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The radiation balance of a dwarf apple orchard was evaluated.
Results compared favourably with those for a single apple tree in an
earlier investigation. Reflection, heating and longwave exchange
coefficients were analysed.

Transmitted global radiation was measured with moving and
stationary sensors. Coefficients for the partitioning of incident global
radiation were calculated. A relationship between photosynthetically
active radiation and global radiation was established. Coefficients for
the;partitioning of incident photosynthetically active radiation were
obtained and compared to the global radiation compoments. A problem
associated with the measurement of transmitted radiation is discussed

briefly.
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CHAPTER 1

INTRODUCTION

1. Radiation in an apple oxrchard

An important factor im controlling the productivity of
agricultural crops is the intensity and spectral distribution of the
radiant energy received. This energy is used for thg physiclogical
process of photosynthesis, and determines the microelimate of the crop,
thus influencing environmental factors such as the moisture regime,
ecological competition, presence of parasites, and plant disease, all
of which effect crop yield. Hence, radiant energy properties above and
within plant canopies have direct and indirect influwences on crop
productivity.

The radiation balance of a crop can be expressed as
Q% = K*+ L* = K¢ - K+ + LV - Lt (1)

where @%* is net radiation, K* is net global radiatien, L* ié net
terrestrial radiation, XV is incoming global radiation, Xt is reflected
gloﬂal radiation, LY is incoming longwave atmospheric radiation and L+

is outgoing or emitted terrestrial radiation. Glokal radiation is the
energy received within the 0.4 to 4.0 um waveband of the electromagnetic
spectrum, while terrestrial or longwave radiation is the energy at
wavelengths greater than 4 um (Sellers, 1965). Incoming global radiation
has two components: direct beam solar radiation and diffuse radiation.

1
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From equation 1, K* = K¥ (I1-a) where o is the surface reflection coef-~
- ficient defimed as K+/K¥., Proctor, Kyle and Davies (1972) have studied
the radi;tion balance terms for a single, full-sized apple tree.
Extension 6f their work to a complete apple tree orchard canopy is a
logical development.

Although the balance is influenced by surface control exerted
through X4 and L+, it is.dominated by the incoming fluxes of global and
longwave radiation. If these can be calculated successfully, the balance
may be estimated without resort to measurement. This reduces the cost
and complexity of maintaining sophisticated sensing and recording
instrumentation. Hence, development and testing of radiation models is
an important test.

A knowledge of the radiation balance at the upper orchard
boundary is needed to compare and evaluate energy exchange parameters
within the canopy. The transmission of global radiation into the
orchard is important in determining the maximum density of trees that
can be maintained successfully without depleting the irradiance of
lower leaves detrimentally. The global radiation in the 0.4 to 0.7 um
waveband, which drives the plant photosynthetic system, will be referred
to as the photosynthetiéally active radiation. The behaviour of PAR

within a canopy is important in the understanding of productivity.

2. Objectives of the study

The radiant energy exchanges above and within an experimental,
high density planting of dwarf apple trees are investigated. The
specific aims of the study are:

1. to determine the radiation balance and its components



agbove the orchafd and to test radiation balance models, and
| 2. to evaluate canopy transmission, reflection and absorption
coefficients for global and photosynthetically active radiation.
This infofmation may assist in determining optimum.yieldslfrom

such planting schemes with this species.



CHAPTER II

SITE AND INSTRUMENTATION

1. Research site

The study was conducted at the Horticultural Experiment Station
of the Ontario Ministry of Agriculture and Food nszr Simcoe, Ontario
(42° 51" N, 80° 16°' W) during the summer of 1973. The orchard consisted

of a 6 x 22 m plot of Malus pumila Mill. cultivar Idared (Rehder, 1962)

on a dwarf tree stock (Plagte 1). The trees were arranged in 5 rows of

15 trees each, with both trees and rows spaced abouwi 1.5 m apart.
Successive rows were staggered (Figure 1). The trees were approximately
2 m tall in mid~-June and had reached a height of 2.5 m by September.

Leaf area index (LAI) was méasured only once, on September 14, after

some leaves had begun to fall due to dry weather im late August and early
September. The LAI was determined by establishing a correlation between
1eaf area and leaf weight from a random sample of leaves (Chang, 1968).

Estimated from leaf weight, LAIL was 0.945.

2. Instrumentation

A complete radiation balance of the orchard was obtained by
measuring incoming global radiation K¥, incoming total radiation ¥,
diffuse radiation D, reflected global radiation X%, and net radiation
@*. The reflection coefficient was calculated and the incoming

atmospheric radiation was found from



PLATE I: THE DWARF APPLE ORCHARD

PLATE 2: RECORDING TRAILER WITH INCOMING GLOBAL AND
TOTAL RADIATION SENSORS
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Figure |: THE APPLE CORCHARD' AND LOCATION OF SEN
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b = oy - Kb | (2)

Upward ﬁerrestrial radiation Lt was determined as a residual from
equation 1.

Global radiation was measured with a precision pyranometer
{(Eppley Laboratory Inc., Newport, R.I., USA) and incoming total radiation
with a net radiometer (Model S1, Swissteco Pty. Ltd., Melbourne,
Australia) fitted with a black-~body adaptor to shield the sensor from
Lt. The adaptor temperature (T,) was measured with a thermocouple
referenced to an ice-point temperature (Icell reference temperature

unit, Thermo Electric, Brampton, Ontario). &V was calculated from
b= ' ¢
HN= " + o7, . (3)

where @+’ is the radiometer signal divided by the sensor calibration
factor and 0 is the Stefén—Boltzman'constant. Both radiometers were
mounted on the roof of the recording trailer (Plate 2). Incoming
diffuse radiation was measured using a pyranometer (Kipp and Zonen,
Delft, The Netherlands) mounted within an Atmospheric Environment
Service diffusograph (Plate 3) set on the roof of a small hut near the
orchard. Reflected global radiation was measured with a similar
pyranometer while net radiation was obtained from a Swissteco net
radiometer. Both of these were mounted on a mast in the orchard (Plate 4).
To assure that the field of view of the instruments was confined to the
orchard, instruments were located at a height of 3 m, about 0.5 m above
the tops of the trees. This resulted in a view factor of about 0.96

(Latimer, 1972).



PLATE 2: THE DIFFUSOGRAPH

PLATE 4: NET RADIOMETER AND INVERTED PYRANOMETER



Recently, transmitted radiation has been wmeasured using moving
sensors by several researchers (Redskjer and Kornher, 1971: Mukammal,
1971; Brbwn, 1973). A traversing system was designed to tramsport
precision Eppley pyranometers through the orchard bemeath the foliage.
Tracks were made of Dexion metal strips supported by adjustable pipes
and flanges. The two tracks, 9.5 m long and 0.31 m apart, traversed
the rows of trees at a 20° angle (Figure 1). The track was set at a
height of sbout 0.35 m sbove the ground and levelled. A motor and
pulley drew a plexiglass cart (Plates § and 6) carrying the sensors
along the track at a speed of»approximately 1.2 m/min., Microswitches
at each end of the track reversed the direction of the motor resulting
in one round trip every ten minutes. Two precision pyranometers were
mo%nted on the cart (Plgte 5). One measured globél radiation while the
seéonds fitted with a dome of RG8 glass measured the near infra-~red
radiation (NIR) of wavelengfh greater than 0.7 ﬁm (Figure 2). The
difference between the two measuremenits is PAR. The RG8 filter has been
used successfully by several researchers (Szeicz, 1966, 1970; Anderson,
196§; Rodskjer, 1971). Since only one pyranometer with an RGS dome was
available, it was placed in the open to monitor incoming NIR on selected
days in order to establish a relationship between incident PAR and
global radiation.

A grid of ten stationary pyranometers was established in
the canopy. The results from these stationary sensors could be compared
with the results from the traversing sensor. Four black and white Eppley
pyranometers, two Kipp pyranometers and four Swissteco radiometers

fitted with glass domes were randomly located within the orchard (Figure 1)
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at a height abo%e the ground corresponding to the height of the
instruments on the traversing system, Measurements were taken at the
same time as those from the moving sensors. The stationary sensor grid
was relocated on August 14 to allow the results of two different random
locations to be compared.

The calibrations provided by the manufacturers for the Swissteco
and precision Eppley sensors were accepted. The two precision Eppley
pyranometers with clear glass domes were nevertheless compared on
several days under cloudless skies, yielding results that varied by less
than 2% at all times. The Kipp and black and white Eppley pyranometers
were calibrated under cloudless skies against the precision Eppley
pyranometers on July 16 and 17. The Kipp pyranometers agreed well with
calibrations given by the manufacturers whereas slight deviations from
the original calibrationé were found for the Eppleys. These latter
sensors were several years old whereas all other sensors were new or
only one year old. The Eppleys suffered from paint peeling late in
Augusts hencé,rno results from these sensors were accepted after August
15,

All signals from the radiation sensors were led to the recording
trailer by means of shielded cables to minimize external electrical
noise. Signals were recorded on three multipoint recorders (Esterline
Angus Division, Esterline Corp., Indianapolis9 Indiana). Shortwave
radiation signals of X¥;, X+, and D, the ice-point reference signal for
- @¥, and the signals from the temn stationary pyranometers within the
canopy were recorded on one recorder. A second recorder was used for

the signals from the traversing sensors. Net radiation and the signal



from the incoming total radiation sensor were recorded on the third
Esterline-Angus recorder. The signals were received once every 10
seéonds for the fivst recorder (once every 25 seconds when the stationary
pyranometers were in operation), once every 4 seconds for the second,

and once every 30 seconds for the third recorder. Data from the charts

were extracted by hand scaling.

3., Operating procedure

On a typical operating day, radiation sensors and the track

. were wiped clean and checked for levelling and smoothness of operation
in the morning. The ice-point reference unit, nitrogen flow for the
net and incoming total radiometers and the zero peoint on the multipoint
recorders were checked. The radiation balance semsors were started at
0615 and run until 1745, Half-hourly values of the various terms were
obtained. During the shorter days of September, the operation was cur-
tailed by one hour at the ends of the day. The traversing system was
operated once every hour for ten minute periods (ecorresponding to one
round-trip of the cart). Stationary pyranometers within the orchard
were recorded for the same periods. At the end of the day, sensors
were protected with plastic bags and the recorders resei for the next
day.

Measurements of incident PAR were taken on several selected days
by placing the cart from the traversing system in the open oun a 1¢ve11ed
table. Care was taken to ensure that the car: .as located to minimize

horizon obstruction. Calibrations of some of the radiometers mentioned

previously were made on July 16 and 17 in a similar manner.
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Table 1 summarizes the dates when measurements were obtained.
'Cloudless' and 'cloudy' refer to days that were almost entirely under
these steaﬁy~state conditions. Cloudy-bright conditions, which occur
under cumulus clouds, were avoided since canopy produced variations are
of central interest in this study. Since cumulus clouds associlated

with breezes from Lake Erie are common at Simcoe during the summer, the

number of days with satisfactory data is limited.



TABLE 1

SUMMARY OF DAYS WHEN DATA WERE OBTAINED

i
i

date radistion balance transmitted vadn. transmitted radn. incident PAR
terms : (moving sensor) (stationary)

June 11 X . X X

June 14 : : : X

June 19 X X

June 25 X X

June 26 X X X

July 3 X

July 9 X X X

July 12 X

July 16 X

July 17 X

July 18 X

July 23 X X

July 30 X -

Aug. 7 X X X

Aug. 12 X X X

Aug. 13 . X

Aug. 14 X X ‘ X% X

Aug., 15 X X X%

Aug, 27 X X

Sept.4 X X

Sept.11 X ’ : _

Sept.18 ' X
(Cs = cloudless; Cly = cloudy days)

(* refers to second stationary sensor grid)



CHAPTER T1II

3

RADTATION BALANCE QOF A DWARF APPLE ORCHARD

1. Incoming global and longwave radiation

Many models have been proposed to estimate XY and L¥, but in
this study, only two will be éonsidered& They were selected on the
basis of previous exferience in the Geography Department at McMaster
University which sﬁowed them to be superior (Nuanez, Davies and Robinson,
1971; Robinson, Davies and Nunez, 1972). To avéid complexity introduced
by cloud, only cloudless skies will be tested. The models of Houghton
(1954) for XY+ and Swinbank (1963) for L+ will be used.

Values of XY and LV were obtained for half-hourly, hourly and
daﬁly periods. Global radiation on selected cloudless days was compared

to values calculated from a model based on Houghton's (1954) work
Ky = ka cos Z[ﬁba ﬁda B ﬁﬁs ¢a8 + %(ﬁba dds (1-8,5 Prs Pds)) ] (4)

where I is the solar constant, ﬁba’ 2an ¢bs’a¢ﬁ53 ﬁds are specified
transmissions for water vapour absorption, dust absorption, water vapour
scattering, Rayleigh scattering and dust scattering. These are expressed
as functions of either the air mass number or the product of this number
and precipitable water (the latter in the case of ¢ba and ﬁﬁs)‘ Preci-
pitable water was calculated from radiosonde ascent data for Buffalo

International Airport. Model values were computed for each hour and

16
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- integrated for the day. Model and measured values compared favourably
except on July 23, a hazy day, when model values overestimated (Figure 3).
On a.daily‘basis (Table 2a), model values were generally within 10%
of the measured. If one day, July 23, is excluded, agreement is within
6%Z. Hence, in cloudless conditions, it seems likely that the model
cap replace direct measurements.

. Swinbank's (1963) empirical relafionship for estimating ¥

under cloudless skies is

~14

v = (53.1) 107%% 106, ~(5)

where T is air (screen - level) temperature in degrees Kelvin.
Considerable deviation was found between measured and calculated hourly
values for five cloudless days (Figure 4) with peak overestimatioms by
Swinbank's equation occufring during midday. Hourly residuals (measured
-imodel), tabulated in Table 2e¢, show a systematic variation as found by
P%ltridge (1970a). Daily totals (Table 2b) indicate a consistent over-
eﬁtimation of LY by the equation. TFrom Paltridge's data, daytime over-
eﬁtimation may be balanced by underestimations at night resulting in
accurate daily totals. Although nocturnal measurements were not
afailable in the present study, the positive deviation at 0730 indicates
t@at this may be true. Over 24 hours, the Swinbank formula probably
p#ovides satisfactory results. On an hourly basis, a variable

|
correction has to be applied. Although Paltridge (1970a) used the mean
residual curve for this to arrive at seasonal mean fluxes, this approach

is not suitable for individual days. A further study which seeks to

relate the residual to other factors is required.
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Figure 3 . MEASURED AND CALCULATED K{, ON CLOUDLESS DAYS
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TABLE 2
INCOMING RADIATION FOR CLOUDLESS DAYS

(a) Daily totals of K¥ measured and calculated by Houghton's (1954)

model.

date K¥ (meas) K (cale) differenc% %Zdifference
(Kwh m=2) (Kwh m—2) (¥aoh nime)

June 11 7.51 7.98 +0,47 +67%

June 25 8.09 8.34 . 40,25 +37%

July 9 7.78 7.71 -0.,07 =1%

July 23 7.26 8.13 +0.87 +11%

(b) Daily totals of I} measured and calculated by Swinbank's (1963)

equation,
date ¥ (meas) ¥ (cale) difference %difference
(Kwh m=2) (Kwh _m™2) (Kwh m2)
June 25 3.41 3.84 0.43 12%
July 9 3.59 4,30 0.71 18%
 July 23 3.61 4.10 0.49 13%
 Aug. 15 3.79 4.07 0.28 7%

Sept.4 3.34 3.66 0.32 97

(¢) Mean hourly differences between measured and calculated L+,
Solar time: 0730 0830 0930 1030 1130 1230 1330 1430 1530 1630 1730

Difference: +6 =-11 -39 -53 -69 -76 -70 -57 =50 =23 -8
(hm=2)



FIGURE 4: MEASURED L{ DEVIATION FROM SWINBANK'S FORMULA ON CLOUDLESS DAYS
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2. Diffuse radiation

A knowledge of the diffuse portion of the incident global
radiation,'§ = D/K{, is a useful measure of sky conditions since the
presence of clouds or haze increases §. Measurements of diffuse
radiation are underestimates since the shading ring obscures a signi-
ficant portion of the sky. Drummond (1956) presented a theoretical
correction factor which assumed isotropic radiation. This correction
was evaluated. On overcast days, corrected diffuse measurements
sﬂould be equal to measurements of incoming global radiation, unless a
fqrther correction for non-isotropy is necessary. Results from seven
days with overcast periods indicate that measured and theoretical
correction factors varied at most by 2.3%7 (Table 3), contrary to the
greater differences found by Davies et al (1970). A fixed correction
fﬁctor of 11% based on the theoretical correction was therefore applied
té all data.

Ratios of daily totals of diffuse to global radiation § were
calculated. Cloudless day values were consistently lower than those
far_cloudy days (Tgble 4). The highest § occurred on August 14, a
predominantly overcast day.

The dependence of half-hourly values of § on solar zenith
aqgle (Z) on a cloudless day (June 25) is shown in Figure 5. The
décrease of § with decreasing Z is non-linear, reaching a minimum
value at Z = 40° Monteith (1973) considers a minimum ratio of 0.10
as characteristic of clear, dry air, 0.15 as most common for a

cloudless day and 0.25 as characteristic of cloudless, dirty air. 1In

this classification, June 25 was a very clear, dry day until about 1130



TABLE 3

'CORRECTION FACTORS FOR DIFFUSE RADIATION MEASUREMENTS

date sky condition theoretical correction measured correction
factor factor (overcast)

June 11 cloudless 1.109

June 12 cloudy 1.109 1.104

June 25 cloudless 1.109

June 26 cloudy 1.109 1.124

July 3 cloudy 1.109 1.104

July 9 cloudless 1.109

July 19 cloudless 1.111

Juﬁy 23 cloudless 1.111

Ju?.y 30 cloudy 1.112 1.133

Aug. 7 cloudy 1.112

Aug. 12 cloudless 1.111

Aug. 13 cloudy 1.111 1.106

Aug. 14 cloudy 1.111 1.139

Aug. 15 - cloudless 1.111

Aug. 27 cloudy 1.108 1.111
Sept.4 cloudless 1.104

Sept.1l cloudless 1.100



MEAN DAILY RATIOS OF DIFFUSE TO GLOBAL RADIATION

TABLE 4

date sky condition § (cloudless) "~ § (cloudv)
June 11 cloudless 0.284

June 19 cloudy (sun at moomn) 0.751
June 25 cloudless 0.150

June 26 "~ cloudy 0.764
July 9 cloudless 0.157

July 23 cloudless (hazy) 0.344

Auvg., 7 cloudy 0.820
Avg. 12 cloudless 0.266

Aug. 14 cloudy 0.921
Aug, 15 cloudless 0.412 |
Aué: 27 cloudy 0.844
Sept.4 cloudless

0.463



o

FIGURE £ : DEPENDENCE OF THE RATIO OF

DiF FUSE
TO GLOBAL RADIATION ON ZENITH ANGLE (JUNE 25)
; KEY
MORNING  VALUES
& AFTERNOON VALUES
0630
I @
-250 4
/"/ 175
225 1700, 7 L3O
-~ // /
1630 /
200 1600, /,’G/ 0700
: g y,
-~ /
- rd
75 -2 7’
1S 4 75530 ,
3o, 0% 7 0730
1230 - ®©
150 - o 300 - //@0‘300
12eo® Y __ . —"" 51400 ® 0830
/ @130 -
i 125 \ -~ -
® It 509 _ - “® 0800
o "\ 5100 o
1100 - \__ _®1030 =~ 0930
oo
075 .|
050 .
'025 ] ] T T i T 3 T [ 1 i
15 20 25 30 35 40 45 50 55 60 65 70
SOLAR ZENITH ANGLE ( ©)




25

when a slight haze developed raising the value of § to 0.15 by noon.
Analysis of wind direction data (Table §) indicates a change from pre-
dominately northerly winds from land to south-easterlies from Lake Erie
at this time. Mukammal (1965) concluded that lake breezes and meso-
scale wind systems brought pollution from the industrial regions of the
United States to the south, up to the northern shores of Lake Erie
causing weather fleck on tobacco plants near Delhi, 20 km west of
Siﬁcoee The increase in § observed here could also be caused by indus-
tr%al pollution brought north via lszke breezes, which often develop by

miﬁdaye

3. Reflection coefficient of the orchard

Many researchers have found that the reflection coefficient
of agricultural crops and other surfaces varies through the day, being
leést at solar noon and iﬁcreasing with increasing solar zenith angle
(M&nteith and Szeicz, 1961; Davies and Buttimor, 1969; Impens and
Le@eur, 1969a; Kyle, 1971; Proctor et al, 1972: Nkemdirim, 1973; and
otﬂers). Fritschen (1967) argues that this diurnal variation can partly
be attributed to sensor error. At low sun angles, energy is reflected
Wifhin the hemispherical windshields of both upfacing and downfacing
radiometers in approximately equal amounts thus resulting in large
ratios. Idso, Baker and Blad (1969) support this conclusion although
they still consider that a good portion of d variation is a real effect
of the surfaces themselves. |

A strong dependence of 0 on Z was found in this study on

cloudless days (Figure 6). On cloudy days, the dependence is weaker,

as shown by the smaller values of the correlation and regression



TABLE 5

WIND DIRECTION AND SPEED AT SIMCOE, JUNE 25

EST LAT wind speed wind direction
(mph) (deg) (direction)
04Q0 0337 05 001 N
0500 0437 04 341 NNW
0600 0537 04 344 NNW
0700 0637 05 051 NE
0800 0737 06 041 NE
0900 0837 07 067 ENE
1000 0937 05 122 SE
1100 1037 00 000 N
1200 1137 05 261 W
1300 1237 12 132 SE
14016 1337 12 158 SSE
1500 1437 08 153 SSE
1600 1537 09 161 SSE
1700 1637 06 143 SE
1800 1737 05 157 SSE
1200 1837 06 149 - SCE
2000 1937 03 122 SE
2100 2037 05 128 SE

(EST = eastern standard time;

LAT = local solar time)
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coefficients, due to the reduction in the direct beam radiation. August
14, an overcast day, had the smallest regression coefficient. Reflection
of diffuse’radiation has no angular dependence since the incoming energy
is randomly distributed over the sky. Less dependence of o on Z for
cloudy skies has also been observed by Impens and Lemeur (1969a) and Kyle
(1971).

Pronounced increase in reflection at larger zemith angles is to
be expected on cloudless days because optical laws’indicate that more
light will be reflected with increasing angle of incidence. Also, at
lafge zenith angles; more of the incoming ;adiation is composed of.NIR
wavelengths, since during the longer path lengths through the atmos-
phere, shortexr wavelengfh radiation is scattered. Plants reflect
stronger in the infra-red (Monteith, 1959) causing higher reflection
coefficients. Kalma and Badham (1972) concluded that spectral reflection
isfparfially responsible for the increase in o for large Z although
inﬁernal_reflection within the sensors is also important. Increased
penetration of light into crops at small zenith angles resulting in
more trapping of radiation has alsé been cited as an important reason
for the observed diurnal variation (Kalma and Stanhill, 1969).

Mean daily reflection coefficients O were calculated as the
ratio of the daily totals of Kt and X¥. This method avoids the biased
weighting by daily extremity values that occurs when the daily mean of
hourly o values is evaluated. A time period of 0800 to 1600 was chosen
for comparison with the results of Proctor et al (1972). 1In the

present study, a difference exists between cloudless and cloudy days
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(Figure 7) with higher o under cloudy skies. Mean reflection coefficient
for the ﬁoole& data was 0.178 for cloudless days and 0.192 for cloudy
days. Thelcloudless day mean is slightly higher than that reported by
Proctor et al (0.162). Stanhill (1970) has related o to vegetation
height showing that o decreases as height increases. This explains

the higher reflection coefficient for the dwarf apple trees. These

values compare with the following:

surface o reference
apple oxrchard 0.13-0.19 . .. Landsherg, Powell and Butler
o (197w
deciduous forests - 0.159-0.181 Stanhill, Hofstede and Kalma
' (19¢8)
orange orchard 0.162 Kalma and Stanhill (1969)

4, Radiation balance.relationships

The components of the radiation balance have been determined for
sample cloudless and cloudy days (Figures 8 and 89). -Although absolute
maénitudes varied, no seasonal trend in the relative patterns of the
fluxes was evident for any terms when all cloudless and all cloudy days
were compared. These results agree with those of Proctor et al (1972) and
with other observations for a spruce forest (Tajchmam, 1972) and a
variety of crops (Monteith and Szeicz, 1961; Impens and Lemeur, 1969a;
Kalma and Stanhill, 1969).

Monteith and Szeicz (1961) showed that net and net global

radiation are linearly related:

R* = q + bK*. (6)
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FIGURE &~

RADIATION BALANCE TERMS FOR A CLCUDLESS D&y (JUNE 25)
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FIBURE @: RADIATION BALANCE TERMS FOR A CLOUDY DAY (AUSUST (4}
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From the radiation balance (egquation 1) and equation 6,

_a s
L* = 5 - (1-b) Q*, (7)
. b
Defining a heating coefficient B = ~dL#*/dQ* = (1-b)/b, b = 1/(1+8)

and equation 6 becomes

2 = LA(0 CK*
Q (0) + TET (8)

where L#(0) 1is the net terrestrial radiation at X* = O,

1 Regression and correlation analysis was used to obtain values
of a and b for the apple orchard data (Table 6). Correlation
coefficients exceeded 0.992 for cloudless days and 0.985 for cloudy
days. Heating coefficient values ranged between 0.112 and 0.348 with
no apparent variation with cloud conditions (Figure 10). These values
compared favourably with those reported elsewhere for a variety of
cr@ps and surfaces (Monteith and Szeicz, 1961:; Davies, 1967; Davies and
Bué;imors 1969; Impens and Lemeur, 196%9a; Nkemdirim, 1973). Negative
B values reported by Stanhill et al (1966) and Idso et al (1969) were
noﬁ found.

Landsberg et al (1973) obtained B values for an apple orchard
ranging from 0.2 to 0.6 with an average value of 0.305 obtained from
4 monthly values. Results for a single tree (Proctor et al, 1972)
ranged from 0.101 to 0.380 under cloudless skies. Pooling their dats,

they obtained

Q* = -42 + 0.8 K*, » = 0.98, (9)



TABLE 6

REGRESSION AND CORRELATION ANALYSIS OF g% UPON X* AND L#* UPON K#

(a = intercept, b = regression coeffictent, v

= ecorrelution coeflf-

ieient)

date Q% upon K* L* upon K*
a b g B 2 b r A

cléudless: |
June 25 -17 .79 997 .269 -17 =-.21 .959 -.212
July 9 -6 .74 996  .348 -6 =-.26 .972 -.258
July 23 -27 .80 .997 244 -27 -.20 .949 -.196
Aug. 12 -38 .87 995 . 149 -38 -.13 .908 ~.130
Aug. 15 ~33 .85 .996  .183 -33 -.16 .909 -.155
Sept.4 -20 .85 992 175 -20 -.15 .891 -.149
cloudy :
June 19 +10 .78 .985 .285 +10 -.22 .853 -.222
June 26 -4 .84 - .,994  .203 -4  -,17 .876 -.165
Aug. 7 -33 .89 .994 125 -33 -.11 .737 -.111
Aug. 14 ~29 .90 .993 112 -29 =,10 .673 -.100
Aug. 27 +7 .78 .990  .284 +7 =-.,22 .891 -.221
All days -4 .78 .992  .272 -4 -.214 .901 -.214
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. with f = 0.165. When the present data are pooled,
@ = -4 + 0,78 K*, »r = 0.99, (10)

with f = 0.272. This value differs by 0.03 from that of Landsberg et al

and by 0.11 from the Proctor et al result. The significance of these
differences in B (dB) to §* estimation was analysed. Differentiating

equation 8,

dq* -d8 [1 . L*(0)

= T I = (I-I-B)] -1 (11)

For dB = 0.03, 0.05 < 8 < 0.4 and -0.35 < L*0)/K* < 0.05, which includes
the present values, 0.02 < d@*/Q* < 0.03. For di = 0.11] and the same
ranges of B and L*(0)/K*, 0.07 < dg*/Q* < 0.12. Thus, the differences
between the mean P value in the present study and those reported in the
otper two studies result in 2-3% and 7-12% differences in &% estimation
re%pectively. Since @* cannot be measured to an accuracy better than 10%,
these B differences are not significant.
. -Gay (1971) has noted that the statistical relationship between
@* and K* used to define a heating coefficient is difficult to justify.
From equations 1 and 6,
kK* + L* = a + DK%,

(12)
Hehce, in the regression, X* appears as a component in the dependent
-variable. It follows that high correlations must ekist between @* and
K* which depend on the perfect correlation between K* and itself.

Removing X* from the left hand side of equation 12,



@
w

L* = a + (b-1) K%, (13)

He defined a longwave exchange coefficient A as the regression coefficient

in the linear relationship between L#* and X*. Hence,
L* = L*(0) + X K% (14)

For thg apple orchard, correlation coefficients between L¥ and
K* exceeded 0.9 on all cloudless days except one, but were less on
cl?udy days (Table 6). Values of A ranged from -G.100 to -0.258 with
noldetectable difference between cloudless and cloudy days (Figure 10).
Proctor et al (1972) report a similar range of A between -0.090 and

~0.276 with a mean of -0.142. Pooling the present data,
L* = -4 - 0,214 K*, p = 0.90. " (15)

The difference between the two A values (d\) is 0.07. The significance
|
ofjk differences to L* estimation was tested by differentiating

eq#&tion 14:

ar* _ ‘z*(0) | -1
_E_;_dx[x+ e ] i (16)

For d\ = 0.07, =0.30 < A < =0.09 and -0.15 < L*(0)/K* < 0.05, -0.16

< dL*/L* < ~1,75. This represents a difference of 16 to 175% in L*
es%:imation° Hence, small variations in A are significant since they
produce large differences in L* estimation. The importance of this error
may, however, be small in §* estimations since X* is the dominant term

in equation 1.



CHAPTER 1V

TRANSMITTED GLOBAL RADIATION

1. Introduction

Within a plant community, the transmission of radiation is
variable both in time and space. Temporal variations are caused by
changes in the sun's position in the sky and by changes in plant growth.
Spatial sources of variation include the presence of gaps in the
vegetation which produce sunflecks, the swaying of foliage in the wind,
and the transmission and scattering properties of the plants. Since
there is variability in the radiatiocn received beneath a canopy,
radiation measurements should be averaged over both space and time.
This requires either the use of many sensors (Anderson, 1966; Impens
and Lemeur, 1969b) or an integrating sencor such as a linear pyrano-
meter (Kyle, 1971) or a moving sensor. The latter have the advantages
of‘iower cost, since only one sensor is needed, and extensive spatial
coverage. In the present study, both stationary sensors and a

traversing sensor were used.

2. Comparison between measurements from stationary and traversing sensors

Ten stationary pyranometers measured transmitted radiation during
the ten minute traverse period. During this time, approximately 25
signals were received from each stationary sensor. The mean and standard

deviation for each sensor and a pooled mean and standard deviation for

38



the ten pyranometers were obtained. Examples are shown for a cloudless
and cloﬁdy ten minute period in Table 7. Standard deviations are
higher foé the cloudless period being 1.4 to 11.8% for individual
sensors and 52.3% between all sensors. Under cleud, the greatest
individual standard deviation is 3.8% while between all tem sensors,
standard deviation is 20.9%. Mean transmission results for the
cloudless traverse from the moving and stationary sensors differed by
25.7% (496 Wm_z compared to 642 Wm“z) while for the cloudy period,

) qnly 1.6% (251 Wm—2 compared to 255 Wm'zy. In beth cases, the moving
sensor mean is well within the standard deviation of the statiomnary
sensor mean.

Bourly transmission coefficients (7} for both the stationary
and moving sensor results were calculated (t = KﬁﬁK{)for three
cloudless and three cloudy days (Figures 11 and 1%). The stationary
sensors were relocated for the third cloudless amd cloudy dgy to
compare the behaviour of two differenf gride with the results from
the traversing sensor. No diurnal variation in the behaviour of T
an cloudless days fér the stationary sensor resulis was discernible;
whereas, the moving sensor showed a peak around meon. On cloudy
days, the variations from both measuring systems were similar but T
calculated from the stétionary sensors is consistently greater.
Relocation of the stationary grid did not affect ihis conclusion..

Mean daily transmission coefficients were ealculated from
T=1 KT/EK+ with the stationary sensor results calculated as a mean

of the ten individual daily sensor means. The stationary sensor values
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TABLE 7
SAMPLE RESULTS OF KT FROM STATIONARY SENSORS

July 9, 1030 (cloudless)

sensor # mean (W’m—?‘) standard dev. (Wm"z) standard dev. (%)
1 900 85 9.5
2 926 24 2.6
3 416 49 11.8
123 820 58 7.1
5 945 18 1.9
6 025 13 1.4
7 822 56 6.8
8 154 7 4.7
9 396 33 8.3
10 111 . 3 3.0
a2ll ten 642 336 52.3
June 26, 1030 (cloudy)
sensor # mean (Wm—2) standard dev. (Wm"z) standard dev. (%)
1 296 8 2.8
2 305 7 2.4
3 325 9 2.8
4 251 4 1.6
5 266 10 3.8
6 313 8 2.5
7 197 4 2.2
8 202 3 1.3
9 197 5 2.4
10 196 5 2.6
“all ten 255. 53 20.9
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TABLE 8

MEAN DAILY TRANSMISSTON COEFFICIENTS CALCULATED FROM
MOVING AND STATIOHNARY SENSOR MEASUREMEMTS

date T (stationary) T (moving) AT % difference

cloudless:

31.7%) 0.53 0.06 10.7%

July 9 0;59 (o =

Avg. 12 0.51 (o = 31.4%) 0.45 0.06 12.5%

Aug. 15 0.53 (0 = 30.4%) 0,51 0.02 3.8%

cloudy:

June 26 0.64 (0 = 23.1%) 0.58 | 0.06 - 9.8%

Aug. 7 0.49 (0 = 23.0%) 0.46 0.03 6.4%
= 11.9%) 0.49 0.02 4.0%

Aug. 14 0.51 (o
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were consistently higher (Table 8). Agreement between the two methods
of measurement improved for the second location of the stationary sensors.
Standard deviations for the means of the stationary semsors were higher
on cloudless days. Changing the location of the grid lowered the
standard deviation only slightly on August 15. The low standard
deviation on August 14 compared with the other two cloudy days can be
attributed to the fact that this day was predominately overcast. This
indicates that relocation of the stationary sensors did not reduce the
variation among the individual sensors themselves, but the overall mean
was in closer agrzement with the moving sensor. Reifsynder, Furnival
and Horowitz (1971) and Mukammal (1971) found that a statiomary grid of
a "sufficient’ number of sensors yielded satisfactory resulis on a
daily basis. Here, using the traverse results for comparison, ten
sensors were sufficient for a daily estimate of global radiation trans-

mission only for the second grid.

|
3. The partitioning of incident global radiation

The global radiation incident upon the orchard can be partitioned
into reflected, transmitted, and absorbed components. As previously
discussed, reflected and transmitted global radiation are measured
directly. Since absorption of transmitted radiation reflected up to the
foliage from the soil surface is small due to the small magnitude of such

reflection, the absorbed component is computed from

KA = K¥ - K+ - Kf. (17)



Hence, the absorption ceoefficient is

@ = I « T = O (28)

Representative examples for a cloudless and cloudy day are shown in
Figure 13. The transmitted and reflected components were respectively
the largest and the smallest portions of incident global radiation.

Transmission coefficients showed diurnal trends with peak
values at noon. This has been observed by Kalma and Stanhill,(l969)
in;an “orange plantation, Mukammal (1971) in a pine forest, and others
in a ﬁariety of crops. Strong correlation between T and Z is shown in
Figures 14 and 15. Correlation coefficients exceed 0.90 on cloudless
days and range between 0.78 and 0.94 on cloudy days. Variationm of T
was greatest on cloudless days as indicated by the regression
coefficients which ranged from =-0.40 to -0.55. On cloudy days, regression
co%fficients were smaller ranging from ~0.24 to -0.45, with August 14,
a éredominately overcast day, only -0.20. Variatioms in the dependence
ofi% on Z may be explained by differences in sky conditions i.e. degree
’of‘cloudiness or presence of haze as indicated by 6 wvalues, and by the
stage of development of the foliage.

Since both o and T depend linearly on Z, it follows that the
absorption coefficient should alsc depend linearly on Z. Correlation
and regression coefficients, however, were lower (Table 9) indicating
that such dependence is not as strong.

Mean daily coefficients have been calculated for all three

components (Table 10). A seasonal trend for T and 4 was observed
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REGRESSTION AND CORRELATICN ANALYSIS TO SHOW THE DEPENDENCE
OF THE ABSORPTION COEFFICIENT ON ZENITH ANGLE

(a = intevcept, b = regression coefficient, r = correlation
coefficient.)

a b r
cloudless days:
June 11 -0.01 0.40 0.90
June 25 0.15 0.23 0.69
July 9 0.18 0.29 0.84
July 23 0.20 0.28 0.81
Aug. 12 0.20 0.36 0.89
Aug. 15 . 0.18 0.30 0.94
Sept.4 0.12 0.34 0.78
cloudy davs:
June 19 0.05 0.42 0.91
June 26 0.19 0.10 0.43
Aug. 7 0.26 0.18 0.70
Aug, 14 0.30 0.09 0.37

Aug. 27 0.25 0.16 0.72



THE PARTETICNING OF X4 DAILY TOTALS

TABLE 10

datre k¥ K4 Ky ¢ a T 7
(Kuwh m2) (Kwh m=2) (Kwh m™2) (Koh n=2)
c#oudless:
JQne 11 7.51 1.35 5.04 1.12 .18 .67 .15
Jﬁne 25 8.09 1.46 4,69 1.94 .18 .58 24
July © 7.78 1.40 4,02 2.26 .18 .53 .29
July 23 7.26 1.21 3.62 2.33 .18 .50 32
Aug. 12 7.13 1.28 3.21 2,64 .18 A5 <37
Aug. 15 5.67 1.01 2.89 1.77 .18 .51 .31
Sept.4 4.64 0.78 2.54 1.32 .17 .55 .28
megn .18 .54 .28
cloﬁdy:
June 19 5.22 1.00 3.12 1.10 .19 .60 .21
June 26 4,60 0;88 2.66 1.04 .19 .58 .23
Aug. 7 4,79 0.91 2.19 1.69 .19 .46 .35
Aug. 14 3.51 0.66 1.71 1.14 .19 .49 .32
Aug. 27 2.76 0.53 1.33 0.90 .19 .48 .33
mean .19 .52 .29
mean all days .185 .53 .285



(Figure 16) with minimum values of 7 and maximum 4 occurring in mid-

Adgust@ ~This corresponds to the maximum exitent of leaf development.
In late August and early Septembar, dry weather caused some leaves to
fall, thus raising T values. Values of T were consistently above 0.45
with a mean of 0,53 for the pooled data. Kalma and Stanhill (1969)
found a similar seasonal trend for an orange plentation with ?‘ranging
from a minimum of 0.13 in August to a maximum of 0.36 in October with
a #eam of 0.21. TFor deciduous forests, seasonal values of 0,17
(S@homakerg 1968) and 0.10~0.12 (Vézina and Grandiner, 1965) have been
reﬁortedo The higher values inm the present study indicate a less dense
foliage and, hence, less absorption.
No apparent difference existed between cloudless and cloudy

day values of T and 4 (Teble 10). Differences between cloudless and
cl@udy day values of o (Figure 7), are insignificant in the calculation
ofiabsorption coefficients.

‘ As an average for the entire study period, 18.5% of the

incident global radiation was reflected from the canopy, 53% was trans-

mitted, and 28.5% was absorbed by the trees.
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CHAPTER V.
PHOTOSYNTEETICALLY ACTIVE RADIATION

1. Incident and reflected PAR

Values of the ratio Kp¢/K+ range between 0.39 and 0.47 for
cloudless skiez and are usually higher on cloudy days (Yocum, Allen and
L%mon, 1964; Monteith, 1965; Szeicz, 1966; Paltridge 1970b; Efimova, 1971).
Recently, Szeicz {1970) found a ratio of 0.50 from‘theory and from
experimental data. TFurther, he found little evidence for seasonal or
diurnal variation. The ratio increased to between 0.51 and 0.53 at
high § values (i.e. 8/10 cloud cover or more).

To establish a reiationship whereby Kb+ could be calculated

friom K¢, PAR was measured on eight cloudless and one overcast day.

Lipear vegression analysis was used to relate X ¥ and KV (Figure 17).

For -the cloudless days ’

J<p+ = 0‘. 49 K¥ - 12, » = 0.999, (19) |
and for the overcast day

KYy = 0.50 K¥y ~ 4, r = 0.995. (20)

p

The values of the regression coefficients, 0.49 on cloudless days and

0.50 for overcast, represent the ratios K?¢/K+ since the intercepts are

53
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close to zero. These results agree very clesely with these of Szeicsz
(1970). Since the relatiomship is sufficiently linear and the
correlatioé coefficients ave high, equations 18 and 20 could be used to
predict Kp$ from K¥. However, measurements from only one overcast day
were available and the results of equations 19 and 20 are similar.
Therefore, equation 19 was used to calculate hourly values of Kp+ on

|

all days for the analysis in section 2.
|

i For an individual leaf, reflectance differs censiderably

|
beﬁween the PAR and NIR portions of the global radiation spectrum,
be&ng much lower for PAR (Monteith, 195%: Gates, 1265). When considering
a complete plant canopy, the geometry of the éanopy and the angle of
incidence of the sun as well as the radiative propzriies of the
individual leaves are important. DMyers and Allen {1968) have shown
differences for spectral reflectance from individuzl leaves and a
caﬁopy due to multiple reflection and trapping of radiation in the
caﬁoyyo Nevertheless, for the entire canopy, the PAR reflection
coefficient (up) is much lower and, hence, the NIR reflection coefficient

much higher than the overall o for global radiation.

Some reported values of ap are listed belows

surf%ii SE. reference

corn .07 Yocum et al, 1964

alfalfa .06 Yocum et al, 1964

forests .05 to .20 Monteith, 1959

forests .03 to .05 Bray, Sanger and Archer,
19656

grass ‘ .06 to .08 Bray et al, 1966



A dependence on golar zenith angle has been shown. As with o, u?
increases with zenith angle {Bray et al, 1965; Coulson and Reyanolds,
1971).

Since measurenments of reflected PAR (K?f) were not made, o, for
the orchard waz assumed to range from 0.06 to 0.09 during the day with
a mean daily value of &p = 0.07, based upon the above values. Seasonal

variation was neglected.

2. Transmission end nartitioning of incident PAR

Analysis of the partitioning of K?+ was similar to that for KV,
Only transmitted PAR,(K?T) was measured directly. The reflected com-
ponent was determined using the assumptions of the preceeding section.

Absorbed PAR was evaluated as the residual from

K = K4 - K+ -K .. (21)
PA p P pT
Dividing equation 21 by K?+
@ = 1 — o - T 3 (22)

where Qp is the PAR absorptance and Tp is the PAR transmittance.

Diurnal variation of these parameters for a cloudless and cloudy day
(the same days shown in Figure 13 for global radiation coefficients)
are shown in Figure 18. The absorption component is considerably
larger for PAR than global radiatiom.

Dependence of T

p

Correlation coeificients exceeded 0.82 for T. and 0.76 for @? on all

p

and @? on solar zenith angle was investigated.
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days (TqbZe 11). As with T and @, diurnal variation was greatest om
clioudless days as indicated by the larger regression coefficients.,

Mean daily PAR coefficients are shown in Table 12 and plotted
in Figure 19, A seaconal trend for ?% and Eé is apparent, similar to
that for T and E’in Figure 16, with maximum E; and minimum Eé in mid-
August corresponding to maximum leaf development. Whereas T was
copsistently the largest component for globsl radiation, 5? is the
largest for PAR except in the early part cf the growing season. The
inevease of ?% and decline of EE in late August is probably dus to the
loss of leaves during dry weather. Again, no apparent difference was
observed between cloudless and cloudy days. -

As an average for the entire study period, 7% of the incident

PAR was reflected, 42% tramnsmitted and 51% absorbed by the orchard.

3. Comparison of the partitioning of PAR and glcbal radiation

By comparing the values and coefficients of the three components

|

of global radiation and PAR from Tables 10 and 12, ratios of the PAR
to global radiation terms were determined (Table 13). Both KfT/KT and
;%/?- had largest values early in the season before full leaf development
was reached. This results in a high proportion of sunflecks as indicated
by high T values. Since sunflecks are spectrally umchanged (Looney,
1968; Monteith, 1973), Tp and T are identical within sunflecks; thus,
high wvalues of %?/? are expected early in the seasom. After the begin-
ning of July, ?2/;’becomes relatively comstant at 0.75, indicating only

minor changes in the number of sunflecks. Unfortunmately, LAI values



RESULTE OF REGRE

ANGLE

(a = intevcept, b

TABLE 13

= regression coefficient,

SSI0N AMD CORRELATION AMNALYSIS
SHOW THE DEPENDENCE OF T, AND ¢ ON SOLAR ZENI
£

TO
H

€U

r = corvelation coefficient)

date T @b

a b r a b r
cloudless:
June 11 0.82 -0.61 ~0.93 0.14 0.50 0.89
June 25 0.60 -0.40 -0.83 0.34 0.32 0.80
July 9 0.53 -0.33 -0.86 0.40 0.32 0.87
July 23 0.55 ~-0.46 -0.94 0.40 0.41 0.92
Aug& 12 0.62 -0,65 -0.95 0.32 0.63 0.94
Aué, 15 0.56 -0.46 -0.92 0.38 0.42 0.91
Sept.4 0.59 -0.36 -0.88 0.33 0.36 0.88
cloudy:
June 19 0.64 -0.38 -0.92 0.33 0.26 0.89
June 26 0.57 -0.23 -0.87 0.36 0.20 0.83
Aug. 7 0.44 -0.27 -0.86 0.50 0.23 0.78
Aug., 14 0.51 -0.34 -0.82 0.44 0.30 0.76
Aug. 27 0.53 -0.35 -0.90 0.43 0.28 0.83



TABLE 12

THE PARTITIONING OF Kp¢ DATLY TOTALS

6%

date Kot A K Ko o, T, 7,
(Ewh mmg) (Rwh ni=2) (Kwh m=2) (Rwh m2) (assumed)
cioudless:

‘Jﬁne 11 3.67 0.25 2.21 1.21 .07 .60 .33
June 25 3.97 0.28 1.83 1.86 .07 46 AT
July 9 3.81 6.27 1.56 1.98 .07 A1 .52
July 23 3.56 0.25 1.31 2,00 .07 .37 .56
Auvg. 12 3.49 0.25 1.18 2.06 .07 . 34 .59
Avg., 15 2.78 D.20 1.05 1.53 07 .38 .55
Sept.4 2,28 0.17 0.96 1.15 .07 42 .51
mean " .07 .43 50
cloudy:

June 19 2,56 0.18 1.31 1.07 .07 .51 .42
June 26 2.26 0.17 1.13 0.96 .07 .50 W43
Aug. 7 2.34 0.17 0.78 1.39 .07 .33 .60
Aug. 14 1.71 0.12 0.61 0.98 .07 .36 .57
Avg., 27 1.35 0.10 0.48 0.97 .07 .36 .57
mean .07 41 .52
mean all days 07 A2 51



FICURE 19 SEASCHAL  VARIATION OF THE PAR  BREFLECTHX
TRANGMIEEION AND  ABRSORPTION COEFFICIENTS
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RATIOS OF DAT

TABLE 13

LY TOTALS OF PAR TERMS TO GLOBAL RADIATION TERMS

date B ¥/K4 K t/E% &é/&‘ Ko/ Ky /T Kon/% 5?A§
June 11 0.49 0.15  0.39 0.44 0.90 1.07  2.20
Jﬁne 19 0.49 0.18  0.37 0.42 0.85 0.97 2,00
June 25  0.49 0.19  0.39 0.39 0.79 0.96  1.96
June 26  0.49 0.199  0.37 0.42 0.86 0.92  1.87
July 9 0.49 0.19  0.39 0.38 0.77 0.88  1.79
July 23 0.49 0.19  0.39 0.36 0.74 0.86  1.75
Aug. 7 0.49 0.18 = 0.37 0.36 0.72 0.84  1.71
Aug. 12 0.49 0.19  0.39 0.37 0.76 0.78  1.59
Avg. 146 0.49 0.18  0.37 0.36 0.73 0.87  1.78
Aug. 15 0.49 0.20  0.39 0.36 0.75 0.87  1.77
Aug. 27  0.49 0.19  0.37 0.36 0.75 0.85  1.73
Sept.4  0.49 0.21  0.41 0.38 0.76 0.87  1.82
mean 0.4% 0.19 0.38 0.38 0.79 0.90 1.79
mean

(excluding June) 0.19  0.38 0.37 0.75 0.85  1.73



through the season weve not availeble to substantiate this.
It earliey been shown that K.V ¢ & predicte om K.
It has earl b h hat K?‘ an be pred d from Ki

In ovder to establish a similar relationship for the transmitted

component; regression analysis (Figure 20) was used indicating

T = =0.825 + 1.

\)

57T, r = 0.985. (23)

This shows that Tp ies a function of T within the limite from which

Fh

the relationship was derived (i.e. 0.45 < T < 0.70). For T = 1,
\

La relationship iz also valid; however, extension of the relationship

e

tb values with T less than 0.45 can result in negative ?b values,
Using logarithmic values did not improve thé relationship for the
range of data available.

Since T is dependent on plant demsity and development, equation
25 indicates that PAR is attenuated more rapidly than global radiation
a% piant demsity increases. This has been obserﬁe&,by Szeicz (1970)
a#d Rodskijer (1971).

| Application of equation 23 to hourly values on individual days

(Table 14) showed over- and under-estimation of up to 35%. The
relationship is therefore limited to daily estimates of the PAR trans-
mission coefficient.

Therefore, for this orchard, incident PAR zund its components
can be estimated on a daily basis entirely from knowledge of incident
global radiation relationships; that is Ké+ from eguation 19, K?+ from

knowledge of spectral reflectance, K?T from ¥é in eguotion 23, and

RfA as a residual (equation 21).
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APPLICATION OF EQUATION 25 TO HOURLY VALUES

June 25

LAT T Tp(calc) Tp(meas) ATp #difference
0630 45 .31 . 28 +.03 107
0730 .57 .46 45 +.01 2%
0830 .57 A .46 0 0%
0920 .57 46 A +.02 4%
1030 .61 .51 A48 +.03 6%
1130 .65 .56 FAY +.07 13%
1230 .64 55 .50 +.05 10%
1330 .60 .50 .50 0 0%
1430 .62 53 .52 +.01 27
1530 .52 .33 ) -.13 ~33%
1630 A3 .29 .32 -.03 -10%
1730 .43 .29 .30 -.01 -3%
August 14

LAT T Tp(calc) Tp(@eas) ATp Zdifference
0630 ! .30 .29 +.,01 3%
0730 .36 .20 .25 -.05 -33%
0830 48 .35 .35 0 0%
0930 .49 .36 41 -.05 -13%
1030 .49 .36 .40 -.04 -11%
1130 .48 .35 .37 -.02 ~6%
1230 AY .36 .38 -.02 -6%
1330 .48 .35 .39 -.04 -11%
1430 .48 .35 .37 -.02 -6%
1530 A7 <34 .35 -.01 -3%
1630 Ak .30 .33 -.03 -9%
1730 .33 .24 <17 +.07 35%



CHAPTER VI

PROBLEM OF USING MEAN TRANSMISSIONS

1. UYse cf the mean

In the preceeding chapters, transmitted radiation was
éetermined using means of measurements from a traversing sensor. Examples
%f transmitted radiatcion obtainéd by strip-chart recorder are shown for
é cloudless and a cloudy traverse in Figure 21. The curves join the
original data points on the chart record. The magnitude and frequency
of variation are both less for the cloudy traverse. Frequency distri-
butions (Figure 22) show that although the mean may be representative
under cloud, it is inappropriate for cloudless conditions. The mean
is amongst the least frequently measured values in the bimodal distri-
bution. This distribution resulis from the high incidence of sunflecks.
The position of sunflecks changes with solar zenith and azimuth angles.
Hence, their influence may be evenly spread over the ground surface,
Frequency distributions of transmitited energy using all the data for
the two days were calculated (Figure 23). Low value data from 0630
and 1730 traverses were not used. For cloudy days, the distribution
is nearly normal. On cloudless days, the distribution is skewed

indicating that the influence of sunflecks is not evenly distributed.

2. The case for two transmission regimes

The frequency distribution for cloudless data (Figure 22a)

66
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suggests two distinct trapsmitted radiation vegim

T
]
0]
|}
iy
th
=
e
0
=
-
~
4

uing the limits of the two regimes especially early and
late in the day. In genersl, a '"low energy regime' was considered to
7

be all the classes in the frequency distribution before the least

frequently occurring class im the bimodal distribution. Values of

el

transmitted global radiation for the 'low energy regime' were calculated
for July (Table 15). Low energy regime transmission coefficients T(L)
éxnibited no sysitematic diurnal trend. Summed for the entire day,t (L)

=: .28, about half the value for T,

1 To determine illumination of the lower canopy, measurements
beneath individual trees to avoid large sunflecks ave required.
Transmission of energy through a tree is predominately of the low energy
type. However, some energy would be available to lower bramches in
small sunflecks. Measurement of this energy would require additional
%ensing of transmitied radiation at different levels within the foliage

f a single tree. Therefore, additional field work is needed to

d
{
adequately measure transmitted radiation on cloudless days.



TABLE 15

LOW ENERCY REGIME TRANSMISSION COEFFICIENTIS FOR JULY 9

LAT & K T En (L) (L)

(Wmmg) (Wm-’z) ( Wmmz)
0630 244 98 40 75 .31
0730 454 209/ 43 125 .28
0830 642 335 .52 190 .30
0930 810 440 .54 250 31
1030 900 496 .55 193 .21
1130 949 593 .63 265 28
1230 942 579 .62 238 .25
1330 726 391 .54 222 .31
1430 656 307 47 128 .20
1530 621 293 A7 138 .22
1630 475 202 43 125 .26
1730 251 91 .36 75 .30

Daily totals
7.78, 412, T=.53 2,01 T (L) = .26
(Kwh m™<) (Kwh m™“) (Keh m=2)



CHAPTER VII

CONCLUSIONS

In accordance with the main objectives of the study, there are
two sets of conclusions.

1. The vadiation balance components at the upper surface of a
&%arf apple orchard are,similar to those for a single tree in an earlier
investigation. Incoming glohal radiation on cloudless days agreed well
with theoretical determinations from Houghton's (1954) model while
Swinbank's (1963) model tended o over—estimate daytime incoming longwave
radiation. Incoming diffuse radiastion ratios indicated a possible
polliution effect associated with lake breezes.

‘ The reflection coefficient of the orchard was slightly higher
than for a single tree.and was also higher on cloudy than cloudless
dayé. Dependence on solar zenith angle was evident, confirming results
for various crops. No seasonal trend was evident.

Linear regression analysis showed high correlations between net
aﬁd net global radiation indicating that net radiation could be estimated
from a measure of net global radiation. Heating éoefficients showed
considerable variation and no seasonal pattern. Differences between the
mean heating coefficient of this orchard and those from studies on
another orchard and a single tree resulted in only 2 to 3% and 7 to 127

difference in net radiation determinations. Similar analysis for Gay's
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longwave exchange coefficient showed that differences between the meaan
cdefficiént for the orchard and single itree produced significant
differences in net longwave radiation esitimations.

2. The use of a moving sensor rather than stationarv sensors
has the advantage of low cost and good spatial coverage. Coefficients

for the paviitioning of incident global radiation were calculated fox

hourly and daily periods Some dependence on solar zenith angle was found
‘ > e I3 3

for all three coefficients. Seasonal variation in mean daily transmiscic

and sbsorption cor onded to leaf development with minimum transmission

and meximum absorption in mid-Avgust. Tramsmission was consistently

the largest component while veflection was the smallest. Averaged for
the entire study period, 187 of incident global radiation was reflected,
53% tranmsmitted and 29% absorbed by the trees.

Incident PAR was 49% of the global radiation. Transmission and
absorption coefficients showed similar zenith angle dependence and
»séasonal variation to global radiation coefficients. Mean daily PAR
absorption_coefficients were the largest component for most of the season
and.reflection was again smallest. Averaged for the entire study period,
7% of dncident PAR was reflected, 42% transmitted and 51% absorbed by
the canopy.

Global radiation and PAR transmission coefficients were related
linearly. A lower limit of global radiation transmission exists beyond
which the relationship does not hold. For this orchard;, PAR components
of incident radiation can be calculated entirely from knowledge of the

global radiation components.



[p)

Further study is needed . to estimate incoming radiative f{luxes
unaer cloudy skies and to adequately evaluate L¥ for cloudless skies,
The validiéy and limits of the PAR snd glcbal radiation transmission
coefficient relationship warrants investigation. Use of mean transmissions
for considering transmitted vadiation availlable to illuminate the lower
canopy is valid only on cloudy davs. TFor cloudless days, there are two

o

n regimes, one for trees and one for inter-tree space. The

}‘lo
0
6]
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Q
D

transm
spatial and temporal limits of these two regimes are difficult to define.
Maasurements beneath the individual trees and zt different levels within

the tress should yvield information on the radiation available to the

lower canopy.
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