HL
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Table 2.-——Regression 67t4a150r15 and standard errov of estimates
for predictions of daily total radiation as measured with the
pyrbeliograph used as the standard

Standard
Instrument b-coetficient a-constant error of
! ¢ (langleys) estimate
(langleys)
TOTAL RECORD (33 days)
Economical radiometer 0.8185 ~2.68 27
Photocell 8727 ~27.50 31
Eppley pyranometer 8482 -11.98 52
Bellant pyranometer BR30 $8.17 61
CLEAR DAYS (10)
Economical radiometer 8000 —.50 12
Photocell 9418 ~66.04 23
Eppley pyranometer .B878 ~25.78 20
Beilani pyranometer L9538 44.32 46
CLOUDY DAYS (11)
Economical radiometer 8446 ~8.25 29
Photocell 7701 12.31 37
Eppley pyranometer 1.0472 ~85.77 81
Bellant pyranomerer BABS 51.44 41

Correlation of the 18day record from the atmometers with
concurrent values from the pyrheliograph gave a correlation co-
efficient of 0.808. A regression for the prediction of daily pyrhelio-

A
rraph values (Py) from atmometer values (X)) gave the equation:
grap ) & {

Py — 0.6190X 4 179.7
with a standard error of estimate of 68 langleys.

Mean incoming daily shortwave radiation from the pyrhelio-
graph record for the growing season was 3 langleys and for
the dormant season 287 langleys. Therefore, the standard error
of estimate of 27 langleys from the most closely correlated instru-
ment, the economical radiometer, was ubout 6 percent of the
growing-season mean and 9 percent of the dormant-season mean.
The stundard error of the photocells, 31 langleys, indicuted a
close relationship between visible-light and shortwave measure-
ments. Eppley pyranometer values from 40 miles away, and est-
mates of daily irradiation corrected for cloud cover, had about



the same muagnitude of error, 52 and 43 langleys. The Bellani
pyranometers and atmometers also had about the same degree
of error, 61 and 68 langleys. These last two instruments were
not considered useful because of operational difficulties, danger
of breakage, and high threshold values.

Dail y Shortwave Radiation Beneath the Canopies

Daily and seasonal amounts of incoming and outgoing short-
wave radiation are indicated in figure 1. This fgure brings out
the pronounced seasonal variations in the incoming radiation, and
the changing relationship between plot values with seasonal
changes in the oak canopy. In sharp contrast are the compara-
tively small amounts and small variations in outgoing radiation;
high values on January 19 and February 3 were due to reflection
from snow.

During the 33 days, the oak plot received 53 percent of the
shortwave radiation received in the open, and the pine plot
received 63 percent as measured by the economical radiometer

table 3). The percent-of-open values principally reflect differ-
ences between the oak and pine plots in stocking and canopy
closure during the growing season, and between deciduous and
evergreen effects in the dormant season. More shortwave radia-
tion penetrated the oak canopy in the dormant season than in
the growing season despite a dormant-season reduction of about
one-third i the avadable incoming amount. More shortwave
radiation was reflected from the open plot than from the forested
plots. For the total period there was little difference in the
amounts reflected from the oak and pine plots.

On the 2 cloudiest days during the dormant season the oak
plot received 77 and 79 percent of radiation in the open, and on
the 2 clearest days 66 and 75 percent (table 4). Comparable
values for the 2 cloudiest and 2 clearest days in the growing
season were 44 and 46 percent and 50 and 23 percent. Greater
proportions on cloudy days, due to the greater penetration of
scattered radiation, have been seported by others (Reifsnyder und
Lull 1965 ).

In the pine plot, with lower canopy closure, differences in the

o
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Table 3.—Mean daily radiation

Number In langleys Percent of open
Period of
days Open  Quk Pine Oak Pine
SHORTWAVE RADIATION
Total:
Incoming 33 448 237 284 53 63
Outgoing 33 81 49 45 — —
Growing season
Incoming 16 529 205 341 39 65
Outgoing 16 85 40 49 - =
Dormant season:
Incoming 13 361 278 221 77 61
Outgoing 13 78 59 44 — —
VISIBLE LIGHT
Total: 33 449 147 237 33 53
Growing season 16 528 102 287 19 54
Dormant season 13 360 197 186 35 52
LONGWAVE RADIATION
Total:
Incoming 33 364 386 380, 106 104
Outgoing 33 482 438 446 91 93
Growing season:
Incoming 16 443 477 453 108 102
Outgoing 16 583 519 534 89 92
Dormant season:
Incoming 13 269 275 289 102 107
Qutgoing 13 361 341 337 94 93
NET RADIATION
Total: 33 244 133 177 55 73
Growing season 16 301 124 218 41 72
Dormant season 13 184 70

143

128

79

proportions recorded on cloudy and clear days were not as
marked. On the 2 cloudy days during the dormant season 59 and
61 percent of the radiation in the open was received, and on 2
clear days 52 and 76 percent. During the growing season the
respective values were 72 and 47 percent, and 76 and 6O percent.

The estimated transmission of solar radiation of the two forest

plots in relation to stem density (the summation of diameters
breast height per acre) taken from a relationship developed by
Miller (1959}, and actual transmission, were as follows:
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Stem Estimated Actual

denity tranimission  transmission
Plot {in. lacre) () (ce)
Ouak: growing period 2,252 38 39
Pine 1,302 G0 63

Miller’s relationship, deveioped from radiation measurements in
pine stands, in this instance works well for oak in full canopy.

Estimates of transmission from crown closure measurements
were not as good:

Croun Estimated Actual
closure transmission  ansmission
Plos (<) (<) (%)
Oak: growing period 65 8 39
dormant period 15 63 77
Pine (a) 24 43 62
Pine (b) 24 58 62

The oak and pine (a) estimates were made from Miller's rela-
tionship (1959), and the pine (b), the best estimate, from a
crown closure-percent transmission curve developed for jack pine
(Vézina and Péch 1964). In the first three cases, transmission is
more closely estimated by simple subtraction of crown-closure
percent from 100. The poorness of these estimates corroborates
Miller's conclusion that stem density is a better indicator of
transmission than crown closure.

Table 4.—Shortware radiation on clear and cloudy days

" In langleys * Percent of open
Period Date Percent -
Open Oak Pine Oak Pine

Growing season:

Clear 6/11 0 803 399 6o7 50 76
6/25 6 766 176 460 23 60
Cloudyp 6,3 76 497 217 353 44 72
10/1 74 241 112 113 46 47
Dormant season:

Clear 1,19 1 290 212 150 73 52

2/3 0 325 214 247 66 7
Cloudy 12/22 83 103 7 61 77 59
4/27 91 202 159 123 79 61




Albedos

Mean albedos (outgoing shortwave radiation divided by in-
coming) and their standard deviations were calculated for the
sot] surface of the open plot and for the forest floors of the oak
and pine plots for the 30 days of record (excepting the 3 days
with snow cover), for 10 days of the dormant season when the
oaks were leatless, and for 16 days of the growing season when
hardwoods were in full leaf. The results are given in table 5,
together with daily albedos for the 3 days of snow cover.

Albedos of the forest floor averaged 0.19 for the oak plot and
0.14 for the pine plot and were similar to canopy values that
range from 0.15 to 0.20 for hardwoods and 0.10 to 0.15 for
conifers (Budyko 1956). Differences in albedos of the 30-day
record among the three plots were highly significant (F == 7.08).
There was little or no difference in albedos during the dormant
and growing seasons in the open and pine plots. The forest floor
of the oak plot reflected more shortwave radiation in the sum-
mer than 1n the winter, but the difference evaluated in a t-test
proved non-significant (p == 0.10).

Smaller albedos of the deeper snow in the forested plots may

Table 5.-—Mean albedos and their standard deviations
wnd albedos for days of smow cover

CPlot
Period . Q;vcn e Oak» - E’xge
Albedo  Standard  Albedo  Standard  Albedo  Standare
deviation deviation deviatior
30-day record 0.16 0.03 0.19 0.05 0.14 0.06
Growing sedson 16 .03 .20 04 .14 07
Deormant season REC 03 17 .04 13 .05
Dy with suou
Duate Depih
(inches)
12,22 1 W29 e 25 e .32 —
1/19 7 72 — 59 - 59 —
2/3 1 54 —— 48 e 53 —




have been due to stems or footprints in view of the radiometer
and to the greater proportion of infrared radiation beneath the
canopy.

VISIBLE LIGHT

The mean daily value of visible light measured with photocells
and converted to langleys is given in table 3. Visible light was
more greatly affected by canopies than was shortwave radiation
since the foliage transmitted less of the visible light than the
infrared. For instance, during the growing season the oak plot
received 19 percent of the visible light received in the open, and
the pine plot received 54 percent; comparable values for short-
wave radiation were 39 and 65 percent (table 3). Dormant-
season percents were 55 and 52 for visible light and 77 and 61
for shortwave radiation.

Photocells can provide a good estimate of shortwave radiation
in the open, as noted earlier, but cannot be used to estimate it
beneath the canopy.

Visible Li ght at Noon Beneath the Canopies

Visible light at noon beneath the canopies was measured to
compare canopy effects on maximum values of visible light and
to describe its ares varation. Photocell readings, taken at 20
points in the forested plots at noon, were converted to foort-
candles; and mean values and standard deviations were calculated
for the 20 readings taken at 30-second intervals in the open area.
Mean values by periods and for specific days are given in table 6.

For the 33-day record the cak plot received 37 percent of the
light received in the open, and the pine plot received 52 percent.

Table 6.—Visible light at noon

. Nuinber In foot-candles Percent of open
Period of U -
days Open Oak Pine Oak Pine
Total 33 7.000 2,590 3,640 37 52
Growing season 16 7.840 1,610 $.130 21 53
13 6.090 3,640 3,080 GO 51

Dormant season



Table 7.—V'isible light at noon on clear and cloudy days

In foot-candles Percent of open

Period Duate Percent B L
Open Oak Pine Quk Pine

Growing season.
Clear 51l 0 9,945 2,955 5,270 30 53
625 6 9,675 1,936 5,205 20 54
Cloudy G 3 76 7.620 1,980 2,852 26 37
101 7 &85 1,136 3,232 i3 51

Dormuant season:
Clear 1719 1 7.200 3,098 3,772 43 52
23 0 7,350 3,405 3,404 46 46
Cl(mdy 12,22 83 1,200 588 602 49 50

4,27 91

1,470 1062

870 72 59

The oak plot recerved somewhat more light than the pine plot in
the dormant period; but in the growing period it received less
than half of that received in the pine plot, and less than one-
quarter of that in the open. In both seasons, the pine plot received
akout one-half of the light measured in the open. The differences
in light measured at the open plot in the dormant and growing
periods resule from different positions of the sun and ditferent
degrees of cloudiness (mean daily cloudiness in the dormant
season was 32 percent, and in the growing season 40 percent).

On clear and cloudy days during the growing season the oak
plot received about one-sixth to one-third of the light received in
the open and one-third to two-thirds of the light received in the
pine plot. In the dormant scason the oak plot received about
one-half to three-fourths of the light received in the open and
about the same amount of the light measured in the pine plot
(table 7}.

On clear days during the growing season all plots received
about 1.5 times more light than on cloudy days. During the
Jdormant season the multiple was increased to about 5.0.

Areal variation of noon radiation is indicated by the follow-
ing coefhcients of variation:

Qpen Ouk Pre
Total record 11 47 38
Growing season i4 85 33
Dormant season 9 30 46

14



During the growing seasou the greatest variation was found on
the oak plot, and during the dormant seasort in the pine plot.
Greater variation in the open plot during the growing season
wius probably due to greater cloudiness.

LONGWAVE RADIATION

Daily incoming and outgoing daytime longwave radiation of
the three plots are given in figure 1. Mean values by seasons are
given in table 3.

In both seasons incoming radiation from atmosphere and
overhead foliage and branches is greater beneath the canopies
than incoming radiation to the open from atmosphere alone. Dif-
ferences in outgoing radiation stem from ditferences in surface-
soil temperatures resulting from variation in shading.

Daily values shown in figure 1 point up the large seasonal
difference in longwave radiation, the relatively small difference
between plots (as compared with shortwave radiation), and the
overall negative net values.

NET RADIATION
Daily Net Radiation

Daily net radiation from economical radiometers is given in
figure 1. Mean values by scasons are given in table 3. Net radia-
tion from the growing to the dormant season in the open and
pine plots s reduced about one-third, but in the oak plot it is
increased about one-third because of the ditferences in seasonal
distribution of shortwave radiation noted above. Small differences
in longwave rudiation between plots suggest that net radiation
differences can be attributed mainly to variation in shortwave

distribution.

®
Net Radiation and Shorticave

About one-hulf to two-thirds of the shortwave radianon as
measured with the economical radiometers appeared as net radia-
tion. The net to shortwave ratios were as follows:

15



Open Ouk Pine
Growing scason 0.57 0.60 0.64
Dormant season S1 51 .38
Maximum daily ratios for the open, oak, and pine plots were
0.70, 0.76, and 0.82 respectively. Minimum values of 0.07, 0.16,
and 0.23 were for days of snow cover.

The relationships of net radiation to shortwave and to net
shortwave radiation are given in tuble 8. The simple correlation
coefficients indicate that from 89 to 94 percent of the vartation
i net radiation is attributable to varation in shortwave radiation,
and from 92 to 96 percent to net shortwave radiation. Standard
errors of estimate are about 10 to 20 percent of the mean net
radiation value by seasons.

RADIATION BALANCE
ON CLEAR DAYS AND CLOUDY DAYS

Seven days of record were selected to exemplify the radiation
balance on clear days and cloudy days during the growing and
dotmant pertods (table 9). Radiation values were from the

economical radiometers.

Table 8.——Relation of daily net radiation to daily shortwave
and daily net shortware radiation

Regression statistics

Plot Indfrpctgdcnt Q()rrgigiiﬁi)n Standard
variable coefiaient - officient a-constant  error of
estimate
T o L‘v‘zugleys Langleys
Shortwave 0.942 0.5364 11.3 34
Open <
{Net shortwave 959 6579 6.4 28
§ Shortwave 948 06325 ~12.3 25
Oak -
{Net shortwave 982 7549 -5.8 15
| Shorbwave 971 7109 ~21.9 22
Pine <

Net shortwave

16

976 8159 ~18.5 20
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. Jtem

Duate

Cloudiness (€¢)

Direct beam
Ruadiation

Shortwave
Shortwave
Net
Longwave
Longwave
Net

Net

Table 9.—Rudiativun balunce on clear duys and cloudy days, in langleys

Siute

Open
< Qak
{ Pie
\(')lucn
S Ouk
{ Pine
\ Open
< Oak
{ Pine
\ Open
- Gk
{ Pine
\ Open
« Oak
{ Pine
\ Open
- Ok
f Pine
\‘ Open
< Oak
} Pine

Example 1

Clear

{no leaves)

12,4
9
230

237
177
17

45

1

5,4
5

779

days

Example 2
(full leaf)
6/25
6

Example 3
(no leaves)

/27
91
743

202
159
123
17
17
6
185
142
117
410
274
250
453
405
406
43
,31
-26
142
111

91

3/9
52

490

318
281
208

58

49

39
260
232
169
283
274
280
160
344
336
-77
~70
-56
183
162

113

Cloudy dags

Example 4
(fulf feaf)

G/3
76
878

492
217
353

81

47

53
411
170
300
403
469
426

8/5
54
793

432



Example 1.

Clear Days, No Oak Leaves,
Winter and Sprin
(December 8 and May 4)

Relative magnitudes of shortwave and longwave radiation
among the three sites are sunilar for these 2 days despite the
large difference in shortwave radiation recerved.

For both days the greatest amounts of incoming, outgoing, and
net shortwave radiation were measured in the open, the least in
the pine plot, and intermediate values in the hardwood area. The
greatest amounts of incoming longwave radiation, and the small-
est amounts of outgoing were measured under pine. Negative
net thermal values increased markedly for open and hardwood
sites from the winter to the spring dates; whereas there was a
smaller change in net thermal radiation for the pine site.

Net radiation diminished from the open to the hardwood to
the pine and was governed mainly by the trend of incoming
shortwave radiation. ’

Example 2.
Clear Day, Full Leaf

(June 25)

A comparison of this radiation balance with that of May 4
points up the canopy change in the oak plot. Incoming, outgoing,
and net shortwave radiations were sharply reduced; incoming
fongwave radiation for the oak plot was greater than that for the
open and pine plots, and outgoing radiation was less. Net radia-
tion for the oak plot was but a fifth of its value in early May,
but there was little change in the open and pine plots.

Example 3.

Cloudy and Partly Cloudy Days,
No Oak Leaves

(April 27 and March 9)

The O1-percent cloudiness of April 27 reduced shortwave and
net radiation by one-fourth to one-third of that of the clear day
May . reduction in reflected shortwave radiation was even
greater. Incoming longwave radiation, for the first time in these

¥
fa
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examples, was greatest in the open, and there was little difference
berween incoming and outgoing thermal radiation in the forested
plots. Net radiation at the three sites was atfected mainly by the
distribution of shortwave radiation.

On March 9, with a cloudiness of 52 percent, incoming solar
radiation was somewhat greater than on April 27 even though
direct beam was much less; longwave vilues were relatively uni-
form, and the net value again mainly suggests differences in
incoming shortwave radiavon.

Example 4.
Clonudy and Partly Cloudy
Days, Frll Leaf
(June 3 and August 5)

These 2 days as compared with the clear day of June 25 show
a reduced shortwave radiation but a reduction disproportionately
less in the oak plot. (The high value of 217 lungleys for June 3
is presumably a sampling variation.) With longwave values faurly
uniform, net values for the open and pine plots were substan-
tially less than comparable values on June 25, and oak values

were greater.
o

Within the linited scope of this study certain results were
evident. In regard to instrumentation:

@ Economical radiometers were not dithcult to construct and
rave apparently good measurement of incoming and outgomnge
& Y g & ROIng
shortwave and longwave radiation.

@ The Bellani pyranometers used in this study were not satis-
factory because of their high threshold values and standard
errors of estimate. However, other investigators have found
various models useful (MacHuattio, 1961 Vézina and Péch,
1964 ).

® Livingston atmometers were relatively insensitive, very likely
to damage, and time-consuming to operate; and they could
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not be used in freezing weather. For shortwave estimation they
were not satisfactory.

® Photocells, despite their limitations in the spectrum measured,
correlated well with shortwave measurements in the open but
because of differential transmission of visible light could not
be used to estimate shortwave radiation beneath the canopy.

® The economical radiometer and the photocell were equally
effective in measuring shortwave radiation in the open. How-
ever, standard errors of estimate of 27 and 30 langleys with
these two instruments may preclude their use in studies re-
quiring precise comparisons.

Distribution of radiation in the forest plots was as follows:

® The oak plot received 39 percent of incoming shortwave radi-
ation during the growing season, and the pine plot received
65 percent. Comparable dormant-season values were 77 and
Gl percent. s

® More shortwave radiation penetrated the oak canopy in the
dormant season than in the growing season despite a seasonal
reduction of about one-third in the incoming amount in the

dormant season.
¢

® The oak plot received a greater proportion of the incoming
shortwave radiation on cloudy days, and the pine plot received
a greater proportion on clear days.

@ The percent of shortwave radiation received in the forest plots
was accurately estimated from a stem density-radiation rela-
tionship developed by Miller (1959).

® Albedos of the forest floor averaged 0.19 for oak and 0.14
for pine.

® During the growing season the oak plot received 19 percent
of the visible measured light at the open plot, and the pine
plot received 54 percent; comparable values for the dormant
season were 55 and 2 percent.
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At noon during the growing season, visible light throughout
the oak plot was about six times more variable, and throughout
the pine plot about twice as variable as in the open. In the
dormant season, variation in the oak plot was three times that
of the open, and in the pine plot five times that of the open.

Incoming longwave radiation from the sky and canopy was
slightly greater in the forested plots than in the open, and

outgoing radiation was greater in the open than in the forest.

Net radiation was greatest in the open plot; during the grow-
ing season it was smallest in the oak plot and during the
dormant season, in the pine plot.

From 89 to 94 percent of the variation in daily net radiation
was attributable to variation in daily shortwave radiation.
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