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B. Calibration

Along with the problem of keeping continuously recording equip-
ment in repair and operation, the necessity for careful and accurate
calibration looms large in microclimatic research. Such need, particularly

with the net radiometers, was very apparent during the study period,

(a) Solar Radiation

Since comparisons were to be made between values given by the
Kipp Solarimeter and the bimetallic actinograph, it was important that
their responses should be close to one another. For a period of three
relatively clear days, the two sensing units were exposed side by side,
and the calibration of the solarimeter was carefully adjusted, so that
its curve corresponded as closely as possible to that given by the acti-
nograph. The calibration of the solarimeter was then changed to that
given by the manufacturer. Fortunately, this created only a 1.5 percent
difference between the responses of the instruments which is well within
the range of error in reading the charts. Moreover, by virtue of having
such close calibrations, periodic checks of the instruments would show
a calibration drift.

Latimer (1962) points to several features in the response
characteristics of the Kipp Solarimeter which may lead to measurement
errors. Non-linearity of respomse may range from -2.1 to -5.4 percent
(i.e. the increase in electrical response from the thermopile is less
than the increase in solar radiation). In addition, Latimer found that

the dependance of response on temperature ranged from -.0.04 to -0.02
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percent /degree F., depending on the individual instrument. To test the
inaccuracies in the Kipp, a post-season calibration check was pursued by
comparing simultaneous  records from the Kipp and a recently-calibrated
Eppley when they were mounted side by side at College Jean-de=Brebeuf

in Montreal. Table 11 gives the records of 14 days during the winter of
1965 along with the daily mean temperatures and the percent differences

between the two instruments.

Table 11. Comparison of solar radiation as recorded by the Kipp
Solarimeter and Eppley Pyrheliometer.

Date Solar Radiation (ly/day) Daily Mean Percent
Eppley Kipp Temperature (°F) Difference

Jan 29 253 253 -3 Nil

30 250 247 13 -1.0

31 236 230 15 -2.7

Feb. 2 228 230 15 0.9

3 186 181 10 -2.9

4 164 154 9 -6.3

5 131 122 8 -6.9

6 144 135 16 -6.3

7 100 91 35 -8.6

9 289 271 30 -6.1

11 294 289 38 -1.9

13 309 292 35 -5.5

14 318 311 9 -2.0

15 239 229 27 4.2

3,141 3,035 Average -3.4

The Kipp recorded an average of 3.4 percent less solar radiation than did
the Eppley. It is evident from Table 11 that the differences between
Eppley and Kipp are non -systematic. They can be correlated effectively
neither with temperature change nor with non-linearity of response. A
linear correlation of percent difference in radiation on daily mean

temperature yields a correlation coefficient of anly 0.06, whereas a
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similar correlation between radiation intensity and percent difference
gives a correlation coefficient equally low at 0.10. It appears from
this test that the differences between the Eppley and Kipp are on the
average within T 5 percent, and that no suitable correction can be

applied for non-linearity of response or temperature factors.

(b) Net Radiation

The net radiometers proved rather tempermental in their res-
ponse characteristics. Original calibration of the radiometers by the
manufacturer is quite thorough. By being placed in a black box with
a voltage-controlled light source, they are checked to assure a res-
ponse from each side of the thermopile within 3 percent of that given
by the other. Each radiometer is then mounted alongside an Eppley
Pyrheliometer in a position normal to the incident rays of the sun.

By shading out the direct beam, the depression of the net radiometer
output is compared to that of the Eppley, and a calibration thereby
achieved. The process is repeated for the opposite side of the thermo-
pile to assure that response is still within 3 percent.

During the autumn of 1963 the author accepted the manufacturer's
calibration for radiometers No. 192 and 196, which were all he had in use
at the time. Calibrations were, however, checked once prior to the 1964
field season, and three times thereafter. Calibration was carried out on a
clear day with the solarimeter and net radiometers mounted horizontally side
by side over a uniform black tar rooftop. The direct solar beam was then

blocked out, and the depression of the radiometers compared to that of the
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solarimeter. The experiment was repeated on the reverse side. The
radiometers were then run continuously side by side to determine if
their responses to all radiation, both incoming short-wave and
terrestrial long-wave, were the same. The results are rather inter-
esting, and are detailed in Table 12. For the calibration carried out

prior to the 1964 field season, the results for all instruments were

Table 12 Net Radiometer Calibration Results

All values in microvolts/langley
C is the calibration
A G is the change from the previous calibration.

Net Radiometer

Calibration No. 192 No. 196 No. 200 No. 219
c ac ¢ ac ¢ ac ¢ 4

Manufacturer 300 --- 222 -— 225 --- 329 -
April 30 300 0 232 +10 223 -2 329 6
June 2 436 +136 236 +4 225 +2 201 -128
July 17 442 +6 240 +4 238 +13 208 +7
August 15 438 -4 238 -2 236 -2 212 +4
Sept. 12 438 0 235 -3 238 +2 215 +3

very close to those given by the manufacturer. Moreover, once a cali-
bration had been determined, by shading out the direct beam from both

the solarimeter and the radiometer, that calibration held true for all
wavelengths including the long-wave terrestrial radiation at night. Most
importantly, the measurements from each side of the thermopile of the net

radiometer remained within 5 percent over the whole measuring period.
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However, the radiometers changed their calibrations during the summer

of 1964, and some of these changes were very great. The most noteable
drift occured with No. 192, which between April 30 and June 2, increased
its output from 300 to 436 microvolts/langley. This was not a gradual
change, but rather occured very suddenly. By checking through the

records it became apparent that on the night of May 17, No. 192 drasti-
cally changed calibration. During the same period, No.219 fell from

329 to 201 microvolts/langley. The time of change could not be pinpointed
in this case.

Neither the manufacturer nor the author can suggest reasons
why such a sudden calibration change should have occured. It is quite
noteworthy when one considers that the output from each side of radio-
meters Nos. 192 and 219 remained with 5 percent, and that subsequent
calibrations on July 17, August 15 and September 12 upheld the new

calibration figures with little variation.

(¢) Soil Heat Flow:

Figure 11 shows the metal tank apparatus which was used to
calibrate the soil heat flow discs. The discs are fixed in a vertical
position on Plate B, which is fitted directly into the centre of Tank
A, Tank A is then filled with gelatin which has a thermal conductivity
the same as that of water, and this is allowed to solidify. Tank D is
filled with an ice bath solution and C with warm water, both mixtures
of which are kept constantly stirred. The temperatures Tl and T2 at each side
of Tank A are measured as a temperature difference T =TL - T2 by

thermocouples taped to each wall. At the same time the electrical output
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from each heat-flow disc is recorded on potentiometer E. After cali-
brating the disc for several temperature ranges, the ice bath is changed
from Tank D to C, Tank D being filled with warm water. Galibration is
then carried out for a heat flow in the opposite direction. Only the
discs showing a sensitivity on each side within 5 percent were kept for
use in the field. The output of soil heat flow discs averaged around

900 microvolts/langley.

(d) Stem Flow

The determination of depth equivalent of stem flow values is
readily achieved. The area ofvthe total canopy cover of the four trees
used in the experiment was estimated visually, and merely divided into

the total volume of flow from the trees after each rainstorm.

(e) Stream Flow

Volume of stream flow from the west creek watershed was calcu-
lated from an empirical formula for a 90 degree V-notch which reads as
follows: |

5/2

Q=20.305 H (21)

where Q is the volume of stream flow in cu ft/minute and H is
the height, in inches, of the water head above the vertex of the notch.

For daily periods equation (1) becomes:

Q = 439 H 3/2 cu ft./day (22)

By dividing runoff volume by the total area of the watershed
the depth equivalent of runoff is obtained. The development of equation

(21) is given by Gibson (1957). The conditions specified for this

equation are that the lip of the notch should be 1/16 inch thick, the head
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should be measured at a point upstream, equal to at least four times the
head, the base of the notch should not be less than 12 inches above the
bottom of the channel, and the width of the channel shall be not less than
4 times the head. All these conditions were met by the installation at St.

Hilaire.

(£f) Evapotranspiration

Two calibrations of the evapotranspirometer tanks were carried
out; the first prior to installation in 1963, and the second at the end
of the 1964 field season. The first consisted simply of pouring a known
volume and depth of water into the tank to be filled by soil, and deter-
mining the depth given by the same quantity in the overflow tank. The
actual depths could readily be computed, but some variation in symmetry,
especiélly in the overflow tank, made the direct approach more accurate.
Once the ecuivalent depths were calculated, a dip stick was marked off,
which when inserted into the overflow tank gave the equivalent depth of
water in the soil directly. The second check was made to determine if any
leaks had occured during field use. The two soil tanks were thoroughly
saturated with water and sealed with a polyethylene cover. After a period
of several days, when all of the gravitational water had drained off, a
known amount of water was added to each tank, and it was again sealed.
For each evapotranspirometer, the runoff into the overflow tank equalled

the water amount added, showing that no leaks had occured.
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C. Data Evaluation

(a) Solar Radiation, Net Radiation and Soil Heat Flow

The time unit for all radiation and heat flow measurements was
the hour. The continuous strip charts were analysed by drawing a straight
line which averaged the trace\for the hourly interval. Such a line is
drawn by balancing the area between it and the segment of curve above it,
and the area between the line and curve segment beneath. Daily and
weekly values of radiation and heat flow were obtained by summing all the
average hourly values.

(b) Rainfall, Stemflow, Stream flow, and Evapotranspiration.

Values for stemflow and rainfall in gauge (Rg) in the gravel
pit were determined after each major rainfall. All other rain gauges,
were read once per 24 hour period between 0900 hours E.S.T.

Stream flow was evaluated both for the individual storm and for
each daily period between 0900 hours. For the latter, the rapid peaking
of the curve during a storm became part of the 24 hour average.

Evapotranspiration was also determined for each 24 hour period.
For stationary tanks this is too short an interval to make the value for
each measuring period meaninful, and negative evapotanspiration would
often be determined for a daily period, due to a lag in the runoff water
reaching the overflow tanks. It is only when the daily values are added

into weekly values that the data become meaningful.
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CHAPTER IV Water-Balance During The Active Growth Period

(a) Introduction

Measurements of above-canopy rainfall, rainfall interception and
penetration in the canopy, runoff, soil moisture change, and evapotrans-
piration are all necessary in order to detail the complete water-balance
in a forest-covered area. All of these measurements were taken for the
period from May 1 to October 1, 1964, with the exception of soil moisture
change.

Weekly intervals were chosen as the optimum period for the pre-
sentation and evaluation of results. Although daily'readings were deter-
mined for all the moisture parameters, a day represents too short an inter-
val for the measurement of quantities such as runoff and evapotranspiration.

Water balance data for the 22 weekly periods are presented in Table 13.

(b) Active Growth Period

The season from May 1 through to October 1 includes nearly all
of the interval during which active growth is occuring. Before May 1
the leaves of the deciduous trees have barely begun to show, while by
October 1 most of the deciduous tree leaves have changed colour, denoting
the cessation of active transpiratiom.

For the presentation of results, this time interval is most con-
venient. It can be said with some certainty that the forest soils were at
field capacity on May 1. Evidence comes from the fact that winter snows
had only completely disappeared from the ground some 3 weeks earlier, Lac
Hertel was still emptying through its high-water runoff channel, due to

its great intake of water from the surrounding land areas, and the fact that
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when water was added to the evapotranspirometer tanks (which had been
exposed throughout the winter, as any other piece of soil) and evapo-
transpiration was prevented, the yield in runoff was equal to the water
added.

Evidence is equally strong that in the year 1964, the soil
moisture supply had been depleted to very near its hygroscopic level by
the middle of September. Stream runoff from the North Creek had ceased,
and it was merely an unmeasurable trickle in the West Creek. Moreover,
a total rainfall of 2.25 cm during Week 19 (Sept. 4 - 10) did not serve
to increase stream runoff; in fact, the runoff decreased slightly from
the previous week, showing that the soil was absorbing all the rainwater,
even during heavy showers. The level of water in Lac Hertel had dropped
almost 1 M from its mid-summer level and reached its lowest level in 5
years of measurement. Finally, many of the wells of residents living on
the outer hill slopes and in the surrounding lowland went dry during the

month of September.

(c) Above-Canopy Rainfall

Rainfall results, as presented in Table 13, represent an aver-
age of the two gauges in the orchard and the one above the forest, which
were described in Chapter III. Total rainfall for the growing season
amounted to 33.1 em. It was unequally distributed in time, with the very
low value of 1.8 cm for the four week period from May 29 to June 25, and
an equally high value of 10.8 cm between August 7 and September 3. The
total rainfall of 33.1 cm compares to a mean of 46.5 for the previous 4
years of record, so that 1964 presented a considerably drier period of

active growth than is usual.
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Table 13. Water movements and the water-balance.
(all values in cm.)

Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Totals
Above-canopy 0.00 1.34 2.08 1.98 0.74 0.46 0.48 0.08 1.34 5.56 1.70 6.23 2.80 0.10 4.90 1.35 4.14 0.36 2.25 0.05 0.00 1.14 33.08
rainfall
Rainfall
interception 0.00 0.54 0.90 0.46 0.13 0.18 0.19 0.06 0.66 1.18 0.62 0.08 0.68 0.07 0.42 0.55 1.20 0.21 0.89 0.05 0.00 0.36 9.43
Stemflow 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.12 0.01 0.00 0.05 0.00 0.05 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.31
Runoff 0.38 0.37 0.40 0.41 0.38 0.30 0.28 0.20 0.16 0.38 0.14 0.11 0.10 0.07 0.10 0.08 0.12 0.06 0.05 0.01 0.00 0.00 4.10
Mean Temperature 15.8 14.6 12.0 15.3 11.3 15.7 15.7 21.4 19.9 18.2 20.6:21.3 20.7 16.1 16.4 14.5 16.4 17.7 16.2 10.6 14.4 10.1 16.1

(°c) (Mean)
Field tank eva- 2.80 2.86 2.84 2.10 2.90 3.33 3.82 4.50 4.42 1.62 3.02 4.45 3.80 3.10 4.40 4.37 3.86 NV NV NV NV NV 58.19
potranspiration (17 weeks)
Woods tank eva- 1.00 1,02 0.38 0.79 2.20 1.32 1.97 1.90 2.64 1.52 1.09 1.420.79 0.89 3.64 4.63 4.60 NV NV NV NV NV 49 .42
potranspiration (17 weeks)
Thornthwaite
potential 2.16 1.96 1.64 2.20 1.60 2.33 2.36 3.26 2.98 2.70 3.02 3.06 3.03 2.66 2.24 1.87 2.14 2.25 1.96 1.25 1.64 1.11 49 .42
evapotranspi-
ration

Thornthwaite s0i112.9012.40 12.84 1270 1190 103 9.20 7.50 6.60 9.46 9.70 7,10 7.10 6.00 7.59 7.40 9.40 8.30 8.59 8.00 7.10 7.13
moisture dorage

Thornthwaite
actual evapo- 2.10 1.84 1.64 2.12 1.54 1.86 1.78 1.78 2,24 2.70 2.46 1.832.80 1.20 2.24 1.54 2.14 1.46 1.96 0.64 0.90 1.11 39.88
transpiration |

Thornthwaite

moisture de- 1 i
ficit 0.06 0.12 0.00 0.08 0.06 0.47 0.58 1.48 0.74 0.00 0,56 |1.25 0,23 1.46 0.00 0,33 0.00 0,79 0,00 0.61 0,74 0.00 9.5

NV = No Value
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(d) Rainfall Interception, Penetration and Stemflow

Rainfall interception, penetration and stemflow was determined
from the experimental area described in Chapter III, and was applied to
the water balance of the whole forest. It is appreciated that such values
will vary from one section of forest to another with variations in exposure
and variations in forest morphology, including tree types. However, the
maple-beech assemblage, which formed the vegetation of the experimental
area is very typical of the many mixtures of maple and beech which are
found on Mont St. Hilaire and which are delineated in Figure 1.

As seen in Table 13, the 9.4 cm of water intercepted by the tree
foliage forms a sizeable proportion of the total rainfall. The stemflow
of 0.31 cm,'on the other hand, does not constitue én important part of
the water which penetrates to the soil surface. For the growing season
of 1964, only 71 percent of above-canopy rainfall pentrated to the soil
surface. Nor was all of this Water eligible to enter into the evapotrans-
piration from soil surface and plant vegetation, since some was lost as
surface runoff.

The invewtigator is thus brought face to face with an important
fact in the hydrologic and energy regime of a mature forest cover. The
forest crown, through its ability to hold water, becomes an active agent
in determining the utilization of solar energy as a result of its very

morphology, as well as by its biologic functions.

(8) Runoff
The movement of water which reaches the forest soil is a complex

problem and is treated in its very simplest form in this study.
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That portion of the rainfall which immediately escapes to the
stream through overland flow is usually designated as surface runoff.
Kittredge (1948) details surface runoff as the way in which water reaches
the stream most rapidly, compared with ground water flow. Fig. 12 shows
a typical two-day hydrograph which has been reproduced from Kittredges'
book and is based on the work of Horton (1935). The hydrograph is roughly
divided into water supplied from surface runoff, channel storage, and
ground water flow. The total area under the curve is equal to total
stream flow. The rise of the stream and early part of the falling stage
include the sumace runoff. The termination of the surface runoff,
according to Horton, comes at the point on the time scale where the
descending limb of the hydrograph changes from convex to concave upward.
The portion of the hydrograph below the curve at the extreme right, where
the rate of decrease is very slow and where the trends after different
storms coincide, represents ground water flow. Both surface runoff and
ground water flow are lost to the forest vegetation.

In the water-balance table the total runoff, including both
surface and ground flow, has been calculated for the total growing period.
It can be seen that the runoff decreases rapidly from the first 5 weekly
periods, when it held a fairly constant value at 0.40 cm per week, to a
very low rate of about 0.02 cm per week during the last 5 weeks. It can
be noted further that, during Week 1 and Week 8, there was a net loss of
ground water because runoff was substantially higher than the rainfall
received. Fig. 13 shows the weekly values of runoff and rainfall for the

total period of study. One can surmise from this graph that the soil
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became steadily drier as the growing season progressed. As a result
of the increase in the moisture storage capacity of the soil, the runoff
steadily decreased in volume during the latter two-thirds of the growing

season, in spite of the increased rainfall during this period.

(f) Changes in Soil Moisture

The greatest weakness in this development of the water-balance
lies in a lack of data on soil moisture changes. Direct medasurements
would have proved a major undertaking and would be worthy of a complete
study in themselves. One of the problems is a lack of any instrument
which is capableof measuring soil moisture change accurately, rapidly and
continuously. \Even more important, the determination of a soil moisture
change representative for the whole area is a formidable task. Soil
depths on the mountain vary from a minimum of 10 cm, over bedrock on
steep slopes, to several metres in areas overlain by a fairly thick
cover of till., It is fairly certain judging from the sample augur
borings carried out as a part of this program, that the soil exceeds 2 M
in thickness above bed rock in only a few places.

It is necessary to make estimates of soil depths and soil types
since the soil moisture withdrawal, whether large or small, will play an
important part in the calculations of total evapotranspiration in the
forest. The author's assessment is that the soil types on Mont St. Hilaire
‘most closely resemble a silt loam. It is further estimated that the average
rooting depth of the forest trees is only 75 cm. By referring to tables of
soil water-holding capacities, as outlined by Thornthwaite and Mather (1957),

a figure of 15 cm soil moisture capacity is derived.
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Since most of the soil moisture was used in evapotranspiration during
the growing season, errors in estimating soil moisture capacity will
directly affect the calculation of evapotranspiration, when one em-
ploys the hydrologic-balance method. If soil moisture capacity is
only 10 cm, the total evapotranspiration for the growing season will
be overestimated by some 12 percent. A moisture capacity of 20 cm
would lead to a similar underestimation. This writer is reasonably
confident that the above estimates are realistic and that the error in
determining evapotranspiration should lie within plus or minus 12 per-

cent.

(g) Evapotranspiration

Three different methods were used to calculate the evapotmns-
piration from the forest. These include direct estimates from the
hydrologic-balance, calculations based on measuring potential evapo-
transpiration from soil-filled tanks, and the mean temperature method
of calculating potential evapotranspiration as presented by Thornthwaite
(1948) and revised by Thornthwaite and Mather (1953).

(i) Hydrologic-balance. A figure for full-season evapotrans-

piration can be determined from the equation

E=P - Q + St. (23)
where E is evapotranspiration, P is above-canopy precipitation, Q is
runoff, and St is the soil moisture withdrawal. For the 1964 growing

season, equation (23) yields E = 33.08 - 4.10 + 15.00 = 43.98 cm.



- 123 -

It is important to note that complete withdrawal of soil
moisture is assumed, and that the value for total above-canopy rainfall
is used. It should be emphasized that the 9.43 cm ofﬂwater that is inter-
cepted by the canopy is part of evaporation within the total evapotrans-
piration process.

Limits can be defined for the amount of water which enters into
evaporation and transpiration respectively. As will be shown in more
detail in Chapter V, the ratio of net radiation at the forest floor to
the above-canopy value does not exceed 6.05 for the full-leaf state in
a virgin stand. By determining the moisture ecuivalent for net radiation
at the forest floor, for the period under study, evaporation should not
exceed 3.30 cm. The idea that the net radiation which is received at the
forest floor places an effective limit on evaporation from the forest soil
is physically reasonable. In a thorough study of the heat balance of a
corn field, Tanner, Peterson and Love (1960) determined the ratio of
soil evaporation to total evapotranspiration by comparing the transpiration
from a plot with a mulch-covered soil to the evapotranspiration from a
natural plot. They found that soil evaporation depended on the net
radiation at the soil surface when the soil surface was wet, but as
the soil dried the capillary property of the soil (i.e., its ability
to move water upward to the surface) became important. The authors con-
cluded that the maximum possible latent heat which was used in evapora-
tion from the soil equalled the available energy of net radiation since
the soil received virtually no advective heat. Kittredge (1962) gives

measurements from California which show the dependance of evaporation
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from the forest soil on the density of the forest crown. By setting

open pan evaporation in a large clearing ecual to 100 percent, he found
that in an old irregular stand of pine the amount of open pan evaporation
at the forest floor was 83 percent, in a partially cut stand of balsam
and pine it was 69 percent, and that it fell to 17 percent in a dense
stand of mature balsam. Thornthwaite and Hare (1964) state that in dense
forest or under thick, tall grass, the shading of the soil and the shield-
ing against eddies almost eliminates evaporation from the soil, and its
surface remains moist long after each rain.

The evaporation in terms of the energy available from net
radiation at the forest floor will be limited to 3.30 cm of water. By
adding the amount of water intercepted by the canopy to possible soil
evaporation, the maximum possible evaporation would be 12.73 cm, thus
leaving 31.25 cm of water to be used in transpiration. These values
give a ratio for evaporation/total evapotranspiration of 0.29.

(ii) Potential Evapotranspiration from Tanks. Attempts to

measure potential evapotranspiration from tanks were both disappointing
and confusing; disappointing because the results appear to be unrepre-
sentative of the forest condition, and confusing because there is no

ready explanation for the nonrepresentative measurements. Up to the end
of Week 17, when tank measurements were suspended, a total potential eva-
potranspiration of 58.2 cm and 31.5 cm was obtained from the Field and
Woods Tanks respectively. If it is presumed that all of the net radiation
was used in evapotranspiration the potential evapotranspiration from the
Field Tank would consume about 108 percent of the net radiational energy,

while the Woods Tank would need many times more energy than was available
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from the net radiation beneath the forest canopy.

In order to attempt an explanation for the evapotranspiration
from the tanks being so high, Figs. 14(a) and 14(b) plot weekly values
of potential evapotranspiration against weekly values of net radiation,
mean wind speed, total rainfall, rainfall iﬂtensity and time, for the
Field and Woods Tanks respectively. Weekly rainfall intensity was de-
termined in the following manner. Any day of the week which had from
0.50 to 1.00 cm of rain was assigned an intensity of 1. Similarly, ranges
from 1.00 to 1.50, 1.50 to 2.00, 2.00 to 2.50 were assigned intensities
of 2,3,4. All the daily intensity values were then added, to give a
weekly total. Such a procedure is arbitrary, but it does serve to give
a rough indication of rainfall intensity. From Fig. 14(a) it can be
seen that the scatter for all plots is quite random. Surprisingly, net
radiation and potential evapotranspiration from the Field Tank show no
correlation. Only mean wind speed and time, when plotted against poten-
tial evapotranspiration, show any trends, and those are slight. In Fig.
14 (b) an even wider scatter is shown, and any trends between potential
evapotranspiration, and mean wind speeds or time are even less apparent.
These particular parameters were chosen for the following reasons. Net
radiation and potential evapotranspiration should be related since the
former represents the amount of energy which is available for the vapour-
ization of water. Graham and King (1961) derived an excellent correlation
between net radiation and potential evapotranspiration from a corn field.
Both total rainfall and rainfall intensity were plotted to investigate

the possibility that with large amounts of rain or with very heavy falls,
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the tanks might be flooded at the surface, so that much water escaped
over the rims of the tanks. If this occured, the potential evapotrans-
piration would be overestimated. Mean wind speed should play a part in
oasis effects. If the ground surrounding the tank is drier than the tank
itself, and strong winds carry warm dry air over the moistened surface
of the tank, evapotranspiration will be increased. Time as a factor
also involves the oasis effect. Since the ground water decreases as
the growing season proceeds, the area surrounding the tank will become
drier with time, and oasis effects will be accentuated. Perhaps it is
significant that the three weekly periods which showed exceptionally high
evapotranspiration from Field and Woods Tanks, especially the latter,
occured after August 9 during the latter part of the growing period.

If the tanks were leaking, the runoff which was measured in
the overflow tanks would be less and, as a result, the potential evapo-
transpiration would be overestimated, The tanks were tested for leaks
in the following manner. Each tank was saturated with water and then
covered with polyethylene sheets to prevent evapotranspiration. After
all of the gravitational water had percolated to the overflow tank and
a steady state condition been achieved, a known amount of water was
added to each tank. In each case the amount of overflow equalled the
known amount of water which was added, thus showing that the tanks did
not leak during the test.

A trend might be obtained from Figs. 14 (a) and 14 (b) if the
various parameters could be weighted and the potential evapotranspiration

plotted against some function of these variables, but the form of such a
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function is not known. It is concluded that the measurements from the
evapotranspirometer tanks cannot be taken as representative of conditions
in an undisturbed forest since their response characteristics may be in-
fluenced by local microclimates which are peculiar to the particular sites.

(iii) Potential and actual evapotranspiration from mean tempera-

tures data. Thornthwaite's application of temperature data for the cal-
culation of potential evapotranspiration was outlinéd in Chapter IIL. With

a knowledge of rainfall and assumptions as to soil moisture capcity and

the rate of withdrawal of soil moisture, all of which are outlined in
Thornthwaite and Mather (1957), a simple book keeping system allows the cal-
culation of actual evapotranspiration, water deficit, and water surplus.
This calculation was applied to the mean temperature and rainfall data

for the 22 week growing period at St. Hilaire. A value of 15 cm field
capacity, the same value as was used to calculate the hydrologic balance

was used in the Thornthwaite calculati;ns. Table 13 gives the potential
evapotranspiration, soil moisture storage, actual evapotranspiration, and
moisture deficit as calculated using the Thornthwaite approach. There

was no moisture surplus. The actual evapotranspiration of 39.88 cm for the
full period represents 91 percent of the evapotranspiration of 43.98 cm
that was calculated from the hydrologic-balance. However, because the
rateof soil moisture withdrawal lessens with increasing moisture deficiency
when using the Thornthwaite system, there was still 7.13 cm of water in the
soil at the end of the growing season. This contrasts to the approach when
calculating the hydrologic-balance, where a complete soil moisture with-

drawal was nostulated, Another difference in the two approaches involves

runoff. In the Thornthwaite calculations there is no runoff until field
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capacity is reached, whereas the field measurements which were used in
the hydrologic-balance showed a runoff of 4.10 cm. If the Thornthwaite
calculation is altered by adding to the actual evapotranspiration the
amount of water remaining in the soil (7.13 cm), and subtracting the
runoff which was measured in the field (4.10 cm), a value of 42.91

cm is derived for actual evapotranspiration. This comes within 5 per-
cent of the actual evapotranspiration, as calculated from the hydrologic-
balance. Thus, for the 1964 growing season at Mont. St. Hilarie, there
is good agreement between the Thornthwaite system of calculating actual
evapotranspiration and the field calculations from the measured and esti-

mated elements of the hydrologic balance.

(h) Seasonal Water Balance for Mont St. Hilaire.

By using the actual values measured for rainfall, interception,
stemflow and runoff; evapotranspiration values as determined from the
hydrologic-balance; and a soil moisture capactiy of 15 cm, the following

table of the forest water balance for 1964 emerges.

Table 14 Water Receipts

Rainfall 33.08 cm.
Soil Moisture 15.00 cm.
Available Moisture 48.08 100%

Water Expenditures

Runoff 4.10 8.5%

Evaporation 12.73 29.1%

Transpiration 31.25 70.9%
Evapotranspiration 43.98 91.5%

Total 48.08 100%
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(i) Comparison to other studies

Pierpoint and Farrar (1962) studied the water balances of the
University of Toronto Forest in Haliburton County, Ontario, by using the
Thornthwaite mean temperature technique. The forest lies at an elevation
of 1000 feet, and consists mainly of sugar maple and yellow birch trees
with an admixture of hemlock and pine. The soil averages 4 ft. in depth
above bedrock and to it the authors assigned a moisture capacity of 10 cm.
In temperature, precipitation and altitude the Haliburton station resem-
bles very closely that at Mont St. Hilaire. Pierpoint and Farrar cal-
culated the annual water balance for the years 1951 to 1957. As the
figures‘below show, the year 1951 in Haliburton closely resembled the
year 1964 at Mont St. Hilaire, the main difference being that the former
station received about 6 cm more rainfall. The evapotranspiration, as
calculated using Thornthwaite's formula, was very similar to that cal-

culated for Mont St. Hilaire from the hydrologic-balance during a drier

year. If the authors had used a
Table 15
Month Mont St. Hilaire Haliburton

T°C P(cm) 7°¢ P (cm) *AE(cm)
May 14.0 5.6 11.1 7.2 7.3
June 17.3 3.0 16.5 7.6 10.0
July 20.3 10.2 18.9 9.0 10.0
August 16.4 11.5 7.8 6.7 8.0
September 13.1 3.5 13.8 952 7.5
Totals 33.8 39.7 43.4

*AE refers to actual evapotranspiration
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field capacity of 15 cm instead of 10 cm, their calculations of actual
evapotranspiration would have been somewhat higher. It appears that
the Thornthwaite technicue accurately estimates evapotranspiration from
a forest in middle latitudes, if the writers calculations for Mont St.
Hilaire and his comparisons to the Haliburton data give a true indication,
Kittredge (1948) reported on a Swiss stream flow experiment
which was carried out by Engler (1919). He measured out of a total
precipitation of 62.6 cm, runoff equal to 37.1 cm, 11.8 ecm of trans-
piration and 4.6 cm of evaporation, with a canopy interception of 9.1 cm.
His ratio of evapotation to transpiration worked out to 0.29 which com-
pares to the 0.33 calculated in the present study. Bates and Henry (1928)
carried out an experiment on two catchment areas at Wagon Wheel Gap,
Colorado. Out of 21.2 in of rain, they measured runoff at 6.2 in, inter-
ception at 3 in., and transpiration, and evaporation amounts of 5 and 7
inches respectively. The fact that one of the catchment basins was severely
denuded of trees may have led to a greater evaporation of water in com-
parison to tramspiration, and to a lower canopy interception than would
be usual in more natural forest enviromments. Meyer (1932) concluded
that for the northern and central parts of the United States the normal
annual transpiration of deciduous forest is 8 to 12 inches, and of conifers
it is 4 to 6 inches. Minckler (1939), in a study of a 55 year old beech-
maple forest in New York State, estimated annual transpiration at from 4
to 5 inches. Kittredge (1948), in summing up a number of studies, states
that annual transpiration for most forests in the United States is probably

between 5 and 15 inches (12.7 to 30.8 cm) and may approach 35 inches (89.0 cm)



- 133 -

for large dense stands on the best sites.

Croft and Manniger (1953) used a hydrologic-balance approach
to compare a bare soil plot with an area covered by poplar trees. For
the bare plot without cover, the evaporation was 28.4 cm for the growing
season. The evapotranspiration from the poplar forest was 47.5 cm.
Kittredge (1962), in commenting upon this experiment, notes that under
these conditions the transpiration would be greater than the evaporation.
In other words, it would be more than 23.7 cm but less than 47.5 cm.

Such an approach, Kittredge states, may lead to a very rough approximation
of transpirstion, but the result lacks precision. Penman (1963) comments
in a similar vein. He notes that while some of the water comes directly
from the soil (evaporation), and some comes indirectly from the soil
through the plant (transpiration), few of the separations of evaporation
and transpiration in'published water budgets have any rational basis to
justify their apparent precision. Penman's comment must be taken
seriously. The author feels, however, that a fairly accurate sgparation
can be made in a detailed investigation. Certainly, the water which is
intercepted by the leaf layer of plants will be evaporated if the leaves
are not to remain permanently wet. The evaporation of water from the
soil offers more problems. The net radiation at the forest floor may

not place an effective 1limit on the possible amount of evaporation,
because of an extra energy supply created by a downward movement of
sensible heat energy from the crown layer. If such a flux is important
then it should be evident in daytime temperature profiles which show in-

version conditions in the tree trunk area. A number of studies show that
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this is the case during daytime as well as nightime conditions. Hales
(1949) measured a temperature increase of 2°C. between 0.6 and 46 M heights
beneath the canopy of a tropical jungle during the noon hour period. As
discussed in Chapter II, Cantlon (1950) found that the temperature pro-
file heneath the forest canopy varied with slope exposure. Inversion
conditions persisted on the north slope but on the south slope lapse or
isothermal profiles were found during the day with inversion conditions
at night. Kittredge (1962) shows measurements from California where
isothermal conditions were maintained at 1500 hours beneath a forest
having only a 60 percent crown coverage. Denmead (1964) measured
available energy at various heights in the forest canopy and at the same
time took profile measurements of temperature and humidity for a pine
forest. He found that sensible heat transfer from the site of maximum
absorption of net radiation to lower parts helped to even out the trans-
piration load within the forest canopy. His computations did not extend
beneath the canopy layer. Geiger (1965) shows daily temperature profiles
for an oak forest 25 M in height. On the average the period between 0600
and 1800 hours showed a temperature increase of 2.5°C between a level at
3 M above the forest floor and the lower canopy level at 21 M, Geiger
also quotes measurements for a dense fir plantation which show as a day-
time average a 3.0°C temperature increase between the 0.6 M and 3.0 M
levels. To the extent that evaporation is hastened due to this heat
source (i.e. a downward convective heat flux), errors will arise in the
separation of the evaporation and transpiration terms, and such an error

may appear in Table 1&4. The magnitude of this type of error should be
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small in comparison to the total amounts of water which are involved in

_the evapotranspiration process.

(j) Summary

The growing season at Mont St. Hilaire was concentrated between
May 1 and October 1 in 1964. Measurements during this period were sum-
marized for weekly intervals, there being 22 weeks in all. The growing
season with a rainfall of 33.1 cm was much drier than usual. 29 percent
of this rainfall was intercepted by the forest canopy, 1 percent reached
the ground via stemflow, and the remaining 70 percent penetrated to the
ground as throughfall. Of the total rainfall, a little over 12 percent
was lost to the forest through runoff. Soil moisture changes were not
measured, and had to be estimated from the soil type and rooting depths
of the trees. A soil moisture capacity of 15 cm was assigned for Mont
St. Hilaire,

Attempts were made to determine actuml evapotranspiration from
the hydrologic-balance, from the measurement of potential evapotranspi-
ration in tanks, and by using the Thornthwaite mean temperature technique
for calculating potential evapotranspiration and book-keeping computations
for calculating actual evapotranspiration. The hydrologic-balance and
Thornthwaite calcdations agreed closely. The tank measurements appeared
to give readings which were influenced by the microclimates of their
particular sites. Possible reasons for this influence are presented,
but no conclusive evidence can be cited.

All water receipts and water expenditures were calculated for
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the growing season. The evapotranspiration process was divided into
the evaporation from the tree canopy which was determined from the
canopy interception of rainfall, evaporation from the forest floor
which was estimated from the net radiation at the forest floor, and
transpiration which became the remaining amount of water which was

transferred to the atmosphere.



Chapter V Radiation and its Energy Transformationsduring the

Growing Season

(a) Introduction

The results discussed in this chapter apply to the overall
energy-balance of the forest during the growing season. The detailed
variations of the radiation and moisture regimes within the forest are
treated in Chapter VI. This writer has not been able to measure con-
tinuously all the quantities necessary for a complete energy-balance
description during the present study and has found it necessary to
rely, to some extent, on other investigations in developing the sections
on soil heat flow, heat flow in the biosphere, and heat exchange in the
forest air. It is stated, with confidence, that each of these quantities
becomes quite small over periods of weeks, months, and over the total
growing season when c&mpared to the much larger fluxes of net radiation,
latent heat and sensible heat. All of theenergy quantities which have
been calculated for the twenty-two weeks of the growing season from

field measurements are presented in Table 16.

(b) Global Radiation and Albedo

For the active growth period of 1964, a total global radiation
of 66,918 1y impinged on the forest cover. The weekly values ranged from
a low of 1909 ly during Week 22, the last week of the growing season, to
a high of 4127 ly for Week 1, at the beginning of May, a period when
cloud cover was very low.

A few measurements of albedo were taken during the summer by

inverting the Kipp solarimeter above various tree types, and comparing

the reflected radiation to the incoming radiation as measured on the
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actinograph. These measurements gave the following mean albedo values.

Tree Albedo
Oak 0.16
Beech 0.19
Maple 0.19
Pine 0.14
Hemlock 0.15
Birch 0.17

Such values agree well with values of 0.18 and 0.14 for oak woodland and
pine forest respectively, which were determined by Angstrom (1925), and
with albedo values given by Budyko (1958), which show a range from 0.15
to 0.20 for deciduous forest in various geographical locations. The
mean forest albedo for Mont St. Hilaire can be placed at 0.18.

(¢) Net Radiation

(i) Total. The net total radiation has been divided into
the positive values which were accumulated mainly during the daylight hours
and the negative ones which were largely measured during the night-time
period. The term net total radiation represents the difference between
the positive and negative measurements. It is this amount of radiant
energy which is available to do work at the earth's surface, and which enters
mainly into the latent and sensible heat fluxes. During the growing season,
the net radiation constituted 58 percent of the incoming solar radiation.
Fig. 15 shows the weekly variations in the net radiation, the absorbed solar
radiation, the long-wave radiation balance and the nocturnal radiation.

(ii) Absorbed solar radiation and the long-wave radiation balance.

Values of radiation were measured by the solarimeter and actinograph, and
the absorbed solar radiation was determined by assuming a mean albedo of
0.18 for the forest, and subtracting thealbedo value from the incoming

radiation. The data for the long-wave radiation balance were derived from
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Radiation Balances.
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(all

Week

Global
Radiation

Reflected
radiation
(albedo)

Absorbed
radiation

=(a) -(b)

Daytime
Net
radiation

Nocturnal
radiation

Net total
radiation

=(d)+(e)

Long-wave
radiation
balance

=(£)-(c)

Energy used

4127

743

3384

3010

-330

2680

-704

to evaporate 0

intercepted

water

0.08

2537

456

2081

1774

-245

1529

-552

318

0.05

4004

720

3284

2982

-321

2661

-623

530

0.05

3612

650

2962

2446

-248

2198

-764

272

0.13

values in langleys)

2740

494

2246

1944

-169

1775

-471

77

0.00

3806

687

3119

2941

-327

2614

-505

106

0.01

3879

700

3179

2545

-323

2222

-957

112

0.21

3766

678

3088

2730

-293

2437

-651

35

0.08

3583

645

2938

2530

-203

2327

-611

390

0.01

10

2611

470

2141

1844

-131

1713

-428

695

-0.03

11

3083

556

2527

2007

-343

1664

-863

365

0.23

12

3730

672

3058

2564

-338

2226

-832

47

0.16

13

2804

506

2298

1890

-289

1601

-697

403

0.13

14

3218

580

2638

1951

~144

1807

-831

41

0.20

15

2455

440

2015

1647

-219

1428

-587

247

0.08

16

2244

1405

1839

1769

-287

1482

-357

326

-0.12

17

2727

492

2235

1824

-354

1470

-765

710

0.19

18

2767

498

2269

1663

~416

1247

-1022

124

0.35

19

2071

374

1697

1451

-383

1068

-629

525

0.14

20

2699

486

2213

1528

-677

851

-1362

29

1.04

21

2546

460

2086

1496

-519

977

-1109

0.64

22

1909

344

1565

1321

-363

958

-607

212

0.13

Totals

66918

12056

54862

45857

-6922

38935

-15927

5564

Average
0.17
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the difference between the absorbed solar radiation and the net total
radiation - both measured parameters. Nocturnal radiation was measured
directly.

In an effort to evaluate the role of the radiational fluxes,
this writer applied a modified form of an approach used by Monteith
and Szeicz (1961), in their study of the radiation balance of soil and
vegetation, Monteith and Szeicz noted the importance of net radiation
in agricultural meteorolgy, and determined the dependence of net on
solar radiation under clear skies for different surfacecovers. They
plotted linear regressions of net radiation (Rn) on the absorbed solar
radiation (Rsi (1 - «)) for cloudless days to give the regression formula

Rn =a (1 -«) Rsi +b (22)
The correlation coefficients were high, varying from 0.95 for net radia-
tion over bare soil, to 0.99 for net radiation over spring wheat. Equation
(22) can satisfy

Rn = (1 -=) Rsi +~RL (23)
where Ry = Rli - Rlr the long-wave radiation balance, only where Ry is
a linear function of Rn having the form

Ry, =b/a -Rn (1 - a)/a =b/ a - Rn (24)
thus defining £1 . Because RL is negative, £ is the increase in net
long-wave loss per unit increase of net radiation income. As an increase
in net radiation is associated with an increase in surface temperature to
which the net long-wave loss is very closely related, . may be regarded as
a heating coefficient, For various cover types and time periods, Monteith
and Szeicz derived &\ values as listed in Table 17. The r values in this

table show the linear correlation between Rn and Ri (1 -«).
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Table 17. q Values for cloudless days (After Monteith and Szeicz)

Surface Date L r
Spring wheat May 25-July 27, 1957 0.15 0.99
Sugar beet July 3-September 27, 1958 0.21 0.97
Grass July 23-August 27, 1959 0.22 0.98
Bare soil April 14-April 30, 1957 0.35 0.98
Bare soil May 1-June 18, 1958 0.39 0.95
Bare soil June 13-June 20, 1959 0.41 0.98
Bare soil September 7-September 20,

1959 0.37 0.97

In the present study the weekly values of net radiation were
regressed.on the weekly values of the absorbed solar radiation to give
a correlation coefficient r of 0.92. It is important to recognise that
this regression which is shown in Fig. 16 includes all sky types, not
just cloudless days. Values of L were then calculated for each week
during the growing season, and are shown in Table 16. In this case Ik
may not be considered a heating coefficient because, as well as being
influenced by surface temperature, it is also under the influence of
cloud conditions. What it does denote is the importance of the long-wave
components of the net radiation. Hence during Week 20, the highest value
at 1.04 denotes a low net radiation which occured in spite of a high level
of solar radiation, because of a large negative long-wave balance. In con-
trast, the lowest Ll at -0.12 occured during Week 16 when a relatively high
net radiation was maintained in spite of low amounts of solar radiation,
because of a small negative long-wave balance. In the former example, the
weekly mean cloud cover was 4.1/10, whereas in the latter case it was al-

most doubled at 7.8/10. With one exception, these represented the lowest

and highest cloud covers which occured during the growing season. The average
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Figure 16
Linear Regraession of Net Total Radiation
on Absorbed Solar Radiation
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value of £ for the growing season was 0,17,

Further, {L was computed for all of the cloudless days which
occured during the growing season in a calculation directly comparable
to that of Monteith and Szeicz. The linear regression of net radiation
on short-wave balance gave a correlation of coefficient r of 0.97 and
£ was calculated at 0.24. When this value is compared to Table 17,
it can be seen that for the year 1964 the forest cover at Mont St.
Hilaire had a heating coefficient that was slightly greater than grass,
sugar beet and spring wheat, but less than bare soil according to measure-

ments made in England during various years.

(d) Energy Transformations

The net radiation, which represents the energy available at the
earth's surface, must eventually be returned to the atmosphere. The
mechanisms involved in this return must operafe within a surface layer of
considerable depth in the case of a forest. This creates unique micro-
climatic conditions which will be considered in Chapter VI. The present
discussion of energy transformations applies to the average condifions
which prevailed over the forest cover during 1964,

(i) Latent Heat Flux. The movement of energy in the form of

latent heat occurs in the evaporation of water which is intercepted by

the tree canopy, the evaporation of soil moisture, and the loss of water
through transpiration. The energy which is used to evaporate intercepted
water for each weekly period is shown in Table 16. With the limitations of
the present study, the energy consumption for soil water evaporation and for

transpiration can only be given for the total pedod of active growth.
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By using a latent heat of vapourization of 590 cal cm for a mean sea-
sonal temperature of 15°C, the values which are given in Table 18 were
calculated. These values are based on the hydrologic-balance measure-
ments and assumptions which were presented in Chapter IV. The latent

heat energy which was involved in the total evapotranspiration process

Table 18. Amount of latent heat energy used in the various components
of the evapotranspiration process.

Energy used in evaporating intercepted water 5564 cal.
Energy used in evaporating soil water 1298 cal.
Energy used in transpiration 19087 cal.

Total 25949 cal.

for the growing season made up 67 percent of the net radiational energy.

(ii) Soil heat flow and heat storage in the forest wood mass

and forest air. No consistent measurements of any of these parameters

were taken in the present study. Their guantitative significance can

in part be estimated from other studies. Baumgartner (1956), in nine-

day measuring period in a young spruce forest from the end of June through
the first of July, found that the soil heat flow and the heat storage in
the forest wood mass and forest air amounted in total to only 0.7 percent
of the net radiation (i.e., 0.7 percent of the energy from net radiation
was stored as heat in the biosphere or moved downward into the forest soil).
Dzerdzeevskii (1963) measured the same quantities in a deciduous forest for

the period when the leaves were just beginning to sprout in the spring,in

mid-summer, for a period just before leaf-fall,and in an interval just
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after the leaves had fallen. His measurements showed soil heat flow and
heat exchange in the biosphere as equalling 0.8, 1.3, 2.4 and 11.0 per-
cent of the net radiational energy, respectively, for each period. It is
interesting that for every period, Dzerdzeevskii's measurements showed a
net heat gain by the biosphere and forest soil. This is suprising since
the forest layer cannot store heat indefinitely. 1In the present study,
only two sets of soil heat flow measurements were taken. These are pre-
sented in Table 19. The first set was gathered during the period after
leaf-fall in the autumn of 1963. The second set covered a three-week period
before leaf fall in 1964. During twelve days of the canopy-bare period in
1963, there was a net storage of heat in the soil which equalled 6.6 per-
cent of the above-canopy net radiation. Before leaf fall in 1964 the

soil was liberating heat over a three-week period in an amount equivalent
to 7.0 percent of the net radiation. The first set of measurements com-
pare reasonably well with those taken by Dzerdzeevskii under similar
conditions (both show a net gain of heat by the soil after leaf-fall).

The second group shows the forest soil losing heat where, during a similar
period, the Russian experiments showed a heat gain.

It is necessary to apply reasonable values to the heat exchange
in the forest wood mass and air, and the forest soil. The former exchanges
will be small in comparison to the soil heat flow, and should approach zero
over the whole growing season. The soil heat flow, according to Baumgartner
and Dzerdzeevskii's measurements, also becomes small over the period of
growth. However, the few measurements taken by the present author showed

a negative soil heat flow of considerable magnitude which endured for over

3 weeks. Recognizing that the soil does heat up in the spring and does
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Table 19. Daily measurements of net radiation and soil heat flow for
2 periods at Mont St. Hilaire. (all values in ly day ).

1963 1964

Date Rn S Date Rn S
Oct. 8 200 -25.7 Aug. 26 280 -9.6
9 249 -6.6 27 308 -7.2
15 168 22.2 28 212 -8.4
16 145 15.6 29 29 -4.2
17 205 10.2 30 328 -4.2
18 166 22.8 31 185 4.8
19 122 10.2 Sept. 1 193 -30.0
21 188 -28.8 2 192 -16.8
22 222 10.8 3 120 -18.6
23 187 7.2 4 9 -10.2
24 140 -7.2 5 113 -21.6
25 91 -17.4 6 118 -19.8
7 242 -15.0
Totals 2083 138 8 91 -12.6
9 274 -15.6
S/Rn (%) = 6.6 10 123 -3.6
11 14 -28.0
12 175 -57.7
19 162 -6.6
20 152 1.2
21 132 3.0
22 210 6.0
23 193 14.4

Totals 3855

]
TR
S
w

S/Rn (%)

-7.0
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cool down in the fall, the magnitude of the energy storage within the
soil should fall within 4+ 5 percent of the energy of net radiation.

The limited measurements of soil heat flow, which are shown in
Table 19, suggest certain patterns. Toward the end of the growing season
when the forest wes still in the full-leaf state, and the soil was shaded
from the direct solar radiation, the heat flow was directed primarily up-
ward from the soil into the atmosphere. Huwever, this flow was reversed
after leaf-fall, at least for a time. Such a feature was probably due to
the increased penetration of solar radiation through the open canopy to
the forest floor.

(iii) Photosynthesis. The consumption of energy for the pro-

duction of plant food and the construction of dry matter represents energy
which is not returned to the atmosphere for long periods. It may repre-
sent appreciable energy amounts for hourly intervals during periods of
most active plant growth, as was observed by Lemon et al (1957) for corn,
but over the whole growing season will become unimportant in comparision
to other energy amounts. An example of a calculation of yearly energy con-
sumption for photosynthesis in a forest was provided by Miller (1955). He
took volume, yield, and stand tables for some of the principal timber
species of British Columbia, and calculated that 600 trees/acre of average
trunk diameter 5.5 inches/tree would give 3000 ft3 of wood per acre. With
an average annual increment of wood of 0.0l gm cm-2 of forest land, and a

1

heat of combustion of 5000 cal gm ™, the yearly increment in dry weight would

=2 .
use 50 cal em of energy. If one assumes a similar amount of energy is
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used for forest photosynthesis at Mont St. Hilaire, it would only use
0.13 percent of the net radiation.

(iv) Sensible heat flux. The other large energy transformation

involves the eddy flux of sensible heat. For mid-latitude forests at least,
it appears that there is always some eddy heat flow, and that potential
evapotranspiration does not equal the eanergy available from net radiation.

As a residual quantity in the present study, the return of sensible heat

to the atmosphere involved 13127 13 1974 calories for the period of active
growth, a quantity which constitutes 33 3 5 percent of the net radiatiomnal
energy. Since the sensible heat flux has been calculated as a residual
term, and the soil heat flow and heat storage in the biosphere are terms
which can vary in quantity from plus to minus 5 percent of the net radia-
tion, it is necessary to set a range within which the sensible heat flux

can vary. If the soil heat flow has a net positive value during the growing
season (i.e., the soil increases its heat storage), then the sensible heat
flux must be decreased by an equivalent amount. In contrast, a net negative
so0il heat flow during the growing season would yield extra heat energy to

the forest layer, and the sensible heat flux would be increased.

(e) Comparison of Results

The results of the present study are compared to those of Baum-
gartner and Dzerdzeevskii in Table 20, The calculations of the latent and
sensible heat fluxes at Mont St. Hilaire for the full growing season, and
those at Munich for the mid-summer period correspond to one another within
10 percent. If one takes an average of the first 3 sets of measurements

at Zagorsk (i.e., those covering various stages of the growing season), and
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Table 20. Comparison of energy-balances for forest covers as calcdated
for a young spruce forest at Munich, a mixed deciduous
and coniferous forest at Zagorsk, and for Mont St. Hilaire.

Mont St. Hilaire Munich
Investigator Rouse Baumgartner
Latitude 45°N 47°N
Forest type Mainly deciduous Young spruce
Net radiation 100% 100%
Latent heat flux 67% 71%
Sensible heat flux 33 T 59 28%
Heat flow in soil
and biosphere T59, 1%
Zagorsk
Investigator Dzerdzeevskii
Latitude 559N
Forest type Mixed
Beginning of Mid-summer Beginning of After leaf-
Leaf sprout leaf-fall fall
Net radiation 100% 100% 100% 100%
Latent heat flux 71.5% * 74.0% * 67.5% * 37.4% *
Sensible heat flux 28.0% 26.5% 38.8% 56.0%
Heat flow in soil 0.8% 1.3% 2.4% 11.0%

and biosphere

#* Percentage do not add up to 100% due to measurement error or to advective
heat fluxes.

compares them to those of Mont St. Hilakre, the results also agree within
10 percent.

It would be unrealistic to presume that an average condition for
the heat-balance of a forest cover in middle latitudes involves latent
and sensible heat fluxes, which utilize two-thirds and one-third of the
energy available from net radiation, respectively. However, it is reason-

able to suggest that, because a deciduous forest returns large amounts of




water to the atmosphere, such a large flux is a necessary ingredient in
the life processes of hygrophilous deciduous trees in middle latitudes.

As such, these forests will be established only where sufficient water is
available under average conditions. In other words, forests need abundaht
water in order to grown. As a corollary, under average conditions in a
mid-latitude deciduous forest, the latent heat flux during the growing
season will always use a large part of the available energy from net

radiation.

(f) Discussion

The energy-balance, as it has been presented in this chapter,
is limited to the movement of energy in the vertical direction. It does
not consider the advective fluxes of sensible or latent heat. Such
advective fluxes have been omitted, not because the author deems them
unimportant, but because of the impossibility of measuring them during
the present study. It is likely that importation of energy is significant
both on the flanks of the mountain and on the slopes leading away from Lac
Hertel. Moreover, it is likely to have more influence on a site such as
Mont St. Hilaire than would be expected on a forest site covering a rela-
tively flat area.

Another quantity which has been omitted is the water and energy
exchange due to dew condensation. There is no way in which dew fall can
be measured readily in a forested area, except as an aerodynamic downward
vapour flux. Its importance to the energy-balance over long periods of

time will not be significant because the latent heat energy which is liberated
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during night-time condensation will be balanced by the energy used for

evaporation the following day.

(g) Summary

Measurements and estimations of the heat-balance over the forest
during the growing season are presented. Global radiation was measured,
and a mean albedo of 0.18 for forest was used, the difference giving the
absorbed solar radiation. The long-wave balance was determined from the
difference between the net radiation and the absorbed radiation. The
various radiation measurements, as well as the energy used to evaporate
the water intercepted by the tree canopy, were all plotted for each of
the 22 weeks of the growing season.

By using a modified form of a calculation presented by Monteith
and Szeicz, a ™ value was derived which showed the relative magnitude of
the absorbed solar radiation and the long-wave radiation balance during
various intervals of the growing season. The value of A is influenced
by the surface temperatures at the forest canopy and the cloud cover.

A study of the processes into which the energy of net radiation
entered was pursued. The latent heat flux used approximately two-thirds
of the net radiational energy during the growing season, and the sensible
heat flux about one-third. The net heat storage in the biosphere and in
photosynthesis is negligible over the growing season, but soil heat flow
may represent Ts percent of the net radiational energy according to the
few measurements which were taken.

The energy-balance, which was calculated for Mont St. Hilaire,
agreed closely with two similar studies of the heat-balance over a forest
in Germany and Russia. The magnitudes of the energy trandormations which

were calculated probably resemble closely the mean conditions which persist

over a middle-latitude deciduous forest during the growing season.




Chapter VI The Forest as an Active Surface Layer

A. Net Radiation Profiles

An intensive survey of variations in net radiation with height
and with area in the forest has yielded most interesting results which

are summarized in Figs. 17, 19 and 20 and in Appendices E (i) and E (ii).

(a) Experimental Design

The apparatus for mounting the net radiometers is described in
Chapter IIIL. Data were collected between June 5 and June 23 for the North
Slope profiles, and between June 24 and July 16 for those on the South
Slope. The measurements thus evenly straddle the period of maximum solar
altitude and daylength. For each site, the experimental design was iden-
tical. One net radiometer was used to record continuously the net radia-

tion at a fixed spot above the forest crown (Rn The remaining three

ac)
radiometers were mounted initially at a height of 0.3 meters above the
forest floor, after which they were raised to successive levels of 1,2,4,
6,8,10, 11,13, and 14 meters, the last height being above the general
tree-top level. The time during which the sensors were left at any one
level depended on the weather conditions, it being necessary to record,

at each level, a full day's net radiation (Rn,c) under relatively clear

sky conditions.

(b) Presentation of Results

Fig. 18 shows the morphological structure of the forest on north

and south slopes. It was plotted by employing a modified form of the

widely-used method first proposed by Dansereau (1951). Whereas Dansereau's
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technique shows tree heights in groups which include an increasing
height range as one progresses upward toward the forest crown, the
present writer has mapped and plotted the vertical structure in cate-
gories which have a constant height range. Thus the vertical scale
in Fig. 18 is linear. The total breadth of the tree crowns in a par-
ticular layer represents the portion of the ground, in percent, which
is covered by the trees at each height. Thus for the North Slope dia-
gram, trees having their crowns between 7 and 13 meters cover approx-
imately 75 percent of the ground beneath. Triangular and circular-
shaped crowns represent coniferous and deciduous trees respectively,
whereas the trapezium-shaped structures which hug the ground corres-
pond to low bushes and shrubs. Fig. 17 which shows the diurnal pattern
of isopleths of net radiation is used as an overlay on Fig. 18. This
gives a simultaneous view of a climatological parameter and forest site
to which it applies. A similar overlay of isopleths of solar radiation
is used on Fig. 18, later in this chapter.
The methods of data presentation in Figs. 17 and 19 differ.
For the former, the above-canopy values of net radiation were averaged
for the total recording periods of 18 days on the North Slope and 22
days on the South Slope. These average values were plotted at the 14 M level.
The measurements of the three net radiometers at lower heights in the forest
were averaged for the full recording period at each height. This means that
two or three day averages for the beneath-canopy measurements are plotted
with the longer period averages of the above-canopy net radiation. Suach

a technique lessens the precision of the isopleths which are shown in Fig.

17. Also, because of different intensities of radiation during the
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recording periods, the average abowe-canopy net radiation on the North

Slope was greater than on the South Slope by a factor of 1.30. As a

result, the South Slope values have all been increased by a constant

of 1.30 so that they can be compared readily to their North Slope
counterparts. Fig. 19, in contrast, plots the average daytime ratio

of the net radiation at a height within the forest to the net radiation above
the forest. Both measurements are taken over the same interval of time.

Fig. 19 is precise but does not show variations with time.

(c) Results

A comparison between the North and South Slope distribution of
net radiation gives some interesting insights into topographic variations
in radiation. Higher values of daytime net radiation extend to greater
depths in the woodland of the South Slope. At a given height, a certain
value of net radiation is reached earlier in the morning, and extends
later into the evening on the South Slope than on the North. Nocturnal
radiation on the South Slope is greater than that on the North. The
differences in nocturnal radiation are not as great as Fig.. 17 might appear
to indicate. Maximum values on the South Slope reached -0.11 ly min~t
whereas on the North Slope they fell just below the isopleth value at
-0.09. The most noteworthy result, in comparing the two sites, is the
similarity in their net radiation regimes. This result is expected from
the discussion in Chapter II concerning the topographic influence on the
radiation over a forest during the summer solstice. Such a similarity is

helped by the particular character of the vegetation. As is apparent in

Fig. 18 the North Slope has a slightly thinner canopy cover, particularly
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Figure 17
Diurnal pattern of net radiation above and within the
. forest canopy (oll values in ly. min. "}
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Morphological Structure of the Forest at ¢the
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Figure 19
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at heights closer to the ground. This serves to allow a greater relative
penetration of sunlight than does the heavier cover on the South Slope
but in turn, the thinner vegetative cover near the ground may be the re-
sult of less solar radiation at the lower levels.

In Figure 19, the higher net radiation between the 4 and 11 M
heights on the South Slope is readily seen. More interesting is the
pattern achieved when the mean trend for net radiation change with height
is drawn (dotted line). There is a well-defined change in slope around
11 meters. Above this point the net radiation increases rapidly to
the forest top, whereas below it there is a more gradual decrease to the
forest floor. 1In the top three meters of forest crown (11 to 14 M), there
is a concentration of 60 percent of the net radiation. Such a result means
that 60 percent of the energy available to do work is concentrated initially
in this shallow zone. By referring back to Fig. 18 it can be seen that
the most active layer in the whole forest is found in the upper one-half
of the crown zone of the tallest trees.

Fig. 20 shows the effects of direct and diffuse solar radiation
on the net radiation for each slope. In order to divide the solar radiation
into direct and diffuse, the radiation was considered to be primarily direct
on days for which the cloud cover averaged less than 4/10, and mainly diffuse
on days when the cloud cover was greater than 6/10. The actual division
resulted in an average cloud cover of 2.5/10, and 8.0/10 for days of direct
and diffuse radiation respectively. Figure 20 shows that daytime net
radiation was higher at lower heights on both slopes during periods of

mainly diffuse solar radiation. These differences are most pronounced for

the South Slope between the 2 and 11 meter levels.
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Figure 20
Rnyc/Rnge at Different Heights Above the Forest
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Table 21 shows the net radiation at the 1 M level relative to

the above-canopy net radiation for different hours of the day. It re-

Table 21 Rnuc/Rnac at the 1 M level for various times of day.

(Rnuc is the beneath-canopy net radiation amd Rng. the above-canopy net
radiation).

Hour -8 8-9 9-10 10-11 11-12 12-13 13-14  14-15 15-16 16-17

Rnuc/Rnac 0.06 0.06 0.07 0.07 0.07 0.06 0.08 0.11 0.14 0.15

presents an average condition for both North and South slopes. The table
shows that there is little variation in the ratio until mid-afternoon when
the net radiation at 1 M increases substantially relative to that recorded
above the forest. This is caused by differences between tree canopy temp-
eratures and éround temperatures which becomg greatest in the middle after-
noon when the downward infrared radiation flux reaches its highest value
relative to the upward long-wave radiation from the ground. Geiger (1965)
plots the air temperatures for the canopy area of an oak-beech forest and
a point 3 M above the forest floor. In Geiger's study, the maximum temp-
erature differences occured in the mid-afternoon, when the canopy tempera-
tures were 8 to 9°C higher than those at the 3 M level. This compared to
a temperature difference of‘AOC at 0900 hours.

It was noted in Chapter II that various investigators have pointed

to the large variations in solar radiation which can be expected from place

to place beneath the forest canopy. The extent to which such variations

are evident in the net radiation which is recorded beneath the canopy is
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shown in Table 22. This table is based on a sample of all the hourly

Table 22. Spatial variations of net radiation at levels below 8 M during
the daytime period.

Location Number of  Hours of M MD MD/M
Places Observa- Mean Net Mean
Sampled tion Radiation Deviation

(Iy hr 1) (ly hr 1)

North Slope

(Radiation 18 42 3.72 0.86 0.23
mainly di-

ffuse)

North Slope

(Radiation 24 52 8.88 2.58 0.29
mainly

direct)

South Slope

(direct and 18 34 2.76 0.66 0.24
diffuse

radiation)

values of net radiation recorded by the three net radiometers for all
their positions from the ground to 8 M. Above-canopy direct and diffuse
solar radiation was divided on the basis of less than 4/10 cloud cover
and greater than 6/10 cloud cover, respectively. For the South Slope,
there were only 12 hours of measurements during periods of direct, and
22 hours during periods of diffuse radiation, insufficient to provide a
reliable sample, so no division was made. Table 22 shows that there is
a slightly greater spatial variation of net radiation for direct than

for diffuse radiation on the North Slope. There is little difference

between the variations on North and South slopes.
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The spatial variation of net radiation in the canopy is influenced

by the solar altitude. This is seen in Table 23, which shows values of MD/M

Table 23. Spatial variations in net radiation at levels below 8 M during
different hours of the day.

Hours 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18

MD/M 0.18 0.23 0.22 0.28 0.30 0.28 0.20 0.19 0.19 0.16 0.16

for all hours of the day as an average for both slopes, and for conditions
of average cloud cover. The variation in net radiation is least during the
early morning and late evening hours. It climbs steadily to the noon hour
period. The lower variations in the morning and evening result from the
low solar altitude, and the longer path which the sunlight must follow
through the forest foliage. Such conditions serve to spread the incoming
radiation more evenly in space.

(d) Results of Other Investigations

A study byTrapp (1938), which is quoted in Geiger (1965), showed
the penetration of light within a stand of beeches. "app's measurements
showed a 90 percent decrease in the light penetration within the crown
area for sunny periods. On cloudy days, however, the decrease in sunlight
was more gradual, and more light penetrated to greater depths in the forest.
These observations agree in general with the graphs plotted in Fig. 20.

/
Baumgartner measured net radiation within a spruce woodlot of young evenly-

spaced trees of a maximum height of 6.5 meters. The measurements were taken

. simultaneously at heights of 0.2, 1.7, 3.0, 4.1, 6.3 and 10 meters of forest
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there was a 50 percent decrease in net radiation, but in the top 3 meters
this had risen to 95 percent. Thus for spruce trees, the crown-space or
layer where the crown flares out at the base, is an important active
layer. On the basis of these results, one can assign a shallower layer of
maximum energy exchange to spruce forest than is found in deciduous forests
of the type investigated on Mont St. Hilaire. Conversely, if the results
of Baumgartner's work and the results contained in this study are repre-
sentative, net radiation is highe&r at greater depths in a deciduous forest
than in a spruce woods. Another interesting feature of Baumgartner's
measurements is that, in the bottom 2 M of forest, the net radiation was
always positive except for a couple of hours in the early morning. During
the present study, positive net radiation at night was never recorded ex-
cept for the hour at sundown, though below 6 M ft always fell to zero.
Vezina (1962, 1965), in a study of coniferous fo;est, found that
the penetration of solar radiation within the canopy, relative to that
measured in the open, was always greater on cloudy days due to the increas-
ed ratio of diffuse to direct solar radiation. Similar results were
achieved by Gast (1930) who found, during measurements of the radiation
penetration of a white pine stand in Massachusetts, that the percentage
transmission of radiation through the canopy lessened as the intensity of
radiation above the forest increased. This, he concluded, was because
skylight is more effective in penetrating the forest canopy than is direct
radiation. Tanner, Petterson and Love (1960) derived the ratios of net

radiation beneath the canopy to that above for cloudy and for clear periods

for a corn field. For east-west orientated rows, the ratio was 27 percent




_165-

greater under cloudy conditions than under clear skies, but for north-
south rows there was no difference. Miller (1955) summarized various mea-
surements of light penetration through the canopy according to stand
density. The penetration ranged from 7 percent in dense forest, to 95
percent in parkland. Wide ranges for the penetration of light in diff-
erent deciduous stands are given by Geiger (1965). It is clear, from

the summaries of Miller and Geiger, that the forest at Mont St. Hilaire

is dense, and that the penetration of radiation is small. Ovington and
Madgwick (1955) noted that average measurements of light which penetrates
through the canopy tend to mask place-to-place differences, which may

vary widely. They did not express such differences quantitatively.

B. Solar Radiation Profiles

The height and time variations of solar radiation in the forest
were measured in the same locations and at the same time as net radiation.
Measuring heights were at 11, 8, 4, 2, 1 and 0.3 meters. The results are
presented in the same manner as the net radiation, so Fig. 21 is directly
comparable to Fig. 17, and Fig. 22 to Fig. 19.

There is a larger differential in the amounts of solar radiation
penetrating the forest canopy on South and North Slopes than was the case
in net radiation. A comparison of North Slope and South Slope values for the
6 M level at 1200 hours (Fig. 21) shows that on the South Slope the radiation
is 0.30 1y min_l, whereas on the North Slope it is less than 0.20 ly min-l
Moreover, at ground level on the South Slope, an incoming radiation of 0.05 ly

min =~ or more is received for almost 9 hours during the day, whereas on the
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North Slope the period is reduced to 5 hours.

By following the mean curve for the two slopes in Fig. 22 it
can be seen that there is, on an average, a 55 percent depletion of
solar radiation in the top 3 meters of the forest canopy. For the North
Slope, the depletion is greater at 60 percent, and it is lesser on the
South Slope at 50 percent. The depletion of solar radiation is virtually
equal to the rate of decrease of net radiation at all levels within the
forest canopy.

The smoother isopleths in Fig. 21, and more regular curve in
Figure 22, compared to Figs. 17 and 19, are a result of fewer measure-
ments at higher levels in the forest due to the physical difficulties
of mounting the actinograph. No observations were taken above 11 M.
The two diagrams of solar radiation thus represent the actual situation

less accurately than those showing the net radiation regime.

C. Solar and Infrared Radiation at Different Levels in the Forest

By choosing different levels within the forest and extracting
the short-wave and long-wave components of net radiation, one can deter~
mine the relative importance of the various radiation exchanges above
and within the forest layer. In order to do this, it is necessary to
know the albedo beneath the forest. Above the 9 M level, where the
forest eanopy is concentrated, the albedo is placed at 0.18 the same
value as above the forest. Beneath this level, however, it falls to 0.14
due to the influence of dark tree trunks and the dark ground surface.
This latter value represents an average of several spot checks taken with

an inverted solarimeter and using the simultaneous incoming solar radiation
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Figure 2|
Diurnal pattern of solar radiation above and within the

forest canopy (alt values in ly. min.” 1)
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Figure 18
Morphological Structure of the Forest at the

North Slope and the South Slope Sites
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Figure 22
Rsiyc/Rsige at Different Heights Above the Forest
Floor for North and South Siopes
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at the same locations. The radiation calculations are averaged for the
North and South Slopes, and divided into heights from O to 9 M, from 9
to 14 M, and above the canopy. The results are tabulated in Appendix G,
and are plotted in Fig, 23,

The absorbed solar radiation, plotted in Fig. 23, shows a reg-
ular decrease in amount with greater depth in the forest. For the long-
wave balance, the curves have been smoothed by plotting the running means
of hourly averages. This was necessary because of strong hourly fluctu-
ations in the canopy zone. These fluctuations were caused by the shading
of one of the net radiometers from incoming solar radiation, due to its
particular position. This sufficiently decreased average net radiation
to cause large hourly variations. An interesting period in the long-wave
balance occurs between 1300 and 1800 hours, when the negative values above
the canopy reach a peak, while those beneath achieve a minimum. This is
the result of a temperature maximum at the canopy top, which creates a
maximum black body radiation in both the upward and downward directions.
Such a situation serves to increase the negative long-wave radiation
above the canopy, and to decrease it within and beneath the crown. In
fact, for two hours in the late afternoon (1600 to 1800 hours), the long-
wave balance fell to zero. This is shown in Appendix G (i) but does not
appear in Fig. 23 because of the smoothing. During these two hours the
upward-directed infrared radiation was exactly balanced by that which was

directed downward from the crown layer,
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Radiant Energy Above, Within and Beneath the Forest Canopy
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D. Horizontal Variations in the Net Radiation Above the Forest.

It is important to know the horizontal variations in net
radiation which ocwur above a forest cover in order to appreciate the
characteristics of any single site. One would expect some variations
due to albedo, though these should not be great where all the tree
types are deciduous. One might further expect a variation due to shading,
where a segment of forest is surrounding by higher trees.

For the investigations, two net radiometers were mounted about one
meter above the tree canopy. One was fixed in position, while the other was
free to rotate in a complete circle of 5 M radius. Measurements with the
latter were made at every 45 degree interval through the circle, so that
eight separate measurements were determined, each including a 24-hour
period of relatively clear skies. The fixed radiometer was mounted above
an oak tree. The mast for the variable radiometer rose above another oak
and scanned oak, maple and ash trees during 1ts complete rotation.

The results which were gathered between July 21 and August 6
are tabulated in Table 2%4. The ratio of Rn (variable) Rn (fixed) always
fell within t 7 percent of unity for both daytime and nightime readings
and was apparently independant of tree species. As the figure of 7 per-
cent includes the calibration and levelling errors of the instruments, it
is concluded that for all practical purposes, horizontal variations in net

radiation above the tree canopy are not important.

E. Variations in Above-canopy Net Radiation over North and South Slopes

Measurements of above-canopy net radiation over North and

‘ South forested slopes were taken for a period from May 6 to May 27,
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Horizontal variations in net radiation above the tree canopy.

(all values in langleys per measuring period).

Table 24,
Main tree Position Period
species
maple south day
night
maple south-west day
night
maple west day
night
ash-maple north-west day
night
maple-oak north day
night
oak north-east day
night
oak east day
night
oak south-east day

night

Fixed Rn Variable Rn Rn (variable)
Rn (fixed)

859 886 1.03
-102 -100 0.98
671 685 1.02
-95 -95 1.00
471 475 1.01
-86 -85 0.99
589 613 1.04
~117 -121 1.04
456 433 0.95
-28 ~27 0.96
535 497 0.93
~-47 =45 0.96
633 625 0.99
-86 -84 0.98
597 625 1.05
-63 -61 0.97




Because of a malfunctioning stepping switch and interrupted recording
due to strong winds, only six full days of simultaneous readings on
both slopes were suitable for analysis. The average values for each
hour on each slope over the measuring period are tabulated in Appendix
D.

Fig. 24 shows the daily progress of net radiation over North
and South Slopes for three days with differing cloud amounts. On May
15 the period from midnight to noon was virtually cloudless, whereas
the afternoon and evening hours showed a steadily increasing cloud cover.
On May 7, it was the afternoon period during which skies were relatively
clear., Finally, May 13 gives the net radiation for a primarily overcast
day. Unfortunately, no data were recorded for a cloudless daily period.
For the periods of heavy cloud cover the net radiation recorded on each
slope was almost identical. Thus for May 13 the difference in daily net
radiation between slopes was only 7 percent. Such a reéult is not un-
expected since the clouds give diffuse solar radiation, and this shows
no variation with topographic conditions. On May 15, the North Slope
showed a higher net radiation during the clear morning hours, but on
May 7 the South Slope gave the greatest net radiation during the clear
afternoon period. In each case, the daily differences in net radiation
between slopes were 11 percent and 13 percent,

More important than the small differences in net radiation,
which appear in Fig. 25, are the similarities. The strong differences
in the intensity of solar radiation which would be experienced on north

and south-facing slopes with bare surfaces, even during the high sun
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Figure 24
Diurnal Pattern of Net Radiation Above
. North and South Slopes
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Average Above-Canopy Net Raodiation Over
Slopes for a Six-Day Recording Period
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period, are not evident in the net radiation over forest-covered hill-
sides. 1Indeed, for the six days of uninterrupted record, the total net
radiation which was recorded over the North and South Slopes was 1907 and 1904
ly. respectivély. Also as is shown in Fig. 25, the hourly measurements

were closely coincident. These six days had a mean cloud coverxf 7.0/10,

a value which compares to a mean daily cloud cover of 6.3/10 for the 22
weeks of the growing season. It is evident that, for the growing season

of 1964 at Mont St. Hilaire, major differences between the net radiation
above forested North and South Slopes are not indicated. This is in contrast
to differences with depth in the forest layer, where net radiation falls off
more rapidly on the North Slope than it does on the South.

F. ©Net Radiation and Soil Heat Flow During the Changeover Period from
Full-leaf to Leafless Forest Crown.

(a) Experimental Design

In the fall of 1963, a study of the influence of the full-leaf
and leafless forest conditions on net radiation was carried out. The
experimental area was a beech-maple forest which was moderately disturbed
by man's activities. As such it displayed a somewhat more open character
than the virgin forest sites which were investigated the following year.
The results of the experiment are noteworthy to the extent that they show
the forest still exerting a strong influence when in a leafless state.
There was also an initial attempt to assess the influence of cloud cover
on the depth to which radiation can penetrate into the forest layer.

Finally, the vertical heat flow in the top layers of the forest floor was
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investigated under various conditions. The period of data collection
involved a time span of a little over a month, between September 22 and
October 26, 1963. This period covered the interval during which the
foliage of the broadleaf forest changed to its death colour, and fell
from the trees. Sky conditions showed a considerable period of little
or no cloud. From the hourly records of cloud cover, based on the total
analysed period, clear to scattered cloud conditions (0 to 5/10) were
found for 65 percent of the time, with broken to overcast conditions

(6/10 to 10/10) for the remaining 35 percent of the period.

(b) Results

(i) ©Net Radiation. During the period of full-leaf vegetation,
the mean daytime ratio of net radiation at the one meter level to net
radiation above the forest gave 0.09. This is slightly higher than was
achieved in measurements in more natural forest stand. Under conditions
of clear to scattered cloud, the ratio was little different from overcast
conditions. Since the measurements beneath the canopy were taken at the
one meter level, this result agrees in general with Fig. 20, which shows
little difference between direct and diffuse conditions at the lowest levels in
the forest.

For the leafless condition, the ratio rose to 0.41 as an average
for all cloud conditions. This represents over a four-fold increase when
compared to the full-leaf state. A higher ratio than this might be expected
and it is evident that the tree trunks and branches are effective in reducing

net radiation at ground level below half of that which is recorded above the

living layer. The highest ratio, at 0.50, was achieved during the
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intervals of greatest solar altitude between 1100 hours and 1400 hours.
Unlike the situation which existed during the full-leaf state, the ratio
during cloudy weather reached 0.42 and fell to 0.36 for clearer sky
periods.

(ii) Soil Heat Flow. The values of soil heat flow were low
at all times, never exceeding 0.05 ly min - into the soil (positive) or

-1
~0.05 1y min out of the soil. The measurements can be divided into

two definite periods. The first period includes both the interval before
the accumulation of a substantial leaf litter, and the interval after the
layer of forest duff was removed artificially as part of the experiment,
The second period covered the interval when the thick litter which had
accumulated over the forest floor had a significant influence on the soil
heat flow.

As is seen in Figure 26 (a), the soil heat flow during the first-
mentioned stage showed a close dependance on net radiation under the forest
canopy. A linear regression of soil heat flow on net radiation gave the
regression formula S = 0,250 Rn - 0.015, where S is soil heat flow and Rn
is net radiation. The correlation coefficient was 0.90.

With the accumulation of leaf litter, the close association of
soil heat movement with net radiation disappeared. A correlation coef-
ficient of 0.66 was associated with the regression equation S = 0.140 Rn - 0.002.
The measurements are shown in Figure 26 (b). The newly-fallen leaf layer
exhibits great insulating properties in preventing heat loss from the soil.

At no time did the rate of energy loss exceed 0.02 ly min when the forest

floor was protected by a thick layer of leaf litter.
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Lineor Regression of Soil Heat Flow on Net Radiation for a
Relatively Bare Forest Floor
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G. Water Movements in the Forest Layer

(a) Water Interception by the Forest Canopy

It might be expected that the water which is intercepted by a
forest crown would represent a complex function of total rainfall, rain-
fall intensity, morphology of the tree species, densityof the trees and
stage of leaf development. It would also be expected that there is a
maximum amount of water which a given tree can intercept might also be
anticipated.

The results for the experimental site on Mont St. Hilaire are
shown in Fig. 27 (a). The weekly amount of rain which was intercepted
by the canopy is plotted against the total weekly rainfall. A linear
regression of rainfall interception on total rainfall is determined for
all values except for those two which show the highest weekly rainfall,.
The two measurements are excluded because they are extremes and do not
conform to an otherwise close-fitting line of regression. The regression
curve reads I = 0.73 + 0.288 P, where I is the amount of rain intercepted
and P is total weekly precipitation, both measured in centimeters. The
correlation coefficient of 0.93 indicates a good relationship. The
maximum amount of rain which the canopy can intercept may or may not be
given by the two points showing 1.20 cm of intercepted water, which
correspond to weekly rainfall amounts of 4.15 and 5.57 cm. A firm state-
ment cannot be based on two measurements. Moredver, for one period when
rainfall was greater than 4.2 cm, there was an intercepted rainfall well

below the possible maximum line. The conclusions which can be drawn from

. these data are that for low weekly rainfall amounts (less than 4.2 cm), the
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Linear Regression of Canopy Interception on Total Weekly Rainfall
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amount of water which is intercepted can be predicted from a linear
relationship with total rainfall, at least for a natural forest cover of
the type found at St., Hilaire. For higher rainfall amounts, no such re-
lationship is evident. An accurate prediction of canopy interception
during heavy rainfall will require further measurements.

Geiger (1965) provides a useful summary of data on canopy
interception., The most widely-used and successful approach expresses
interception as a linear function of total rainfall in the same way as
has been presented above. The equation in the form I = a + bP was first
applied by Horton (1919). This equation was found to be generally satis-
fied, in a series of over 200 precipitation measurements of both snow and
rain, for pine forest in California, by Rowe and Hendrix (1951). The
average interception of 28 percent during the growing season at Mont St.
Hilaire compares to 25 percent for mature beech forest measured by
Buhler (1892) and quoted in Kittredge (1964), and 33 percent for various
species of oak measured by Ovington (1954). Kittredge (1964) detailed a
study by Millett (1944), which shows a rapidly decreasing percent inter-
ception with increasing monthly rainfall amounts for pine trees in
Australia. Millett's data point to a maximum quantity of intercepted rain
after a certain total fall is reached. This occured for monthly rainfalls

greater than 9 cm,

(b) Stemflow
As was pointed out in Chapter IV, the quantitative significance

of stemflow is minor. Some interesting conclusions into the nature of

. . stemflow can be reached, however, for the mature beech-maple forest at
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Mont St., Hilaire. For total single rainfalls of less than 0.40 cm.,

there is no measurable stemflow. For rainfall amounts between 0.40

and 0.70 cm., stemflow begins on beech trees. Only for rain amounts
greater than 0.70 cm., can stemflow from maple trees be measured. Fig.

27 (b) shows the linear regression lines for stemflow plotted against
total single rainfall amounts. For beech and maple trees, the regression
equations become SF kbeech) = 0.006 + 0.004 P, and SF (maple) = 0.007 P

- 0.003, where SF is stemflow and P is precipitation, both measured in
centimeters. Correlation coefficients are fairly low at 0.88 for beech
and 0.87 for maple. The two regression lines should be treated as merely
indicating trends. There are too few measurements to attach a quantitative
significance to the correlation. For example, the linear regression line
for beech stemflow intercepts the stemflow axis above zero, which would
indicate a stemflow with very little rainfall. As can be seen from the
statements above, this is quite unrealistic as stemflow was never

measured for rainfalls of less than 0.40 cm. The trend line for maple

has a steeper slope than that for beech, so that the two lines converge
just beyond 2 cm. of rainfall. This is real, and is due to the mor-
phology of the tree trunks and branches. The rough bark of the maple
gives a greater surface for collecting water drops, and thus prevents
coalescence of these drops during low rainfall amounts. The beech has the
smoothest bark of any tree and presents an ideal surface for a rapid coalescing

of rain drops, thus hastening the ascendancy of gravitational attraction over

surface friction. It must not be inferred from Fig. 27 (b) that, for rainfall
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amounts greater than 2 cm., the maple trees yield a higher stemflow
amount than do the beech. The present study yielded too little data

to allow any statement of the relative stemflow amounts under conditions
of heavy rainfall.

Ovington (1954) presented data for the gemflow of 12 tree
species, both deciduous and coniferous. In no case did the stemflow
exceed 0.32 percent of the annual rainfall. These data applied to con-
ditions of small individual rainfalls (less than 1.7 cm,) in England.
Delfs et al (1958), in a summary of their stemflow measurements, noted
that the highest absolute flow takes place during light prolonged rain,
but only after initial wetting of the stem is accomplished. The delay
is greater on large trees with a large leaf area and rough bark. Pemman
(1963) outlines stemflow measurements by Eidmann (1959) for European
beech. For the full-leaf state, Eidmann measured stemflow at 16 percent
of the total rainfall. This compared to less than 1 percent for spruce
forest. It is clear from the foregoing discussion that stemflow can vary
greatly in importance, depending on the type of rainfall and the nature of
the forest. For the type of rainfall experienced at Mont St. Hilaire for
a beech-maple forest, stemflow is greater on beech trees than on maple,

but its significance in terms of the total rainfall is small.

(c) Runoff from the Forest Floor

The general character of forest runoff was discussed in Chapter

II. It was noted that a high infiltration rate, especially after dry
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periods, serves to reduce the surface runoff. In Chapter IV the total
runoff was plotted for the twenty-two week growing season along with the
total weekly rainfall. It was shown that runoff decreased throughout
the growing season even as rainfall showed a general increase.

In Fig. 28 (a) the surface runoff and underground runoff
(total runoff-surface flow) are plotted for each week of the growing
season. The underground flow decreased in a linear fashion from Week
1 to Week 16, after which it maintained a constant low rate to Week
21, when runoff became so small that it no longer constituted a measur-
able figure. Surface runoff in contrast was variable from week to week.

Figure 28 (b) plots weekly surface runoff against the total
weekly rainfall, in order to discover tﬁe extent to which the surface
flow responded to rainfall. The regression curve of Q = 0.015 4+ 0.028 P,
where Q is runoff and P is rainfall gives a correlation coefficient of
0.71. The low correlation is created by several factors. If a dry
period is succeeded by a relatively wet one, much of the water reaching
the soil during the latter period must be used in rewetting the surface
layers of the soil before any surface runoff can proceed. Thus, as the
ground becomes dry during the late stages of the period of active growth,
much of the water penetrating to the soil surface will be absorbed
immediately. Each case can be illustrated by consulting Figure 28 (a),
and the weekly rainfall amounts given in Table 13. In Week 9, the
surface runoff was nil in spite of a total rainfall of 1.34 cm. This
contrasted to Week 16 where a rainfall of 1.35 cm, gave a surface runoff

of 0.07 cm of water. For the preceding weeks in each case (i.e. Weeks 8

and 15), the rainfall was 0.08 and 4.90 respectively. Thus the drying of
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the surface soil layers during Week 8 was sufficient to prevent any
surface runoff during the following period. Seasonal differences
appear between Week 10 and Week 17. The rainfall in these periods

was 5.90 and 4.14 cm respectively, and each week followed a pre-
ceding one of substantial rainfall. However, the surface runoff
yielded 0.38 cm of water for Week 10, whereas in Week 17 the runoff
was only 0.12 cm. The drying out of the ground layers during the late
stages of the growing season served to reduce surface runoff substan-

tially.

(d) Accuracy of Rainfall Measurements above the Forest.

The accuracy of rainfall measurements has long been a source
of concern to earth écientists. In particular, the accuracy of deter-
mining rainfall above a forest from gauges in a clearing has been sus-
pect. The problem is discussed in some detail by Geiger (1950, 1965)
and Penman (1963).

For this study, a reasonably accurate estimate of rainfall
over the West Creek watershed was needed. Two gauges were placed
widely apart in the apple orchard in the positions noted in Chapter
ITII. 1In case these measurements might prove unpresentative a control
gauge was established above the forest canopy. There was good agree-
ment between the measurements of each of the gauges. If the values
from each gauge are added for the total period of measurement, the
rainfall which was measured above the forest falls half way between the
measurements in each orchard rain gauge. The average deviation from

the mean was 1.5 percent. For single rainfalls, the highest deviation
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about the mean gave 8 percent, but again the above-canopy gauge gave
readings between the two orchard values. For the site in question the
rainfall which was measured in a forest clearing was representative of

that which fell above the forest.

H. Summary

Differences in net radiation profiles for 20 degree north-
facing and south-facing slopes are less than might be expected. Net
radiation was somewhat higher at greater depths within the forest of the
South Slope. Sixty perceﬁt of the net radiation was concentrated within
the top three meters of the canopy on each slope. There was a more gra-
dual decrease at lower levels. Net radiation was greater at lower
heights on both slopes during periods of mainly diffuse solar radiation.
The greatest ratio of net radiation at the one meter level to that above
the canopy was found in the middle-afternoon, probably as a result of
heating in the tree crown and an increased downward flux of infrared
radiation. Differences of net radiation from place to place beneath
the forest canopy were pronounced showing a mean deviation of 25
percent. This value applies to warious topographic conditions and
different amounts of cloud cover. The differences were more pronounced
for direct than for diffuse solar radiation. The spatial variation of
net radiation beneath the canopy increased to a noon hour maximum.
Baumgartner's profile measurements of net radiation showed that in a
spruce forest there was a 95 percent concentration of net radiation in

the top three meters. This is a narrower zone of maximum energy ex-

change than was found for a deciduous forest in the present study.
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Trapp, Gast, and Vezina all measured a greater penetration into the
canopy by diffuse radiation than by direct. Tanner, Peterson and Love
found that the net radiation under a corn crop was higher during periods
of diffuse radiation, when the rows were oriented in an east-west
direction.

Topographic variations in the penetration of solar radiation
beneath the canopy were slightly greater than in the case of net radiation,
Otherwise, the profiles of solar radiation within the forest resembled
those of net radiation wery closely. The absorbed solar radiation showed
a regular decrease in amount with greater depth in the forest. The long-
wave balance clearly‘illustrated the effect of canopy heating in the
afternoon. During this period, the long-wave balance above the canopy
gave higher negative Qalues due to a greater upward infrared radiation.
In contrast, the long-wave balance beneath the canopy eventually fell to
zero due to the increased long-wave flux downward from the crown.

Net radiation showed little variation from place to place above
deciduous forest under homogeneous topographic conditions. The available
data showed that the differences in net radiation above the forest on
North and South Slopes were also very small. For a six day recording
period, which included both cloudy and sunny periods, the total net
radiation above each slope was practically equal. For limited sunny
periods differences did occur, but they exhibited no systematic topo-
graphic preferences.

In the fall, the ratio of the net radiation beneath the crown

to that recorded above the canopy increased from 0.09 to 0.41 in the
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period between the full-leaf and leaf-bare states of the forest. Soil
heat flow showed a close dependance on beneath-canopy net radiation
when the leaf litter on the floor was thin or absent. With the deve-
lopment of a thick litter layer this dependance largely ceased due to
the great insulating properties of the newly-fallen leaf cover,

The amount of water which was intercepted by the forest crown
was a linear function of the total rainfall until a maximum weekly rain-
fall of over 4 cm was reached. Stemflow proceeded on the smooth-barked
beech trees for all rain amounts greater than 0.40 cm, but for the
maple trees it did not start until the total rainfall exceeded 0.70 cm.
Underground runoff from the forest floor decreased regularly throughout
the growing season. Surface flow, however, responded to a number of
influences, and could not be predicted from indirect evidence. The rain-
fall which was measured in a forest clearing was representative of the

rainfall above the forest for the area of the West Creek watershed.




Chapter VII Geographical Speculations and Implications.

A. Introduction

Forests constitute a considerable part of the living layer
of the earth's surface, and as a result they assume geographical im-
portance. Part of a forest's geographical distinctiveness results
from the microclimatic features which are associated with it. Munn
(1964) points out two important facts which have emerged from recent
climatic studies. First, the forest is an active meteorological re-
gion. Exchange processes are vigorous in spite of the light winds
beneath the crown. The canopy is not an impenetrable barrier for the
transfer of heat and water vapour. As the second fact, Munn notes
that forest climates are not all similar. Transpiration rates and
soil moisture conditions differ, as do the physical characteristics
of the foliage and the differences in slope and aspect. In short,
he concludes that the forest contains strong sources of heat and
moisture, which depend to a large extent on physiological factors. A
further aspect of the distinctiveness of the forest's microclimate in-
volves the differences which it displays compared to other geographical
areas. Such differences result from the multiple surfaces which succeed
one another downward from the canopy of the tallesttrees to the earth's

surface. Of the many surfaces, the two most important ones are found

at the top of the canopy and at the forest floor. The discussion which

follows is concerned with the distinctiveness of the microclimate of a
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middle-latitude deciduous forest during the growing season. It is
necessarily confined to implications which result from observations
at Mont St. Hilaire and is, therefore, limited in scope. Research
into the nature of the microclimate of a deciduous forest is in too

youthful a stage to allow many generalizations.

B. Global Radiation; its reflection and penetration.

The global radiation which reaches the active surface layer
is largely independant of that surface, and is the same for all cover
types which are experiencing the same meteorological conditions. Upon
contact with the surface, however, significant differences become
apparent. Miller (1955) writes: ™Irees are the dark part of the land-
scape; this impression from the visible region of the solar spectrum
is applicable to the entire spectrum." Such visible darkness results
from the amount of reflection of insolation by the forest canopy.

Table 24 shows mean albedo of various cover types as presented by
Kondrat'ev (1954). 1t also shows the percent absorbed solar radiation.
It is apparent that the solar radiation which is ébsorbed by a decid-
uous forest does not differ substantially from other green vegetation
except alfalfa.

Microclimatic differences become pronounced with the pene-
tration of the radiation into the active layer, Whereas surfaces

which are barren of vegetation or which have only a thin cover absorb

all the radiation in a very shallow layer, the forest displays a much
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Table 25, Percent Absorption of solar radiation by different surfaces.

Surface Type Mean Albedo (%) Absorbed solar
radiation (%)
Untilled field 8 92
Black earth 11 89
Coniferous forest 12 88
Ploughed field 14 86
Spring wheat 17 83
Deciduous forest 18 82
Winter wheat 20 80
Grey earth 20 80
Grass 21 79
Alfalfa 28 72

thicker zone of absorption. Thus, in the case of a close-crowned
deciduous forest at Mont St. Hilaire, about 60 percent of solar radiation
was absorbed in the top three meters of the canopy. However, the total
absorption was spread through a depth of 14 meters. As was shown in
Chapter VI, the solar radiation which reached the forest floor did not
exceed 9 percent during the full-leaf period. The transfer of solar
radiation through a deciduous forest also differs from other layers of
green vegetation. Thus Tanner, Peterson and Love (1960) found that from
18 to 30 percent of the incoming solar radiation reached the ground be-
neath a corn crop, the actual amount depending on the density of the
plants. Penman and Ldng (1960) found that up to one-half the solar
radiation penetrated to the soil beneath a wheat field. As was noted
previously, when discussing Baumgartner's work, even a spruce forest
concentrates more solar radiation in a narrower zone than is the case
with its deciduous counterpart. Thus, a deciduous forest presents a

layer of maximum thickness for the absorption of solar radiation.
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The ramifications of the radiation regime are several. The
depth of the absorption layer and density of the wood mass result in a
relatively large daily exchange of heat in the biomass in comparison to
other vegetation types. The small penetration of radiation to the
ground gives a small soil heat flow. The large absorption of radiation
in the canopy results in strong daytime heating. The result, as stated
by Munn (1964), is that by day the temperature wave originates at tree
crown level and propagates both up and down with decreasing amplitude.
This leads to inversion temperature profiles beneath the canopy and
superadiabatic ones above. Beneath-canopy inversions during hot summer
days have not, to the present writer's knowledge, been observed regu-

larly in non-forest vegetation.

C. Net Radiation; horizontal and vertical variations.

The regime of net radiation within the forest layer depends on
the pattern of solar radiation and on the long-wave balance. The latter
will be influenced by differential heating in the forest, and the resulting
temperature differences. For a bare or thinly-covered surface, the long-
wave radiation upward is from the ground and the downward flux comes from
the atmosphere. During the growing season the ground is always the warmer
body. Therfore, the long-wave balance is always negative and usually large.
A similar pattern occurs between the forest crown and the atmosphere above.

Beneath a forest, however, the heating of the canopy can lead to a zero

long-wave balance in late afternoon as was recorded in the present study,
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or even a positive balance such as that measured by Baumgartner in

the evening hours. Within the canopy itself, the negative long-wave
balance is still suppressed but to a lesser extent in comparison to
the beneath-canopy regime. As a result of the small values of the
long-wave balance beneath the forest, the magnitude of change in net
radiation with depth closely parallels the changes in solar radiation.
The radiation exchanges within the active layer are insulated to a
considerable extent from the atmosphere above. The complexity of these
exchanges is similar for all wvegetation covers, but is more pronounced
in a close-crowned forest because of the density of the canopy and the
thickness of the active layer.

Place-to-place differences in hourly values of net radiation
within the forest are large. They result from the variable penetration
of solar radiation through the canopy. Such differences are greater
than those which would be observed over an unvegetated surface. Above
the forest, however, spatial differences should be smaller than for bare
ground, for three reasons. First, the albedo of a deciduous forest will
not be influenced by moisture differances which are found with the chan-
ging topography of bare soils. Second, variations due to changes in soil
types which are inherent in a non-vegetated surface are not duplicated by
similar differences in the forest crown. Finally, since heat energy can
move more freely by convection in the air than by conduction in the
ground, the surface temperature of the forest canopy will show less spatial
variation than temperatures on a bare surface. It was shown in Chapter VI

that areal differencesin net radiation above the canopy are indeed small.
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This writer has no evidence for greater differences over bare soil so
the above argument, though soundly based, must remain speculative.

D. Topographical Influences on Microclimate

It has been shown in Chapter VI that net radiational difference
which are due to topography are decreased by a fully-leafed forest layer
during the period of high sun. Whereas for a barren hill with slopes
oriented in a horth—south direction, considerably more incoming radiation
and hence higher net radiation is received per unit area on the south-
facing than on the north-facing side, over a forest cover as was seen in
Fig. 25, the varied orientation of tree leaves largely eliminates this
difference for conditions of mean cloud cover. Because evapotranspiration
is dependant on net radiation to a considerable degree, it would be
expected that evapotranspiration differences for differently-oriented
slopes would be lessened during the growing season.

Figs. 17 and 19, showed that the tree layer on the Nprth Slope
had its net radiation concentrated closer to the top of the forest crown
than that on the South Slope. However, as was shown by Denmead (1964),
this need not mean that more energy transformation on north slopes must
occur in the top layers of the forest, since heat is readily diffused
from its region of absorption.

While topographical differences between barren surfaces and
forested surfaces may be considerable, the differences between forests
and other surface types cannot be so clearly stated. It is likely that a
field of grass or mature alfalfa would behave much the same as a forest

in decreasing net radiational differences between slopes. Row crops if
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planted in a north-south direction, would display greater variations
between differently oriented hillside.

Because of the radiational regime, temperature differences
between slopes should be at a maximum at the soil surface and decrease
steadily with height until at the tree-top level the temperature differ-
ences on each slope are small. Measurements by Cantlon (1950) tend to
support this hypothesis.

The changeover from leafless to leafy condition in a deciduous
woodland exerts the greatest microclimatic changes which occur in forested
regions, changes which are not matched in rapidity for other areas except
through changing snow cover. Over a period of several weeks in the spring
the net radiation at the forest floor may be reduced from 41 to 9 percent
or less. At the ground level, microclimatic changes occur most rapidly
in the fall with the loss of leaves. The influences of the dead leaf
layer in minimizing climatic variations within the soil is large, and is
probably unequalled in most non-forested regions. The conservative in-
fluence is manifested both in the thermal and in the moisture characteris-

tics of the forest soil.

E. Water and Heat Movements

The important influence of forest vegetation on runoff and
ground moisture is documented by Kittredge (1948, 1962), Hoover (1962)
and Penman (1963). The deep rooting system of trees allows them to
tap a larger volume of soil water than is the case for most types of

vegetation. As a result, the available soil moisture is generally large.
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As discussed previously, forests will evapotranspire more water than
vegetation with lesser rooting volume during dry periods. This, in
turn, results in a soil which is able to absorb larger amounts of water
in time of rain. Thus, runoff will be reduced. The crown layer
lessens rainfall intensity by breaking the impact of the freely-falling
raindrops. This allows the soil beneath to absorb moisture at a slower
rate. Such a feature serves to diminish runoff during periods of high
rainfall intensity. Evidence for reduced water yield from forest
regions compared to other vegetated areas was presented in Chapter II.

If the net evapotranspiration from a forest is greater than
for other surfaces, a lesser convective heat flux might result, because
of less available sensible heat energy. Munn (1964) states that since
air can "leak" down and up through the forest, large temperature grad-
ients cannot be maintained above the canopy. In addition, strong
transpiration reduces the daytime lapse rate, and in some situations may
result in a temperature inversion. Munn further notes that pilots have
recognized for many years the rarity of updrafts (free convection) over
a forest.

The tree crown plays a further important role through its
interception of rainwater. It was shown in Chapter IV that for the
summer season of 1964 at Mont St. Hilaire more than 25 percent of the
rainfall was intercepted. Such a high interception rate is greater than
for non-forested regions, and since this is water which is not available

for transpiration, it tends to compensate for the lesser runoff from the

forest floor. It is not, however, completely wasted. The net radiational
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energy which is used to evaporate intercepted water is not used for
transpiration, and the water demands on the tree are reduced accordingly.

The forest influences the rainfall reaching the soil surface
in such a manner that it is less uniformly spread over area than in the
case of more open sites. Such non-uniformity does not exert a strong
geographical influence, though it may lead to short distance variations
in soil structure, and in herb and bush growth.

F. The Forest; a conservative geographical area.

Because of its longevity and physical nature, the forest acts
climatically as a conservative body. Due to its deep rooting system,
it is less affected by drought conditions in comparison to other forms
of vegetation. The deep layer which the forest provides for active
energy exchange lessens temperature gradients. Evapotranspiration also
proceeds through a relatively deep zone. The protection of the canopy
lessens diurnal variations in temperature at the ground. The tree leaves
break the impact of heavy rainfall and increase the length of intense
showers. The forest strongly minimizes the topographical influences on
microclimate, especially during the growing season. Even during the

dormant period, its leaf litter dampens the movement of heat and water

within the soil.




Chapter VIII Summary and Conclusions

A, Summary.

Observations into some aspects of the heat and water-balance
of a middle-latitude deciduous forest are presented in this thesis.
Measurements were started in thefall of 1963, and the bulk of the data
was collected during the growing season of 1964. The site of Mont St.
Hilaire is well-suited for microclimatic investigations. Much of the
area is undisturbed and is covered with close-crowned, virgin, decid-
uous forest. Under Maycock's direction the distribution of tree species
has been mapped, and quantitative studies have been carried out for se-
lect stands. The three most important deciduous trees are maple, beech
and oak. The mountain possesses a topographic diversity which makes it
ideal for investigations into the influence of slope orientation on micro-
climate. During the growing season of 1964, the temperature regime was
normal for the region, but the rainfall was almost one-guarter less than
the five-year average.

Previous investigations into the nature of a forest microclimate
promote the following general observations. Few studies into the heat
and water-balance of forested areas have been published. Measurements of
net radiation and soil heat flow are obtained readily, but the latent
and convective heat fluxes have proved difficult to ascertain. These
latter terms of the heat-balance equation can be measured by employing
aerodynamic methods, the Bowen Ratio within the energy-balance framework

or covariance techniques. Aerodynamic calculations have been most favoured.




- 201 -

The relative importance of the latent and sensible heat fluxes is highly
variable. Under moist conditions over land, the removal of heat by eva-
potranspiration is overwhelmingly larger than the convective movement of
sensible heat. For periods of drought, the sensible heat flux assumes
the greatest magnitude.

The forest creates its own unique microclimate because of its
thick leaf canopy which intercepts radiation and rain. In addition, the

canopy modifies the influence of topography on climate.

Instrumentation

Solar radiation was measured with a Kipp solarimeter and a
bimetallic actinograph. The former was mounted premanently above the
forest crown while the latter was used as a mobile field instrument.

Four net radiometers were employed for the measurement of net radiation.
They were mounted on various types of adjustable masts within and above
the trees. Spatial sampling was acﬁieved by moving them regularly. A
number of thermopile discs were connected in series,and used to measure
soil heat flow. Beneath-canopy rainfall and stemflow were measured in

a select site, while above-canopy rainfall was recorded at three different
places. The measurement of the stream height behind a weir with a 90
degree V-notch by an improvised stage-recorder, allowed a continuous cal-
culation of stream flow. Soil-filled tanks to measure potential evapo-

transpiration were installed within a forest and in a forest clearing.

They were irrigated daily except during periods of heavy rain.
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The manufacturer's calibration for the Kipp was used through-
out the study. The actinograph's response remained close to that of the
solarimeter. A post-season check of the Kipp showed that its response
was on the average within * 5 percent of a recently-calibrated Eppley.
Regular calibrations during the growing season showed large changes in the
responses of two of the net radiometers. Fortunately, the responses from
each side of the radiometers did not change significantly.

All radiation measurements were averaged for the hour. Stemflow
and runoff were measured after each rain, and stream flow was evaluated
both for individual storms and for each daily period. Potential evapotrans-
piration from the tanks was calcdated on a daily basis.

Water -Balance

The period of active growth for the deciduous forest at Mont
St. Hilaire was concentrated between May 1 and October 1. Of the total
rainfall during the period, the tree crown intercepted 29 percent, 1
percent reached the forest floor as stemflow, and 70 percent penetrated
to the ground as throughfall. Runoff from the forest amounted to 12
percent of the total rainfall. A soil mdsture capacity of 15 cm was es-
timated for Mont St. Hilaire.

Calculations of evapotranspiration from the hydrologic-balance
agree closely with those determined from the Thornthwaite mean tempera-
ture method. The potential evapotranspiration which was measured in the
evapotranspiremeter tanks gave large values which would require more latent
heat energy than that available from net radiation. No single cause for
the high potential evapotramspiration can be cited, and apparently multiple

influences were in operation.




- 283 -

All water receipts and water expenditures are calculated for
the growing season. The evapotranspiration process is divided into the
evaporation from the tree canopy, evaporation from the forest floor and
transpiration from the trees.

Heat-Balance

Measurements and estimations of the heat-balance over the forest
are presented. Global radiation was measured and a mean albedo of 0.18
was assigned for deciduous forest, the difference giving the absorbed
solar radiation. The long-wave balance is determined from the difference
between the net radiation and the absorbed solar radiation. The various
radiation measurements, as well as the energy used to evaporate the inter-
cepted water, are plotted for each of the twenty-two weeks of the growing
season.

A modified form of a calculation presented by Monteith and
Szeicz gives a fL value which shows the relative magnitude of the absorbed
solar radiation and of the long-wave balance during various intervals of
the growing season.

The latent heat flux used approximately two-thirds of the net
radiational energy, and the sensible heat flux about one-third. Net
heat storage in the biosphere and in photosynthesis im negligible over
the growing season. Soil heat storage might represent T'S percent of
the net radiational energy. The calculations of the heat-balance for
Mont St. Hilaire agree closely with similar studies pursued in Germany

and Russia.
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The Forest as an Active Layer

Measurements of the profiles of solar and net radiation for
north-facing and south-facing slopes during the high sun period show
only small differences. An average of sixty percent of radiant energy
is concentrated in the top three meters of the forest layer. Heating
of the canopy in the afternoon is pronounced, and it exerts a strong
influence on the net radiation regime. Hourly values of net radiation
within the forest vary significantly from place to place. Diffuse
radiation is generally more effective than the direct solar beam in
penetrating the tree crown. Calculations show that the negative long-
wave balance beneath the canopy is less than it is within or above the
forest crown.

For homogeneous topography, simultaneous measurements of net
radiation above the deciduous forest show only small differences from
place to place. Above-canopy differences between north and south slopes
are equally small for conditions of mean cloud cover.

In the fall, the ratio of net radiation beneath the canopy to
the above-canopy measurement increased from 9 to 41 percent between the
full-leaf and leaf-bare states of the forest. When the litter on the
forest floor is thin, the soil heat flow shows a close dependance on the
beneath-canopy net radiation. The insulating properties of a thick litter
of newly-fallen leaves destroys this relationship.

The quantity of rain which is intercepted by the trees proves to
be a linear function of total weekly rainfall for weekly rain amounts

less than 4 cm. Stemflow occurs on beech trees for rain amounts greater

than 0.40 cm, but does not start on the maple trees until 0.70 cm of
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rain has fallen. Runoff from the forest floor can be divided into
ground flow and surface flow. The former decreases regularly through-
out the growing season, but the latter varies with a number of inter-

acting factors.

B. Conclusions

The energy-balance concept provides a theorectical framework
within which the microclimatic features of a forest layer may be
examined. The most important term of the energy-balance equation is net
radiation, and it is this term which has been investigated most thoroughly
in the present study.

It has proved possible to take measurements in the forest layer
without erecting a permanent scaffold. This is desirable in some ways
since there is little disturbance to the natural forest condition.

Exchange processes are active in all parts of the forest
layer, but it is the tree canopy which exerts the strongest influences
on microclimate. This study has shown that the canopy of a deciduous
forest provides a deeper layer for active energy transformation than is
found for most vegetated surfaces. The large interception of radiation
in the crown reduces heat exchange at the forest floor. The soil heat
flow and evaporation from the forest floor are quantitatively small.
Strong daytime heating of the canopy results in an upward and downward
heat movement from this zone.

It is an elementary observation that broad-leaved deciduous

forests demand sites having abuundant water. The corollary is two-fold.
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First, forests evapotranspire a large amount of water. Their root systems
tap large volumes of soil, and the removal of water from deep soil layer
during dry periods increases the moisture capacity of the soil during

rain, The result is a more sustained rate of evapotranspiration and

lower yields of water from forested regions - the latter being an obser-
vation which is supported by an increasing body of evidence. The second

part of the corollary involves a relatively small sensible heat flux due to a
limited amount of available energy and the large evapotranspiration.

The radiation regime beneath the trees assumes a special chara-
cter For most surfaces in summer, the long-wave balance is negative and
large. It is shown in this study that within a forest it is either nega-
tive and small, or it is zero. There exists an almost closed system of
infrared radiation exchange beneath the canopy.

During the growing season the top of the tree crown presents a
di'stinctively homogeneous surface to the sun. Spatial variations in net
rafliation above the forest in flat areas are small. Differences in the
absorbed solar radiation which are due to topography are substantially
reduced. Major microclimatic differences due to slope orientation appear
to exist only beneath the forest canopy during the period of high sun.

One of the strongest and most rapid changes in the fores micro-
climate is created when the trees lose their leaves in the fall. Radiation
to the forest floor is increased more than four-fold, canopy interception of
rain is reduced, wind speed increases at lower levels, and the forest floor is

well-insulated by a thick leaf litter. The process is reversed during spring

leafing but proceeds at a slower rate.
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A forest acts climatically as a conservative body. It can
withstand drought and promotes active energy exchange through a deep
layer. It diminishes topographical influences on microclimate and
protects the soil surface from intense rainfall. Runoff is strongly
reduced. The forest fosters a distinctive microclimate which differs

substantially from other vegetated and non-vegetated surfaces.
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‘ Appendix A

Incoming Solar Radiation (May 1 to October 1)

Values in ly day -1

Date May June July August September
1 659 197 620 535 455
2 659 512 279 325 508
3 660 200 334 622 352
4 413 446 303 383 076
5 654 678 203 117 289
6 588 612 323 593 276
7 494 387 352 584 431
8 387 670 467 355 250
9 335 571 629 271 450
10 122 194 584 379 299
11 482 694 474 415 172
12 715 684 556 183 514
13 289 513 214 268 494
14 207 392 243 325 484
15 684 370 431 287 495
16 128 597 581 275 309
17 648 662 501 153 231
18 639 657 495 491 262
19 506 600 565 431 493
20 744 513 670 282 418
21 655 456 377 588 309
22 656 671 466 075 407
23 641 516 - 656 158 304
24 567 316 482 409 353
25 207 694 414 525 084
26 717 322 202 462 345
27 462 684 487 510 092
28 362 697 555 457 405
29 367 384 311 151 407
30 426 597 353 507 177
31 592 === 643 337 399 (oct.1)
Totals 15,869 15,645 14,220 11,620 10,972
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Appendix B

Above-Canopy Net Radiation (May 1 to October 1)

Values in ly day -1

Symbols - (P) is Net Radiation Gain
(N) is Net Radiation Loss
(B) is Diurnal Net Radiation Balance

Date May June July

(p) ™ (B () (N (B) (P) (N) (B)
1 460  -62 398 107 -1l6 091 421  -36 385
2 474  -58 416 384  -32 352 lge  -22 l64
3 468 -68 400 112 -16 096 271  -06 265
4 252 -33 219 321 -30 291 211 -18 193
5 463 ~-42 421 532 -68 464 137 -09 128
6 430 -25 405 503 -66 437 217  -06 211
7 463 -42 421 270 =25 251 229 -06 223
8 187 ~-41 l46 513 -51 462 339 -36 303
9 202 -21 181 415 -34 381 440 =50 390
10 142 -19 123 139 -29 110 405 -61 344
11 333 -29 304 563 -54 509 299  -43 256
12 538 =53 485 496  -62 434 368 =53 315
13 228  -33 195 409  -43 366 128 -39 089
14 144  -49 095 110 -20 090 141 -36 105
15 500 -49 451 205 -35 170 242 =55 187
16 043 =37 006 415 -39 376 424 =56 368
17 497 -45 452 450  -62 388 327 -38 289
18 400 -46 354 460  -62 398 314  -38 276
19 480 -45 435 439  -32 407 376 =45 331
20 562 -52 510 374 -40 334 466  -52 414
21 500 -47 453 336 -33 303 304 -48 256
22 475 -68 407 492 -61 431 321 -40 281
23 484  -37 447 365 -32 333 456 =77 379
24 351  -11 340 244  -21 223 343 -67 276
25 091 =35 056 480 -74 406 276 =57 219
26 472 -40 432 234 =30 204 129 -34 095
27 330 =31 299 502 -17 485 316 -49 267
28 243 -26 217 473 -57 416 375 =20 355
29 258 =20 238 290 -25 265 219 -25 194
30 308 =22 286 424 -lo6 408 232 -37 195
31 454 =33 421 -——= === === 356 -44 312

Totals 11,232 -1219 10013 11063 -1182 9881 9268 -1203 8065
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Appendix B (continued)

Date August September

(P) (N) (B) (P) (N) (B)
1 328 -17 311 257 -68 189
2 209 -11 198 267 -80 187
3 374 -34 340 179 -59 120
4 238 -14 224 045 =30 015
5 090 -04 086 209 -33 176
6 356 =20 336 196 -72 124
7 344 =23 321 337 -920 247
8 234 -13 221 136 -40 096
9 164 =20 144 336 -56 280
10 259 -40 219 192 -62 130
11 289 -44 245 102 -88 014
12 174 =26 148 300 -125 175
13 183 -53 130 292 -125 167
14 240 -54 186 282 -123 159
15 200 =28 172 294 -114 180
16 232 =29 203 161 -65 096
17 156 =35 121 097 -37 060
18 377 -48 329 115 -85 030
19 349 -43 306 263 -92 171
20 215 =50 165 240 -92 148
21 354 =71 283 197 -56 141
22 023 -37 -14 260 -44 216
23 108 =21 087 189 -63 126
24 288 -63 225 232 -87 145
25 361 -58 303 056 -63 -07
26 318 =40 278 246 =32 214
27 372 -64 308 045 =29 016
28 282 =70 212 245 -77 168
29 071 -43 028 347 -45 302
30 369 -40 329 111 -47 064
31 238 -56 182 271 -70 201 (Oct.l)

Totals 7,795 -=1169 6626 6499 -2,149 4350
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Appendix C

Rainfall, Canopy Interception, Stemflow and Runoff
(May 1 to October 1)

All values in cm day -1,
May
Date Rainfall Canopy Stem Flow Runoff
Interception

1 0.00 0.00 0.00 0.07
2 0.00 0.00 0.00 0.06
3 0.00 0.00 0.00 0.06
4 0.00 0.00 0.00 0.05
5 0.00 0.00 0.00 0.05
6 0.00 0.00 0.00 0.05
7 0.00 0.00 0.00 0.04
8 0.49 0.21 0.00 0.09
9 0.34 0.11 0.00 0.08
10 0.46 0.19 0.00 0.10
11 0.00 0.00 0.00 0.03
12 0.00 0.00 0.00 0.02
13 0.05 0.03 0.00 0.03
14 0.00 0.00 0.00 0.02
15 0.05 0.03 0.00 0.03
16 1.31 0.61 0.01 0.14
17 0.13 0.04 0.00 0.06
18 0.08 0.03 0.00 0.04
19 0.51 0.19 0.00 0.06
20 0.00 0.00 0.00 0.04
21 0.00 0.00 0.00 0.03
22 0.17 0.05 0.00 0.06
23 0.00 0.00 0.00 0.03
24 0.48 0.13 0.00 0.07
25 0.03 0.02 0.00 0.03
26 1.05 0.19 0.01 0.15
27 0.25 0.07 0.00 0.04
28 0.00 0.00 0.00 0.03
29 0.00 0.00 0.00 0.03
30 0.00 0.00 0.00 0.03
31 0.00 0.00 0.00 0.04

Totals 5.40 1.90 0.02 1.64
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‘ Appendix C (continued)
June
Date Rainfall Canopy Stem Flow Runoff
Interception

1 0.51 0.08 0.01 0.11
2 0.00 0.00 0.00 0.06
3 0.01 0.01 0.00 0.03
4 0.22 0.04 0.00 0.08
5 0.00 0.00 0.00 0.04
6 0.00 0.00 0.00 0.03
7 0.00 0.00 0.00 0.03
8 0.00 0.00 0.00 0.03
9 0.03 0.02 0.00 0.03
10 0.43 0.16 0.00 0.10
11 0.00 0.00 0.00 0.04
12 0.00 0.00 0.00 0.04
i3 0.00 0.00 0.00 0.04
14 0.00 0.00 0.00 0.04
15 0.45 0.16 0.00 0.05
16 0.00 0.00 0.00 0.04
17 0.00 0.00 0.00 0.04
18 0.03 0.03 0.00 0.03
19 0.08 0.06 0.00 0.03
20 0.00 0.00 0.00 0.03
21 0.00 0.00 0.00 0.03
22 0.00 0.00 0.00 0.03
23 0.00 0.00 0.00 0.03
24 0.00 0.00 0.00 0.03
25 0.00 0.00 0.00 0.02
26 0.64 0.26 0.01 0.03
27 0.00 0.00 0.00 0.03
28 0.00 0.00 0.00 0.02
29 0.1¢9 0.19 0.00 0.02
30 0.00 0.00 0.00 0.02

Totals 2.59 1.01 0.02 1.19
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Appendix C (continued)

July
Date Rainfall Canopy Stem Flow Runoff
Interception

1 0.00 0.00 0.00 0.02
2 0.49 0.21 0.03 0.02
3 1.23 0.34 0.00 0.04
4 0.00 0.00 0.07 0.05
5 3.79 0.54 0.02 0.10
6 0.51 0.28 0.00 0.07
7 0.03 0.02 0.00 0.05
8 0.00 0.00 0.00 0.04
9 0.00 0.00 0.00 0.03
10 0.00 0.00 0.00 0.02
11 0.47 0.15 0.00 0.02
12 0.00 0.00 0.00 0.02
13 0.99 0.36 0.0l 0.02
14 0.24 0.11 0.00 0.02
15 0.00 0.00 0.00 0.02
16 0.00 0.00 0.00 0.02
17 0.00 0.00 0.00 0.02
18 0.00 0.00 0.00 0.02
19 0.00 0.00 0.00 0.02
20 0.00 0.00 0.00 0.01
21 0.23 0.08 0.00 0.01
22 0.00 0.00 0.00 0.01
23 0.00 0.00 0.00 0.01
24 0.00 0.00 0.00 0.01
25 0.00 0.00 0.00 0.01
26 0.00 0.00 0.00 0.01
27 0.00 0.00 0.00 0.01
28 0.00 0.00 0.00 0.01
29 2.34 0.59 0.04 0.04
30 0.46 0.09 0.01 0.01
31 0.00 0.00 0.00 0.01

Totals 10.78 2.77 0.18 0.78
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‘ Appendix C (continued)
August
Date Rainfall Canopy Stem Flow Runoff
Interception

1 0.00 0.00 0.00 0.01
2 0.00 0.00 0.00 0.01
3 0.00 0.00 0.00 0.01
4 0.10 0.07 0.00 0.01
5 0.00 0.00 0.00 0.01
6 0.00 0.00 0.00 0.01
7 0.06 0.05 0.00 0.01
8 0.00 0.00 0.00 0.01
9 0.00 0.00 0.00 0.01
10 0.00 0.00 0.00 0.01
11 0.00 0.00 0.00 0.01
12 4.84 0.37 0.05 0.02
13 0.00 0.00 0.00 0.01
14 0.18 0.11 0.00 0.01
15 0.79 0.19 0.00 0.01
16 0.03 0.02 0.00 0.01
17 0.28 0.18 0.00 0.01
18 0.00 0.00 0.00 0.01
19 0.07 0.05 0.00 0.01
20 0.00 0.00 0.00 0.01
21 0.05 0.04 0.00 0.01
22 2.71 0.82 0.02 0.04
23 0.61 0.15 0.01 0.03
24 0.00 0.00 0.00 0.01
25 0.77 0.19 0.00 0.01
26 0.00 0.00 0.00 0.01
27 0.00 0.00 0.00 0.01
28 0.00 0.00 0.00 0.01
29 0.36 0.21 0.00 0.01
30 0.00 0.00 0.00 0.01
31 0.00 0.00 0.00 0.01

Totals 16.85 2.45 0.08 0.41
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Appendix C (continued)

September
Date Rainfall Canopy Stem Flow Runoff
Interception

1 0.00 0.00 0.00 0.01
2 0.00 0.00 ~0.00 0.01
3 0.00 0.00 0.00 0.00
4 0.72 0.28 0.00 0.01
5 0.36 0.15 0.00 0.01
6 0.00 0.00 0.00 0.00
7 0.10 0.07 0.00 0.00
8 0.89 0.31 0.00 0.02
9 0.00 0.00 0.00 0.01
10 0.18 0.08 0.00 0.01
11 0.03 0.03 0.00 0.01
12 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00
16 0.00 0.00 0.00 0.00
17 0.02 0.02 0.00 0.00
18 0.00 0.00 0.00 0.00
19 0.00 0.00 0.00 0.00
20 0.00 0.00 0.00 0.00
21 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00
25 0.05 0.05 0.00 0.00
26 1.09 0.31 0.01 0.00
27 0.00 0.00 0.00 0.00
28 0.00 0.00 0.00 0.00
29 0.00 0.00 0.00 0.00
30 0.00 0.00 0.00 0.00
1 (Oct) 0.00 0.00 0.00 0.00

Totals 3.44 1.30 0.01 0.09
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Appendix D

Above-Canopy Net Radiatijion on North and South Slopes

for Select Days between May 6 and May 27.

Values in ly min. -1 averaged for the hour.

Symbols: N.S., - North Slope

S.S5. - South Slope
Hour May 7 May 13 May 14
Ending
N.S. S.S. N.S. S.S. N.S. S.S.

1 -0.09 -0.08 -0.10 -0.09 -0.05 -=0.04
2 -0.10 -0.11 -0.10 -0.08 ~-0.05 -0.04
3 -0.09 -0.09 -0.10 -0.07 -0.03 -0.04
4 -0.10 -0.10 -0.09 -0.07 ~0.01 0.00
5 -0.09 -0.10 -0.02 -0.05 -0.03 0.00
6 -0.02 -0.10 0.02 0.00 -0.01 0.00
7 0.20 0.21 0.12 0.11 0.06 0.05
8 0.26 0.24 0.25 0.19 0.10 0.08
9 0.21 0.30 0.28 0.29 0.22 0.19
10 0.42 0.49 0.64 0.73 0.21 0.20
11 0.76 0.69 0.71 0.72 0.21 0.19
12 0.90 0.92 0.86 0.81 0.29 0.27
13 0.79 0.89 0.51 0.54 0.32 0.31
14 0.83 0.96 0.22 0.23 0.30 0.33
15 0.70 0.87 0.08 0.09 0.21 0.22
16 0.46 0.72 0.05 0.04 0.21 0.21
17 0.18 0.46 0.01 0.04 0.16 0.17
18 0.01 0.01 -0.01 0.01 0.12 0.08
19 -0.02 -0.06 -0.02 -=0.02 -0.05 -0.03
20 -0.03 -0.07 -0.05 -=0.02 -0.09 -0.08
21 -0.03 -0.07 -0.05 -0.04 ~-0.11 -0.12
22 -0.03 -0.07 -0.06 =-0.04 -0.13 -0.14
23 -0.03 -0.07 -0.06 -0.04 -0.12 -0.14
24 -0.03 -0.08 -0.05 -0.03 -0.12 -0.14
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‘ Appendix D (continued)
Hour May 15 May 19 May 26
Ending

N.S. S.S. N.S. S.S. N.S. S.S.
1 -0.12 -0.14 0.00 0.00 -0.14 -0.14
2 -0.12 -0.14 0.00 0.00 -0.14 -0.14
3 -0.11 -0.14 0.00 0.00 -0.13 -0.14
4 -0.11 -0.14 0.00 0.00 -0.13 -0.14
5 -0.11 -0.13 0.00 0.01 -0.13 -0.11
6 -0.02 -0.05 0.01 0.02 0.03 0.05
7 0.33 0.15 0.22 0.21 0.35 0.31
8 0.59 0.40 0.39 0.43 0.61 0.59
9 0.78 0.64 0.76 0.78 0.84 0.81
10 0.94 0.83 0.86 0.84 0.98 0.94
11 0.95 0.91 0.87 0.83 1.05 1.00
12 0.99 1.03 0.90 0.94 0.74 0.76
13 1.07 1.05 0.96 0.98 1.00 1.06
14 0.86 0.88 1.00 0.96 0.99 0.96
15 0.60 0.56 0.73 0.71 0.71 0.78
16 0.66 0.70 0.79 0.77 0.44 0.45
17 0.31 0.33 0.38 0.30 0.15 0.12
18 0.24 0.22 0.16 0.1l6 0.08 0.05
19 -0.01 -0.01 -0.10 -0.08 -0.01 0.04
20 -0.05 -0.06 =~0.10 -0.12 0.00 0.00
21 -0.05 -0.05 -0.12 -0.13 J2.00 0.00
22 -0.03 -0.03 -0.15 -0.14 0.00 0.00
23 -0.04 -0.03 -0.15 -0.14 0.00 0.00
24 -0.04 -0.05 -0.15 -0.14 0.00 0.00




Appendix E (i)

Averace Values of Net Radiation at Various ILevels within
Forest on South Slope Location

Values in ly min. -1

averaged for the hour.
Symbols: UC - Under Canopy
AC - Above Canopy
UC/AC - Ratio of under canopy to above canopy net
radiation at each level.
1M, 2M, etc. - Height in meters of under canopy net

radiometers.
ND - No Data
Hour M 2m 4uM aM loM
Ending UC AC UC  AC  UC aCc UC AC UC

-0.02 -0.08 -0.01 -0.07 -0.02 -0.10 -0.03 -0.08 -0.04
-0.02 -0.08 -0.02 -0.07 -0.02 -0.10 -0.04 -0.08 -0.05
-0.02 -0.07 -0.01 -0.07 -0.02 -0.10 -0.04 -0.09 -0.03
-0.01 -0.05 -0.02 -0.07 -0.02 -0.10 -0.04 -0.09 -0.04
-0.02 -0.04 -0.01 -0.06 -0.01 -0.07 -0.03 -0.04 -0.03
-0.01 -0.03 0.00 -0.02 ~-0.01 0.05 0.04 0.16 0.01
0.01 0.27 0.00 0.04 0.02 0.24 0.04 0.14 0.04
0.03 0.52 0.02 0.23 0.05 0.45 0.08 0.24 0.07
9 0.03 0.55 0.02 0.13 0.06 0.68 0.11 0.40 0.25
10 0.05 0.46 0.03 0.17 0.08 0.64 0.10 0.38 0.15
11 0.05 0.50 0.03 0.46 0.07 0.61 0.16 0.52 0.30
12 0.04 0.53 0.04 0.51 0.09 0.80 0.14 0.62 0.20
13 0.04 0.53 0.04 0.59 0.08 0.89 0.16 0.58 0.1lo
14 0.04 0.28 0.03 0.50 0.10 0.69 0.17 0.50 0.31
15 0.05 0.33 0.03 0.42 0.09 0.60 0.18 0.40 0.31
16 0.04 0.23 0.02 0.23 0.05 0.44 0.12 0.26 0.29
17 0.02 0.14 0.01 0.15 0.06 0.22 0.07 0.17 0.30
18 0.01 0.00 0.01 0.05 0.03 0.07 0.05 0.11 ©0.08
19 0.00 -0.04 0.00 -0.02 0.00 -0.04 -0.01 -0.03 0.00
20 -0.01 -0.09 -0.01 -0.05 -0.01 -0.08 =0.02 -0.08 -0.02
21 -0.01 -0.10 ~-0.01 -0.06 -0.01 -0.08 -0.02 -0.09 -0.03
22 -0.01 -0.10 -0.02 -0.05 -0.01 -0.08 -0.02 -0.08 -0.03
23 -0.01 -0.10 -0.02 -0.06 -0.01 -0.09 -0.02 -0.09 -0.03
24 -0.02 -0.09 -0.02 -0.07 -0.02 -0.10 -0.03 -0.08 -0.03
Mean

O~NOOLLDd W

Daytime 0.08 0.07 0.12 0.32
Uc/AacC
Mean
Nightime 0.13 0.17 0.11 0.43

uc/ac

-0.07
-0.08
-0.06
-0.06
-0.06
0.06
0.19
0.34
0.61
0.74
0.78
0.87
0.86
0.76
0.67
0.50
0.31
0.10
0.00
-0.04
~0.06
-0.07
-0.08
-0.06

0.50
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Hour
Ending

W O ~JO U D whE

Mean
Daytime
uc/ac

Mean
Nightime
uc/ac
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(continued)

1iM
uc  ac
-0.05 -0.11
-0.05 =-0.11
-0.04 -0.08
-0.04 -0.07
-0.04 -0.05
-0.01 0.09
0.05 0.32
0.13 0.47
0.38 0.68
0.39 0.89
0.66 0.95
0.46 1.01
0.21 0.99
0.18 0.85
0.38 0.72
0.24 0.44
0.17 0.25
0.07 0.13
-0.01 -0.07
-0.02 -0.08
-0.03 ~0.09
-0.03 -0.09
-0.04--0.09
-0.04 -0.09
0.42
0.50

[
N
2

|

CEEEE]S

ee)

*

o o
)
o O
w

o
)

o
=
Ul ol

-

0.58
0.29
0.15
0.24
0.46
0.38
0.16
0.08
0.07
0.00
0.00
0.00
ND

ND

13M
uc ac
-0.12 -0.10
-0.12 -0.09
-0.10 -0.09
-0.11 -0.09
-0.08 -0.04
0.05 0.10
0.10 0.16
0.26 0.45
0.58 0.70
0.65 0.77
0.66 0.76
0.63 0.77
0.59 0.72
0.51 0.66
0.43 0.50
0.30 0.36
0.20 0.22
0.12 0.12
-0.06 -0.04
-0.10 -0.11
~-0.12 =0.12
-0.12 -0.12
-0.12 -0.11
-0.11 -0.10
0.81

1.10

Average
AC

-0.09
-0.09
-0.08
-0.08
-0.05
0.09
0.21
0.40
0.58
0.65
0.66
0.73
0.72
0.61
0.52
0.37
0.20
0.12
-0.03
-0.06
-0.08
-0.09
-0.09
-0.09




Appendix E(ii)

Average Values of Net Radiation at Various Levels within

Forest on North Slope Location

Values in 1y min.

-1 averaged for the hour.

Symbols: UC - Under Canopy
AC - Above Canopy
UC/AC - Ratio of under canopy to above canopy net
radiation at each level.
1M, 2M, etc. - Height in meters of under canopy net
radiometers.
ND - No Data.
Hour 1M 2mM 4 8M 1oM
Ending UC AC UC AC UC AC UC AC UC  AC
1 0.00 -0.10 0.00 -0.06 0.00 -0.11 -0.01 -0.08 -0.03 =-0.10
2 0.00 -0.09 0.00 -0.09 0.00 -0.11 -0.01 ~0.08 -0.03 -0.10
3 0.00 -0.06 0.00 -0.08 0.00 -0.11 -0.01 -0.08 -0.03 -0.09
4 0.00 -0.01 0.00 -0.08 0.00 -0.11 -0.01 -0.09 -0.03 =-0.09
5 0.00 0.00 0.00 -0.05 0.00 -0.08 -0.01 -0.07 -0.03 -0.06
6 0.00 0.03 0.00 0.05 0.00 -0.02 0.00 -0.02 -0.02 -0.01
7 0.02 0.25 0.02 0.34 ND ND 0.02 0.17 0.00 0.19
8 0.03 0.51 0.03 0.57 ND ND 0.04 0.48 0.03 0.43
9 ND ND 0.04 0.81 ND ND 0.06 0.65 0.15 0.57
10 0.03 0.95 0.04 0.67 0.03 1.02 0.08 0.71 0.11 0.86
11 0.04 1.03 0.05 0.75 0.09 1.10 0.10 0.86 0.11 0.98
12 0.06 1.05 0.07 0.73 0.08 1.12 0.12 0.89 0.31 1.03
13 0.04 1.02 0.07 0.67 0.08 1.09 0.12 0.96 0.22 1.00
14 0.05 0.92 0.07 0.77 0.11 1.00 0.12 0.79 0.17 0.88
15 0.06 0.73 0.06 0.58 0.13 0.54 0.19 0.63 0.36 0.71
16 0.06 0.54 0.05 0.44 0.11 0.37 0.13 0.47 0.32 0.48
17 0.05 0.32 0.07 0.34 0.08 0.27 0.10 0.30 0.13 0.25
18 0.04 0.11 0.03 0.10 0.09 0.15 0.05 0.12 0.03 0.09
19 0.03 -0.09 0.02 -0.03 0.01 0.02 0.01 -0.03 0.00 -0.04
20 0.00 -0.11 0.02 -0.07 0.00 -0.07 -0.01 -0.07 -0.03 -0.08
e 21 0.00 -0.11 0.00 -0.08 0.00 -0.08 -0.01 -0.07 -0.03 -0.09
22 0.00 -0.11 0.00 -0.08 0.00 -0.08 -0.01 -0.08 -0.03 -0.09
23 0.00 -0.11 0.00 -0.07 0.00 -0.09 -0.01 -0.08 -0.03 =-0.10
24 0.00 -0.10 0.00 -0.06 0.00 -0.10 -0.01 -0.08 -0.03-0.10
Mean
Daytime 0.06 0.09 0.12 0.16 0.26
Uc/ac
Mean
Nightime 0.00 0.00 0.00 0.14 0.33

uc/AcC
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Hour
Ending

DNV D WD

Mean
Daytime
uc/ac

Mean
Nightime
Uc/acC
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(continued)

1M
uc  ac
-0.03 -0.08
-0.03 -0.08
-0.03 -0.08
-0.03 -0.07
-0.03 -0.05
0.02 0.00
0.03 0.19
0.05 0.47
0.17 0.58
0.15 0.77
0.28 0.89
0.56 0.96
0.44 0.94
0.34 0.80
0.22 0.58
0.15 0.38
0.09 0.22
0.03 0.09
0.00 -0.05
-0.02 -0.06
-0.03 -0.07
-0.03 -0.08
-0.03 -0.08
-0.03 -0.08
0.37
0.43

|

uc
-0.05
-0.05
~0.04
-0.03
-0.02
-0.01

0.10

0.13

1.05
1.09
1.07
0.73
0.14
0.12
0.07
0.00
-0.05
-0.06
-0.05
-0.05
-0.05
-0.05

AC
-0.08
-0.08
-0.07
-0.07
-0.05
~0.01

0.22

0.56

0.95
1.05
1.05
0.86
0.64
0.43
0.32
0.13
-0.03
-0.08
-0.08
-0.08
-0.08
-0.08

uc
-0.10
-0.08
-0.09
-0.09
-0.05
0.00
0.25
0.47
0.74
0.64
0.89
0.80
0.83
0.73
0.54
0.41
0.23
0.13
-0.01
-0.07
-0.09
-0.10
-0.10
-0.10

AC

-0.11
-0.08
-0.10
-0.10
-0.06
-0.02
0.22
0.54
0.78
0.69
0.92
0.84
0.73
0.81
0.52
0.37
0.21
0.07
-0.04
-0.08
-0.09
-0.11
-0.11
-0.11

Average
AC

-0.09
-0.09
-0.09
-0.07
-0.05
0.00
0.26
0.54
0.70
0.83
0.94
0.95
0.91
0.81
0.60
0.44
0.27
0.10
-0.03
-0.07
-0.08
-0.09
-0.09
-0.09




- 222 -

‘ Appendix F (i)

Average Values of Incoming Solar Radiation at Various Levels
within Forest on South Slope Location

-1 averaged for the hour.

Values in ly min.
Symbols: UC -~ Under Canopy
AC - Above Canopy
UC/AC - Ratio of under canopy to above canopy solar
radiation at each level.
1M,2M, etc. - Height in meters of under canopy

solarimeter.
ND - No Data
Hour .
Ending 0.3M 1M 2M 4M
ucC AC uc AC uc AC uc AC

1 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 6.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.05 0.00 0.02 0.00 0.00 0.00 0.02
6 0.02 0.19 0.00 0.13 0.01 0.02 0.02 0.05
7 0.05 0.44 0.00 0.37 0.02 0.08 0.04 0.34
8 0.12 0.72 0.03 0.64 0.03 0.15 0.08 0.56
9 ND 1.03 0.05 0.63 0.02 0.23 ND 0.82

10 0.05 1.17 0.05 0.66 0.06 0.46 0.13 0.71
11 0.06 1.25 0.07 0.71 0.09 0.67 0.15 0.84
12 0.05 1.33 0.07 0.56 0.10 0.71  0.22 0.98
13 0.14 1.30 0.06 0.73 0.11 0.82 0.20 1l.11
14 0.02 1.20 0.06 0.53 0.13 0.74 0.16 0.81
15 0.10 1.03 0.19 0.83 0.07 0.63 0.24 0.96
16 0.06 0.82 0.07 0.63 0.04 0.42 0.15 0.71
17 0.04 0.60 0.02 0.33 0.03 0.32 0.04 0.37
18 0.03 0.37 0.00 0.21 0.01 0.17 0.03 0.20
19 0.01 0.14 0.00 0.12 0.0l 0.05 0.0l 0.07
20 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
uc/ac 0.06 0.09 0.13 0.18
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‘ Appendix F(i) (continued)
Hour
Ending 8M 10M Average
uc ~ Ac uc  Ac AC
1 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00
5 0.00 0.02 0.01 0.04 0.03
6 0.02 0.11 0.06 0.20 0.13
7 0.06 0.22 0.13 0.36 0.30
8 0.11 0.34 0.52 0.62 0.51
9 0.22 0.40 0.40 0.83 0.66
10 0.14 0.49 0.52 0.98 0.74
11 0.20 0.71 0.29 0.88 0.84
12 0.30 0.84 0.42 1.02 0.91
13 0.40 0.81 0.23 0.98 0.96
14 0.36 0.74 0.30 1.00 0.84
15 0.27 0.60 0.36 0.82 0.81
16 0.32 0.43 0.19 0.63 0.61
17 0.18 0.37 0.13 0.38 0.39
18 0.04 0.23 0.08 0.28 0.24
19 0.01 0.09 0.03 0.11 0.10
20 0.00 0.01 0.01 0.01 0.01
21 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00
Uc/ac 0.41 0.40




Appendix F(ii)

Average Values of Incoming Solar Radiation at Various Levels
within Forest on North Slope Location

Values in ly min. -1 averaged for the hour.
Symbols: UC - Under Canopy

AC - Above Canopy

UC/AC - Ratio of under canopy to above canopy solar
radiation at each level.
1M, 2M, etc. - Height in meters of under canopy
solarimeter.
ND - No Data.
Hour
Ending 6.3M iM 2M oM

uc  ac uc  ac e ac uc  ac
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.04 0.00 0.04 0.00 0.03 0.00 0.04
6 0.00 0.21 0.00 0.26 0.00 0.04 0.00 0.25
7 0.02 0.44 0.01 0.45 0.00 0.11 0.02 0.50
8 0.03 0.50 0.03 0.59 0.00 0.16 0.05 0.74
9 0.04 0.88 ND ND 0.03 0.05 0.06 0.96
10 0.06 0.78 ND ND 0.05 0.77 0.13 1.13
11 0.07 0.89 ND ND 0.05 1.05 0.10 1.25
12 0.05 0.50 0.14 1.30 0.06 1.20 0.18 1.29
13 0.04 0.41 0.08 1.28 0.07 1.17 0.18 1.28
14 0.08 0.88 0.07 1.19 0.08 0.86 0.17 1.21
15 0.06 0.58 0.11 1.05 0.11 0.90 0.09 0.67
16 0.06 0.56 0.08 0.86 0.10 0.77 0.11 0.52
17 0.07 0.53 0.06 0.63 0.05 0.52 0.06 0.40
18 0.02 0.23 0.04 0.37 0.01 0.20 0.04 0.28
19 0.00 0.08 0.01 0.14 0.00 0.08 0.02 0.12
20 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
uc/acC 0.08 0.08 0.08 0.11
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Hour

Ending

W OO UL W
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(continued)

8M 11m
uc  Ac uc  ac
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.02 0.01 0.20
0.00 0.13 0.02 0.16
0.01 0.27 0.05 0.38
0.02 0.46 0.08 0.58
0.04 0.63 0.24 0.78
0.06 0.75 0.27 0.95
0.09 0.91 0.47 1.18
0.13 0.97 0.91 1.12
0.12 1.08 0.66 1.13
0.15 0.99 0.41 1.01
0.09 0.94 0.21 0.84
0.06 0.82 0.16 0.65
0.06 0.54 0.14 0.46
0.05 0.30 0.14 0.29
0.01 0.08 0.04 0.11
0.00 0.01 0.00 0.02
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

0.10 0.39

Average
AC

0.00
0.00
0.00
0.00
0.03
0.16
0.36
0.51
0.66
0.87
1.05
1.06
1.06
1.02
0.83
0.70
0.51
0.28
0.10
0.01
0.00
0.00
0.00
0.00




Appendix G (i)

Diurnal Radiation Regime within the

0-9M Level of the Forest

All values in ly min.

-1 averaged for the hour

Hour Solar

Ending Radiation
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.03
8 0.07
9 0.09
10 0.13
11 0.13
12 0.20
13 0.19
14 0.17
15 0.17
16 0.13
17 0.08
18 0.07
19 0.02
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00

Albedo Absorbed Solar Net Long Wave
Radiation Radiation Balance
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.01 -0.01 -0.01
0.00 0.03 0.01 -0.02
0.01 0.06 0.04 -0.02
0.01 0.08 0.05 -0.03
0.02 0.11 0.06 -0.05
0.02 0.11 0.08 -0.03
0.03 0.17 0.09 -0.08
0.03 0.16 0.08 -0.08
0.02 0.15 0.11 -0.04
0.02 0.15 0.11 -0.04
0.02 0.11 0.08 -0.03
0.01 0.07 0.07 0.00
0.01 0.06 0.06 0.00
0.00 0.02 0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01
0.00 0.00 -0.01 -0.01




Appendix G(ii)

Djiurnal Radiation Regime within the
9-14M Level of the Forest

All values in ly min. -1 averaged for the hour

Hour Solar Albedo Absorbed Solaxr Net Long Wave
Ending Radiation Radiation Radiation Balance
1 0.00 0.00 0.00 ~0.04 -0.04
2 0.00 0.00 0.00 -0.04 -0.04
3 0.00 0.00 0.00 -0.04 -0.04
4 0.00 0.00 0.00 -0.04 -0.04
5 0.01 0.00 0.01 -0.04 -0.04
6 0.04 0.01 0.03 0.01 -0.02
7 0.09 0.02 0.07 0.04 -0.03
8 0.30 0.05 0.25 0.09 -0.16
9 0.32 0.06 0.26 0.28 -0.02
10 0.40 0.07 0.33 0.27 -0.06
11 0.38 0.07 0.31 0.47 -0.16
12 0.67 0.12 0.55 0.51 -0.04
13 0.45 0.08 0.37 0.33 -0.04
14 0.36 0.06 0.30 0.26 -0.04
15 0.29 0.05 0.24 0.30 -0.06
16 0.18 0.03 0.15 0.20 -0.05
17 0.14 .03 0.11 0.13 -0.02
18 0.11 0.02 0.09 0.05 -0.04
19 0.04 0.01 0.03 -0.01 -0.04
20 0.01 0.00 0.01 -0.02 -0.03
21 0.00 0.00 0.00 -0.03 -0.03
22 0.00 0.00 0.00 -0.03 -0.03
23 0.00 0.00 0.00 -0.04 -0.04

24 0.00 0.00 0.00 -0.04 -0.04
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Diurnal Radiation Regime Above the

Forest Canopy

All values in ly min.

-1

averaged for the hour

Albedo Absorbed Solar

Hour Solar

Ending Radia tion
1 0.00
2 0.00
3 0.00
4 0.00
5 0.02
6 0.12
7 0.30
8 0.52
9 0.82
10 0.89
11 1.09
12 1.10
13 1.16
14 1.00
15 0.92
16 0.66
17 0.50
18 0.25
19 0.08
20 0.01
21 0.00
22 0.00
23 0.00
24 0.00

0.00
0.00
0.00
0.00
0.00
0.02
0.05
0.09
0.15
0.16
0.20
0.20
0.21
0.18
0.17
0.12
0.09
0.05
0.01
0.00
0.00
0.00
0.00
0.00

Radiation

0.00
0.00
0.00
0.00
0.02
0.10
0.25
0.43
0.67
0.73
0.89
0.00
0.95
0.82
0.75
0.54
0.41
0.20
0.07
0.01
0.00
0.00
0.00
0.00

Net Long Wave
Radiation Balance
-0.10 -0.10
-0.10 -0.10
~0.10 -0.10
-0.10 -0.10
-0.07 -0.09
0,01 -0.09
0.17 -0.08
D.36 -0.07
0.62 -0.05
0.65 -0.08
0.77 -0.12
0.79 -0.11
0.84 -0.11
0.67 -0.15
0.59 -0.16
0.36 -0.18
0.24 -0.17
0.07 -0.13
-0.02 -0.09
-0.07 -0.08
-0.09 -0.09
~0.06 -0.06
-0.08 -0.08
~-0.09 -0.09
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