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An energy balance analysis was performed on each of four

transplanted Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco]

seedlings growing on two cutover sites in southwestern Oregon. The
two sites w=T2 a clearcut and a partial-cut (shelterwood) side by
side, with a pair of seedlings used on each site. One seedling of
each pair had a shadecard to the southwest of that seedling, This
way, the sheltefwood harvest system and the use of shadecards were
compared in relation to their success in ameliorating the microclimate
of the seedlings.

A model of seedling radiation geometry was used along with
measurements of site radiation and environmental temperatures to
calculate the net radiation "loading” upon each seedling. This heat
load was then partitioned into the two major heat dissipation modes,
latent heat (transpiratiqn) and sensible heat convéction.

The resulting values of incident solar radiation, Bowen ratios,
and water use calculations show that the partial-cut was more success-—

ful than the shadecards in improving the microclimate of the



transplanted seedlings and, therefore, increasing the chance of sur-
vival during periods of heat and moisture stress.

For August 7, 1981, the partial-cut was found to have reduced the
daily solar radiation incident to a seedling by 29%. This compares to
a reduction of 22% by a shadecard alone, and 47% by a
partial—cut/shadecard combination. The partial-cut was, therefore,
slightly more effective, in a.quantitative sense, than a shadecard in
reducing the amount of solar radiation incident to a seedling.

The Bowen ratio increased greatly throughout the summer for the
two seedlings on the clearcut, but very little for the two séedlings
on the partial-cut. By late August, the seedlings in the clearcut had
a sensible-to-latent heat loss ratio of between 40— and 60-to-1 while
the seedlings in the partial-cut had ratios of only 10- and 15-to-1.
There was a greater difference in the clearcut/partial-cut comparison
than in either of the shadecard/no card comparisons. This indicates
that the residual canopy of the partial—cut had a large effect upon
. the Bowen ratio, while the shadecard had little effect upon the Bowen
ratio on either site.

The water use by the seedlings on the clearcut changed markedly
over the summer with the greatest use in May and the least use in
August. In contrast, the two seedlings in the partial-cut had the
lowest use in May, with greater use in either July or early August.
The earli August period coincided with one of the worst "heat waves”
on record and this may have helped magnify the differences between
treatments. As with the Bowen ratio, there was a greater difference
between water uses in the clearcut/partial-cut comparison,than in

either of the shadecard/no card comparisons.



There was a significant difference in total water use between the
two sites. The seedlings on the clearcut used about half the amount
of water that the éeedlings on the partial-cut used. There was also a
great difference in distribution of water use. For example, the
seedlings on the clearcut used between 47 and 54% of their total
summer water use in the May to July period compared to only 31 to 39%
for the seedlings in the partial-cut. 1In contrast, the clearcut
seedlings used only 10 to 12% of total water use in late August when
the partial-cut seedlings used 18 to 23%. This suggests that thev
seedlings in the clearcut were not as active in water use as those in
the partial-cut in the late summer. This may be a result of the
clearcut seedlings being water stressed from a lack of available

water.
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Energy Exchange of Transplanted Douglas-fir Seedlings

on Two Cutover Sites in Southwestern Oregon
INTRODUCTION

There is a history of reforestation failure on cutover sites in
southwestern Oregon (Minore, 1978; Hobbs et al., 1979) and northern
California (Strothmann, 1976). Heat and moisture stresé have been
impliéated’as the major causes of seedling mortality on many sites
(Strothmann, 1976; Minore, 1978; Hobbs et al., 1979; Helgerson et al.,
1982). In response to this reforestation failure, several techniques
have been tried in an attempt to favorably modify the nicroclimate in
a way to increase the survival of transplanted seedlings. Of these
téchniques, the use of shadecards and the shelterwood harvest systenm
have been two of the most widely used and recommended (Minore, 1971;
| Ryker and Potter, 1970; Lewis et al., 1978§ Minore, 1978; Williamson
and Minore, 1978; Hobbs et al., 1979; Hobbs et al., 1989). The main
objective of these two techniques is-to reduce the heat loading upon

the seedlings by blocking out incoming solar radiation. Although
these methods are currently standard practices in reforastation of
cutover lands in southwestern Oregon, their effectiveness has
generally been proven only qualitatively, and not to any quantitative’
extent, by past research, |
Strothmann (1972) found that natural shadihg had no effect on the
survival of conifer seedlings on hot, dry slopes in northern
California. Later, Strothmann (1976) tested four different planting

treatments of Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco]

seedlings and found that all treatments had similar percentage
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survival, stem shading included, after ten vears. Hobbs et al. (1980)
determined that shadecards improved 1-0 containerized seedling sur-
vival by 16Z%Z on south aspects, but that this was not significant at
the p = 0.05 prob;bility level. They, however, recommended using
shadecards on south- and west-facing slopes. Helgerson et al. (1982)
showed that shading significantly increaséd survival of natural

regeneration of Douglas-fir and white fir [Abies concolor (Gord. &

Glend;) Lindl.], but not that of transplanted Douglas—fir or ponderosa

pine (Pinus ponderosa Dougl.). Instead, they suggest that shading may

be unnecessary for transplanted nursery stock and that seedling
quality was more important than microsite shading under a shelterwood
canopy. Woodard (}966) advocated the use of shade after a study which
showed that shade from shade frames postponed the death of potted
Douglas—fir seedlings which lacked available soil moisture during hot,
dry weather. Lewis et al. (1978) found that shadecard shading of 2-0
Douglas-fir seedlings increased survival on soils with low water-
holding capacity, but not on soils with high water-holding capacity.
They concluded that shading with cards was significant enough to advo-
cate the continued use of the clearcut harvest systém with shadecards
as a reforestation tool, instead of using the shelterwood harvest
system.

Little has been learned regarding the effeétiveness of the resi-
dual canopy in a shelterwood harvest system upon reforestation success
in southwestern Oregon. Williamson ana Minore (1978) found that the
presence, or absence, of an overstory canopy was the single most
important factor in seedling survival in relation to frost and pocket

gopher damage. Seidel and Cooley (1974) looked at the establishment
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and survival of grand fir [Abies grandis (Dougl.) Lindl.] and =ountain

hemlock [Tsuga mertensiana (Bong.) Carr.] under a shelterwool cutting

in the Oregon Cascades. They found that in the areas of. higher stand
density, more seedlings of both species were established, and that
grand fir seedlings had a higher survival rate. Also, although the
study of Helgerson et al. (1982) was under a shelterwood, the
influence of shading by the trees making up the residual, shelterwood

canopy was not considered.



OBJECTIVES

All of the previously mentioned field studies have attempted to
determine the effectiveness of shade to seedling survivai from a sta-
tistical characterization of the seedling response. The output from
these large population studies is frequently.of a binary
(discontinuous) nature, i.e., dead or alive. Others use continuous
variables like sﬁem height growth or diameter growth as an indication
of the effectiveness of the treatﬁent upon seedling survival and/or
‘growth; Standard statistical tests are then performed to determine
whether these differences are significant., 1If a treatment proves to
be statistically significant iﬁ terms of survival, then inferences are
made in an attempt to explain how or why the treafment works. This
type of.approach is usually not able to identify or describe the
causal relationships involved. Due to the many factors.involved, and
their large naturai variability, only guesses can be made concerning
the physical processes which control the microclimate of transplanted
seedlings and, therefore, govern their establishment.

The major objective of thils study was to apply an analytical
tool, the energy balance, to this reforestation prbblem in an attempt
to compare the relative effectiveness of shadecards to the shelterwood
harvest system for ameliorating the microclimate of transplanted |
Douglas—-fir seedlings. It involved monitoring those variables which
describe the microclimate of the seedlings and their response. This
was done by measurements of needle temperature and stomatal resis-
tance. By making continuous meaSuremenfs of the response variables

and by normalizing them to allow between-seedling comparisons, much



of the variation which hinders analysis in other studies was reduced
or eliminated. The objective, then, was to see if differences in the
energy balance terms and water use can be detected and serve to
interpret treatment effects., Since both kinds of treatments, shade~
cards and the shelterwbod harvest system, are assumed to act primarily
to increase shade, this will also allow a comparison between the type
of shade, i.e., a small area of influence versus a large area of
influénce._ Because of the difficulty in assessing net radiation, a
second objective involved comparing solar radiation calculated by a
model simulating seedling geometry, solar radiation received by a
sphere, and solar radiation measured by a horizontally-oriented
radiometer. Also, the amount of water used by the seedlings over the
summer season will be investigated, because of its importance in

understanding the water stress phenomenone. .

Energy Balance Theory

Energy balance studies have been used in the analysis of the .
thermal energy exchanges associated with mény types of surfaces and
organisms. The energy balance equation for an organism (Monteith,

1973) can be written:

Q* +M -LE-H+J-G=0 (1)

where Q* is the net gain of energy from radiation (net radiation), M
is the net gain of energy from metabolism, LE is the loss of latent
heat by evaporation, H is loss of sensible heat by convection, J is

the change in stored heat, and G is loss of heat by conduction into



the environment. For plants, M represents photochemical heat storage
which is negative on balance and is small enough relative to Q% that
it can be ignored (Monteith, 1973; Sinclair et al., 1975). The'terms
G and'J have also been found to be small (Sinclair et al., 1975:
Tanner and Lemon, 1962; Monteith, 1973) and will also not be con-
sidered in this study. For Douglas—-fir seedlings, therefore, the

energy balance can be rewritten as:
Q* - LE~-H=0 ‘ (2)

with LE and H (W/m? units) representing the predominant heat loss
modes.,
It is important to separate the energy source term, Q*, into its

" four components as:
Q* = K+ — K+ + L+ - L+ (3)

where K+ is the incoming shortwave (solar) radiation, K+ is the
outgoing solar radiation, L+ 1s the incoming longwave radiation, and
L+ is the outgoing longwave radiationm.

The latent heat flux term, LE, in equation 2 is described by:

Pa . (4)

where LE 1is the flux in watts per square meter (W/mz), pl is the
saturated vapor density of the needle at the needle temperature

(g/m3), Py is the. vapor density of the airspace around the seedling



(g/ma), r, 1s the resistance to the flow of water vapor from the leaf

v
to the air (s/m), and A is the lateﬁt heat of vaporization for water
(2450 J/g). The water vapor resistance, Tys is made up of three
resistance terms representing the intercellular air space, stonata,
and boundary layer oﬁ the leafrsurface (Nobel, 1974). The first two
resistances can be measured by the null balance diffusion method
(Beardsell et al., 1972) and those two ;ombined are generally larger

than the boundary layer resistance except when stomatal resistance is

very low (Nobel, 1974). Therefore, r

v in equation 4 can be replaced

by Ig, the stomatal-intercellular air space resistance (commonly
designated as stomatal resistance).

The sensible heat flux term, H, in equation 2 is described by:
H=pC —— (3)

where H is the flux in W/m2, p is the density of air, Cp is the spe-
cific heat of air (1.01 J/g °C), T, is the leaf (needle) temperature
(°C), T, is the seedling airspace temperature, and ry 1is the

resistance to thermal transfer, the boundary layer resistance. This

resistance can be calculated'by:
ry = 307(d/w)l/2 (6)

where r; is in units of s/m, d is the characteristic dimension of the
needles, the diameter in this case, in units of m, and u is the
. windspeed in m/s (Campbell, 1977). Equation 6 gives the resistance to

heat transfer from one side of a flat plate and was determined by heat



transfer theory (Campbell, 1977). It has been suggested (Campbell,
1977) and shown (Fritschen et al., 1980) to be a useful relationship
for the evaluation of Ty for cylinders, the geometric analog of a
conifer needle;

The ratio of the sensible-heat flux to the latent heat flux is

called the Bowen ratio and is represented byi
B = H/LE (7)

where B is the Bowen ratio. It is a measure of the partitioning of
heat exchange by the two processes. Because it is independent of Q%*,
B allows a comparison between various objects or surfaces which are
under different radiation regimesﬂ If 8 > 1, most of the heat energy
is being dissipated as H, and if B < 1, most of the heat is being
dissipated as LE through the evaporation of water. 1If B is negative,
the two modes are of different sign and one of the fluxes is towards
the surface or object. This can occur when dew is formihg
{condensation) or in an advective situation, when sensible heat from
a surrounding dry area is used to evaporate water from a surface such
as a lake, or from vegetgtion. Examples of this are grass lawns (Oke,
1979) and shade trees (Halverson and Potts, 1981) in urban areas, and
marshes in deserts (Gay and Holbo, 1971). 0ke7(1978) listed average
daily values of B of 0.4 to 0.8 for temperate forests, 2.0 to 6.0 for
semi-arid areas, and 10.0 for deserts. Thus, negative values ére
apparently rare for natural surface covers. For coniferous canopies,
daily values of B have been measured as 1.67 for-Scoté pine (Pinus

sylvestris L.) and Corsican pine (Pinus spp.) in England, 0.70 for



Douglas—fir in Washington (Gay and Stewart, 1974) and 0.48 for
Douglas—fir in British Columbia (McNaughton and Black, 1973). Moore

(1976) measured B8 over a Pinus radiata canopy with eddy-correlation

equipment and found that 8 = 0.8 + 0.1 for a day when the canopy was

dry and B < 0.3 when the canopy was wet. Murphy et al. (1981) found.

. that B ranged up to 2.3 over a loblolly pine (Pinus taeda L.) canopy

in April and May. Reported Bowen ratios for individual plants are
much fewer.in number. Fritschen et al. (1980) worked with an isolated
Scots pine and calculated daily values of 8 ranging frow 2.8 to 17.0

for 4 days in August and September.

The Study Sites

The étudy sites were located at an elevation of 1310 m (4300 ft)
on the Cave Creek drainage of the Siskiyou National Forest in south-—
western Oregon (SWl/4, NEl4, Sec. 4, T. 40 S., R. 6 W.). The sites are
approximately 2 miles northeast of the Oregon Caves National Monument
and 12 miles east of the town of Cave Junctiom, Oregon.

The study was performed on two cutover sites, a 1l7-acre clearcut
and a 52-acre partial-cut (shelterwood) that were located beside each
other. The clearcut had a southerly aspect and an average slope of
40%Z. The partial-cut had a southwesterly aspect and an average slope
of 25%. The clearcut had been harvested in 1965 and.broadcast burned
in 1967. Four previous attempts at reforestation were unsuccessful.
The site contains somé scattered small Douglas—fir and ponderosa pine

and numerous clumps of snowbrush (Ceanothus velutinus Dougl.). Other

major plants indigenous to the site are green—leaf manzanita

(Arctostaphylos patula Greene), senecio (Senecio spp.), blackberry
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(Rubus spp.), and assorted perennial grasses. The partial-cut was
harvested in 1979 and the post-harvest slash broadcast burned in 1980.
The residual canopy, about 27% of the original basal area, is made up

of Douglas-fir, ponderosa pine, white fir, sugar pine (Pinus lamber-

tiana Dougl.) and incense-cedar [Libocedrus decurrens (Torr.)

Florin.]. Major understory vegetation at present is Russian thistle

(Salsola kali L.) and assorted perennial grasses. The soil on both

sites'is a gravelly sandy loam derived from granodiorite and gabbro
bedrock (Karen Jones, U.S. Forest Service, personal communication).

Two small plots, one on each site, were established in which to
plant seedlings for the 1981 study. Planting locations in the clear-
cut were'sprayed in the Autumn of 198D with 27 solution of glyphosate
(Monsanto Cp.; tradgname;muunndup) in an attempt to limit weed com-~
petition the followihg spring. Planting locations in the partial-cut
were scalped manually to a diameter of 1 m in February, 1981, imme-
diately before seedlings were planted.

Sixty-four 2-year—-old (2-0) bareroot seedlings were planted in
each plot on a 3 x 3 mw spacing in auger holes in February, 198l1. The
auger made a hole of 15 to 20 cm diameter and approximately 30 cm
deep. The seedlings plapted were selected from a group of 200
seedlings from the U.S. Forest Service nursery in Medford, Oregon.

The seed for these seedlings were collected in 1971 from the 1370 m
(4500 ft) elevation level in what was regarded as the appropriate seed
zone for the Cave Creek site (KarenrJones, personal communication). A
conventional 30 x 20 cm shadecard was placed 10 cm from the stem on

the southwest side of half of the secedlings planted per site.
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For energy balance measurements, a palr of Seedlings on each plot
were chosen so as to match each other in size and microsite charac-
teristics as closely as possible. One of each seedling pair had a
shadecard beside it. The four seedlings, therefore, represented four
treatments: clearcut/no card (CN), clearcut/shadecard (CS),
parﬁial—cut/no card (PN), and partial-cut/shadecard (PS). This way,
the energy balances of the seedlings influenced by the shelterwood
harveét system and by shadecards could then be compared in relation to
the success of the treatments in ameliorating the microclimate of the

seedlings.
Site Data

Msracrological stations-on each site recorded air temperature,
dewpoint temperature, incoming solar radiation (K+), and windspeed at
a level 2 meters above ground surface, dewpoint temperature at
approximate seedling height (20 cm), photosynthetically-active
radiation (PAR) and precipitation at the ground surface.

Air temperature was measured with a thermistor (YSI Co.; Yellow
Springs, Ohio; part no. YSI 44202) in a half-bridge network. The
thermistor was mounted within a radiation shield which was designed
and painted to minimize radiative heat transfer to the thermistor.
Dewpoint températures were measured with a dewcel—-type hygrometer
(Holbo, 1981) using lithium chloride as the humidity-sensing element.
These units were also shielded from solar radiation. Incoming solar
radiation was measured with a Moll-Gorczynski pyranometer (Kipp &
Zonen; Delft, Netherlands). Windspeed was measured with a 3-cup

contact-closure anemometer (Met One, Inc.; Grants Pass, Oregon).
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Photosynthetically—~active radiation (?AR), that portion of the solar
spectrum between 0.4 and 0.7 um wavelength, was méasured with a
spherical sensor (Li-Cor, Inc.; Lincoln, Nebraska; model. LI-193SB)
that is uniformly sensitive to radiation, regardless of its angle of
incidence. Precipitation was measured in a tipping buckeﬁ rain gauge
(Texas Electronics, Inc.; Dallas, Texas; model 525) which gave a pulse
signal for every 0.0l in (0.25 mm) of precipitation collected.

All signals from the meteorological station instruments were
sampled at 0.1 Hz and logged by a microprocessor-controlled datalogger
- (Campbell Scientific, Inc.; Logan, Utah; model CR-21). The datalogger
summed the precipitation signal and averaged the other signals over
3d-minﬁte periods and stored the digital output on a cassette tape.
The meteorological stations collected data continuously throughout the
summer of 1981 at the two cutover sites. -

In addition to the energy balance study, a study of soil tem-
peratures on the two sites. was being conducted at the same time
(Childs et al., 198X). For this study, soil temperatures were
measured at 5 depths (2, 4, 8, 16, and 32 cm below soil surface) by a
probe consisting of 5 thermistors (YSI Co.; Yellow Springs, Ohio; part
no; YSI 44202). %urther_details of the instrumentation are described
by Holbo et al. (198X). Ten probes were deployed beside five
seedlings §n each site. Five of the probes were on the northeast side
of a seedling and five were on the southwest side of a seedling.

These measured soil_temperature profiles were used to make est?mates
of the soil surface temperature for calculating longwave flux to the

seedlings.
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Seedling Response Data

The measurements. chosen to characterize the seedling response
were needle temperature and stomatal resistance. The teﬁperature of a
seedling's needles, and its divergence from air temperature, repre-
sent the degree to which the seedling is in thermal equilibrium with
its surroundings. Needle temperature also represents the only
measurement which allows a continuous monitoring of seedling response.
Stomatal resistance is also an important variable, but it can not be
measured on a continuous basis due to Lhe'requirement for placing the
tissue in a cuvette and, ultimately, for removal of the tissue so that
needle area can be dete;minéd.

Neadle temperatures were measured with 0.05-mm (0.002-in) copper-
constantan thérmoéoﬁ#iés (Om;éarEngineering, Inc.; Stamford,
Connecticut) looped around individual needles with the junction
tightened against the bottom of the needle. A small drop of white-
heatsink compound insured good thermal contact between the thef—
mocouple junction and the needle. Visual observation revealed no phy-
-siological damage to the needles from the compound even after several
months. From two to four, generally three, were connected in parallel
and referenced to another therﬁocouple which was allowed to hang in
the air beside the tree. This arrangement provided a voltage>signal
proportional to a 2-, 3-, or 4-needle average of the leaf-to-air tem-
perature difference, dT. In addition, the air thermocouple was
separately referenced to a bridge-type junction simulating 0°C (Omega
Engineering, Inc.; Stamford, CoﬁnectiCUt; model LXCJ-T). This

arrangement gave the actual value of the air temperature, T.g»
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immediately beside the tree (referred to hereafter as airspace ten—
perature to distinguish it from the air temperature measured at the
2-m level). The dT voltage signal was amplified by 200,. which
obtained a temperature resolution of 0.012°C and an accuracy within +
0.01°C. The voltage signal for airspace temperature was amplified by
50, which obtained a resolution of 0.05°C and established an accuracy
within + 1.0°C. The signals were logged on a digital datalogger
(CampBell Scientific, Inc.; Logan, Utah; model CR-5) by way of a
rapid-sampiing integrator modulg (2.4 Hz) such that the recorded data
representeq 15-minute averages of the measured variables (dT, Tas)'

Because stomatal resistance measurements require destructive
sampling, they were not made on the four seedlings chosen for the
energy balanéé study. Vlhsféad; seedlings in the immediate area were
used. This allowed a characterization of the stomatal tesiétance pat-
tern for seedlings with and without shadecards. Stomatal resistance
was measured by the null balance diffusion method (Beardsell et al.,
1972) Qsing a null balance porometer (Interface Instrument; Corvallis,
Oregon). During each site visit, a series of measurements, at
approximately hourly intervals, were made on 6 or 7 seedlings per
site. The branch portions used were clipped at the end of the day-
long run and frozen to maintain the tissue moisture content. The leaf
area was measured later in - the laboratory with a 1eaf area index meter
(Li-Cor, Inc.; Lincoln, Nebraska; model LI-3000). Leaf temperature
and stomatal resistance were measured on previous-year foliage in May,
and upon the current-year foliage in July and August.

The four needle-temperature seedlings were dug up, potted, and

brought back to the laboratory in late August. Seedling orientation



in the field was noted and duplicated in the laboratory. The
géometrical structure of each seedling was measured using the methods
described in Appendix A. Measurements included vertical. and horizon-
tal angles, and total leaf area of each branch. This information was
used iﬁ the program SEEDRAD (Appendix B), along with the relationships
for the solar geometry (longwave view factors, measured -site K+) to
calculafe the various fluxes given by Equation 3. Thus, the.net
radiation flux density was determined at half-hour intervals through
the day for each seedling.

Needle temperature, soil temperature, and stomatal resistance
were measured during the periods May 20-June 1, June 15-18, July 2-5,
August 5-9, and August 24-28. - During these visits, soil temperatures
were measured on both sites every day and at least one day-long set of
stomatal resistance measurements wére made. Needle temperature,
however, could be measured at only one site at a time because only one
set of junction boxes and amplifiers was available. The instrurcen-
tation, therefore, was alternated between sites during each visit.
from this group of days, four days of cloudless sky conditiéns were
chosen for seedling energy balance analysis. Days selected for the
clearcut site were May 23, July 4, August 7, and August 27. For the
partial-cut site, May 22, July 3, August 7, and August 27 were chosen.
Unfortunately, not all days had a complete set of measurements so that
some shifting of data had to be done. For exaﬁple, stomatal
resistance measurements made May 23 on the partial-cut were used on
May 22 so as to line up with needle temperature and meteorological
station (site) meaSureﬁents. A schedule of the days from which

measurements were taken 1is given in Table 1. Undoubtedly, some
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unknown amount of error will result from this. The error is probably
small, however, for stomatal resistance and needLe temperature pat-
terns on two or three sequential days of cloudless skies.

The breaking of buds, elongation of new tissue, and late-summer
needle drop presented somewhat of a problem in the determination of
leaf areas. Because the leaf area measurements were not made until
September, estimates had to be made for the leaf arsas present in May
and Jﬁly. ~This was done by distiﬁguishing beween old (previous-year)
and new (current-year) needles when calculating leaf area. Because
very little elongation of new tissue had occurred at the time of the
May measurements, the old-needle leaf area was used for May. Since
needle drop of old needles occurred between the July and August site
visits, estigates ha%A;s bg_pade for_July. One of the seedlings, PN,
had almost all of its leaf area intact by late August, and it was used
to estimate the amount of leaf area dropped by the othér three
seedlings between July and August. The leaf areas used for the four

seedlings on the four days chosen are shown in Table 2.
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Table 1. Schedule of measurements for leaf temperture (TQ); stomatal
resistance (rs), and site variables used in energy balance
calculations. May 22, JD 142; July 2, JD 183; August 5,

JD 217; and August 25, JD 237,
CcC PC
Julian Date TZ Tg Site T2 rg Site

142 X X
143 X
148 X X X
183 X :
184 X
185 X X X X
217 X

218 X X

219 X X X

20 ) B X
237 X X

238 X

239 X X X
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Table 2. Total leaf area (cmz) of the four seedlings for each of four
site visits. Treatment abbreviations are: C = clearcut,
P = partial-cut, N = no card, and S = shadecard.

Seedling May July Early August  Late August
cN 280 697 520 520
CS 405 970 684 684
PN- . 354 729 729 729

PS 371 851 782 782
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METHODS

The first task in this study was to determine how to estimate the
values for the energy fluxes giveﬁ by equation 3 for eack of the four
seedlings. Since direct measurements cannot be made of the fluxes to
and from a Douglas-fir seedling, a model of radiation geometry repre—
sentative of the seedlings had to be used with site measurements of K+
in order to calculate the solar flux (K+) to the seedlings.

Several studies have been made of the interception of solar
radiation by coniferous canopies (Norman and Jarvis, 1976; Gay and
Stewart, 1974) and by individual trees (Mann et al., 1979; Fritschen
et al., 1980; Ungs, 1981). Siﬁulations of light interception by cano-

pies usually deal with a form or modification of Beer's Law, which

describes the-paésage ofilight through a homogenous medium. Because a
see&ling is a discrete object in three dimensions, such.a two—
dimensional model designed for canopiles may be inappropriate. Models
of light interception by individual plants usually assume some uniform
geometric shape, such as a cone (Fritschen et al., 1980; Ungs, 1981)
‘or an ellipsoid (Mann et al., 1979). It is possible that 2-year-old
Douglas—fir seedlings are not well described by such models, and the
error in assuming that the receiving surface of A seedling is repre-
sented by a cone or ellipsoid could be large. Consequently, a model
was developed for thié study which allows the c¢alculation of solar
radiation (K+) to the seedlinés. This model, called SEEDRAD, is
described and documented in Appendices A and B. The model also calcu-
lates outgoing solar and incoming and.outgoing longwave radiation flux

densities for the seedlings and determines the net vadiation (Q*) from
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a summation of these fluxes. Comparisons between the model calcula-
tion of incoming solar radiation (K+) and that received by a sphere
and by a horizontal surface were also made to examine what geometric
shape would best represent a Douglas-fir seedling.

Values of Q* from the program SEEDRAD (Appendix B) were used
along with stomatal resistance patterns, leaf, airspace, and dewpoint
tempefatures in the calculations of H, LE, and B by the program.
HEATDUMP (Appendix C). Values for H were calculated by two different
methods. Equation 5 was used with Ty calculated by equation 6. ‘The

other method was to calculate H as a residual in equation 2: Q* - LE.



21

RESULTS AND DISCUSSION

Site measurements of incoming solar radiation and the SEEDRAD
model weré used to calculate incohing solar radiation (K@ in watts per
square meter) to each of the four seedlings. A set of typical pat-
terns is shown in Figure 1 for Aﬁgust 7, 1981. Seedling CN, the only
one without some type of shade, shows a very rapid increase in the
morning and decrease in the evening with a somewhat flat peak in bet-
ween. Seedling CS shows the same rapid increase in the morning as did
_CN,-but a gradual decline begins at 1200 when the shadecard becomes
effective. Integrating under the curves in Figure 1 shows that the
daily value of K+ for CS (8.9 MJ/m2) is 78% of the daily value of K+
for CN (11.4 MJ/mZ). The shadecard, therefore, decreased K¢ by 22%.

The sesdlings in-the partial-cut show very large variations in
the incident shortwave radiation. Seedling PN shows gréater variation
in the afternocon than in the morning. This is probably due to more
tree stems in the southwest portion of the canopy, whereas some
radiation is transmitted through the crowns to the southeast.

Seedling PS shows the least amount of shortwave radiation as a result
of both canopy and shadecard effects. The daily value of K+ for PN
(8.1 MJ/m2) and PS (6.0 MI/m2) are 71% and 53% of the value for CN
(11.4 MJ/mZ), respectively. The partial-cut, therefore, decreased Ki
by 297%, while the shadecard and.partial—cut together decreased K' by
47%. Comparing CS and PN shows that the partial-cut alone reduced K:
slightly more than that of the shadécard alone.

The incident shor;wave radiation patterns for the seedlings in

the partial-cut show many dips to as low as 70 W/m” at 1230 for both
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Figure 1. Incoming solar radiation (K¥) to Douglas-fir seedlings on
August 7, 1981.
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PN and PS. These shade eventé, because they cover a large volume of
air, soil, and plant canopy, are postulated to have very important
contributions to lowering the canopy-level air temperatures and,
therefore, airspace temperature of the seedlings. Indeed, the air
temperature at the 2-m level was approximately 2°C cooler throughout
the mid-day period in the partial-cut than in the clearcut for this
day (August 7) (unpublished data). This lower air temperature level
will lbwer_the vapor density deficit, a water demand variable (Tan and
Black,.1976), for a given value of the needle—airspace temperature
difference (dT). It is expected that a shadecard will not produce a
similar effect due to the small soil-plant—-air volume which it

influences.

~

Comparison Between Gecmetrical Shapes

The shape of the K+¥ curve for CN is compared with that of two
uniform geometrical shapes in Figure 2. These are normalized by the
maximum half-hour value of K+ so that the ordinate represents frac-
tions of the maximum value. The shape of X+ for CN, developed from
the SEEDRAD model and site_measurements, compares more favorably with
the incoming radiation to the spherical PAR sensor than with that of a
flat surface as represented by the horizontally-oriented pyranometer.
The agreement between the seedling and the spherical PAR sensor is |
probably sufficient to allow either the model representation of a
seedling as a sphere, or the use of a spherical PAR sensor for quan-
tifying incident radiation to Douglas-fir seedlings. Figure 2 also
shows the error in trying to measure the solar radiation received by

an isolated plant with a horizontally oriented pyranometer. The use
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Figure 2. Incoming solar radiation (K4 ) normalized to maximum half-hour value
for a Douglas-fir seedling (CN), a srherical PAR sensor (FAR), and a horizontally-
oriented pyranometer (PYR) for data collected August 7, 1981.
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of flat-plate radiometers, which measure Q*, has also been deemed
inappropriate for measuring net radiation to isolated trees (Fritschen

et al., 1980).

Partitioning of Net Radiation

Net radiation values from the program SEEDRAD were used in the
program HEATDUMP, along with seedling response and site measurements
to paftitipn net radiation (Q*) into convective (sensible) heat
exchange, H, and into latent heatlexchange, LE. Equation 4, along
with measurements of the leaf-to—air vapor density deficit and stoma-
tal resistance, was used to calculate values for LE. Two methods were
used to calculate the sensible heat flux, H, from the seedlings.
Equation 5 was used With thé approximation that u = 0.3 x (2-m
windspeed) and d = 1 mm in order to calculate rH; The seedling-level
windspeed was found to be an average fraction of 307 of the 2-m
windspeed from several windspeed profiles measured in the summer of
1981 (Vanderwaal, unpublished data).. Measured values of T, - T, and
calculated values of ry were then used in equation 5 to calculate H.
The alternate method was simply to calculate H by difference:

H = Q* - LE.

Calculated values of H were far less than the value of H by dif-
ference. For example, on August 7, 1981, the mean daily value of H
for.seedling CN was 77.9 W/m? and 187.0 W/m2 as calculated by equation
5 and by difference, respectively. Equation 5 underestimated the I

required to balance the energy balance by 58%. When individual half-

hour means were considered, the underestimation was even greater. For
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example, at 1500 on August 7, the equation 5 calculation of H was only
1% (5.3 of 515 W/mz) of the value of H by difference. The use of
équation 5, therefore, was considered unjustified for this study.

Since T, - T_, measurements were fairly accurate (+ 0.1°C), the large

as
errors in using equation 5 were probably a result of the errors in

determining ry by equation 6. Since Fritschen et al. (1980) had

fairly good success with equations 5 and 6 in determining H for an .

isolaﬁed Scots pine (Pinus sylvestris), the difficulty probably 1lies
with the measurement, or calculation, of the windspeeds occurring at
the level of the seedlings. The value of H, therefore, was taken as
tﬁe value by difference, since this method provides é balance in the
energy balance equation (i.e., Q* - LE - H = 0).

| Figurs 3 shows the-résults of May 28 and August 7 for seedling CN
as an example of the partitioning of net radiation. As evident in the
figure, the net radiation, Q*, has a shape similar to that of the
incident shortwave (K+) seen in Figure 1 (CN). Radiation studies over
Douglas~fir forest canopies (Gay and Stewart, 1974) have shown a simi-
lar pattern, and it does make sense, since K: is the largest component
in Q*, It is also evident that the majority of Q* is dissipated as H,
rather than.as LE. Fritschen et al. (1980) found this also to be
typical for an isolated Scots pine. Whole forest canopies, however,
do not show this large value of H and this will be discussed later
when considering the Bowen ratio. Figure 3 also shows a slight
increase in H and a corresponding decrease.in LE.between May 28 and-
August 7. This is mainly due to a decrease in water use, and thus,
LE, by seedling CN, réther than an increase in the convective heat

" dissipation, H.
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Figure 3. Net radiation (Q*) partitioning into sensible heat
flux (H) and latent heat flux (LE) for seedling CN on May 28,
1981, and August 7, 1981.
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Values of Q*, H, LE, and J, the Bowen ratio, are shown in Table 3
for all seedlings on the four selected days from the summer of'1981.
These data represent the daily average of each flux in W/m”. The
Bowen ratio, 3, is determined by H/LE (which is actually (Q* — LE)/LE
in this study), and represents the relative partitioning of Q* between
the modes of heat exchange. Values of Q* can not be compared between
the two sites directly for the May an& July days due to differences in
incoming golar radiation from partial cloud cover occurring on May 22
-(partial-cut) and July 4 (clearcut). It 1s interesting to note that
on August 27 the Q* was greater for PN than for CS. This could resulﬁ
from a higher longwave input to PN than CS but, more likely, results
from the sunrtrack being lower in the sky. This would put the sun
track th-ough the stem area of the view of PN rather than in the crown
area where there 1s a greater amount of vegetati?e maté:ial for
shading. A lower sun track would also make the shade card beside CS

effective more of the time.

Error in Energy Balance Measurements

Since all of the energy balance terms represent indirect measure-
ments that are functions of more directly measured quantities, an
analytical framework was required to estimate the error in the derived
terms. A method presented by Scarborough (1966) was used since it has
proved to be both easy to perform and effective in previous studies
(Holbo, 1973; Sinclair, 1972; Sinclair et al., 1975). The theory is
presented briefly and the error in the energy balance terms are calcu—
lated in Appendix D. The resulting probable error of each of the

derived energy balance terms are shown in Table 4.
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Table 3. Mean daily half-hour values of net radiation (Q*), sensible
heat flux (H), latent heat flux (LE), and the Bowen ratio
(3) for all four seedlings on the four selected days in the
summer of 1981. '
W/m?”
Seedliag Q* H - LE 3
May 22, 28
CN 204 -191 -13 14.7
CS 149 -132 ~-17 7.8
PN 83 - 73 -10 7.3
PS 61 - 52 -9 5.8
July 3, &
CN 149 -140 -9 15.6
CS 122 -115 -7 16.4
PN 175 ~-161 -14 11.5
PS 143 -127 ~-16 7.9
August 7
CN 193 -187 -6 31.2
(] 151 ~146 -5 29.2
PN 145 126 -19 6.6
PS 103 - 91 -12 7.6
August 27
CN 193 -190 -3 63.3
(o] 133 -130 -3 43.3
PN 156 =146 ~-10 14.6
PS 106 . - 96 -10 9.6
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Table 4. Relative probable error in the energy balance terms.

Q* LE H o

2% 15% 3% (2 to 6%) 167 (15 to 20%)

An objective analysis, as provided by a framework such as
Scarborough's, also allows for the determination of the variable, or
measurement, which makes up the largest part of the final error. The
results from the calculations (Table 4 and Appendix D) show that LE
had the greatest amount of error in its calculation. Although a value
of 15% seems high, it is in the same range as that found by other
micrometeorological studies. For example, Holbo (1973) reported
average errors of 25% and 30%, respectively, for aerodynamic model and
Bowen ratio model estimates of LE. Indeed, many of the studies
reviewed did not have any type of error analysis, or else thelstandard
deviation of the measurements was used. While the standard deviation
statistic is wvalid, it relates only to the precision of the measure-
ments around the means and does not describe the accuracy of those
measurements. An analysis, such as that presented by Scarborodgh
(1966), allows ‘an estimate of the probable error that could be
expected and gives an estimate of the accuracy of the derived energy

balance terms.
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Within the computatioh of LE,.there are three measurements whose
errors add to give the error in LE. Of these three measurements, sto-
matal resistance makes up the largest portion, about 95%, of the total
error in LE. An'impr0vement in the instrumentation and methods used
to make stomatal resistance measurements, therefore, would cause a
large decrease in the error in LE. The other two measurements, leaf
temperature and dewpoint temperature, combined to make up only about
5% of the error in LE. If the accuracy of these temperature measure-
ments (+ 1°C) could be improved, or if the vapor density deficit,
which these temperatures were used to calcﬁlate, could be measured
more accurately, anotﬁer, smaller, reduction in the érror in LE could
be attained.

Although the Bowen ratio, 3, also had a large error (Table 3),
this was a result of the way in thch B was calculated for this study
(i.e., B = (Q* - LE)/LE). If B could have been calculated by H/LE,"
where .H is a result of measurements rather than by difference

(Q* - LE), the error in B might have been smaller.

Bowen Ratios

Bowen ratios allow a direct comparison among seedlings and
days. Table 1 shows the mean daily Bowen ratios for_each seedling and
Figure 4 shows the trend in 8 for the summer of 1981. The Bowen ratio
increases greatly throughout the summer period for the two seedlings
in the clearcut (CN and CS) but shows only a slight increase for the
two seedlings in the partial-cut (PN and PS). An important point to
“notice is that there is a great difference between sites, especially

in August, and very little difference between seedlings on a site. 1In
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other words, thefe appears to be a greater difference in comparing
between the clearcut and partial-cut than in either of the shade
card/no card comparisons.

The mean daily Bowen ratios ranged from a low of 5.8 (PS on May
22) to a high of 63.3 (CN on August 27). These numbers compare very
well with the only other set found for a singlé conifer tree, that of
a Scots pine in Washington (Fritschen et al., 1980). The Bowen ratios
for tﬁis tree ranged from 2.8 to 17.0 for 4 days in August and
September. The seediings' values of 3 are quite large, however, when
compared to those measured over coniferous forest canopies. For
example, Jarvis et al. (1976) reviewed 19 studies pe?formed over coni-
ferous canopies and found that 3 ranged from 0.1 to 10 for dry cano-
pies on stmay days and. from =0.7 to 2.1 on overcast days. The average
value is more on the order of 0.4 to 0.8 (Oke, 1978). This discre-
pancy has also been found between 3 values of leaves and whole cano-
pies for deciduous trees.(Knoerr and Gay, 1965; Knoerr, 1967). The
reason is that the B of a canopy is an integration over all of the
leaves (needles) of the canopy, from those in the top which are fully
exposed to solar_radiation, to those near the bottom which are shaded
from solar radiation. The leaves near the top of the caﬁopies have
been found to have leaf temperatures well above air temperature so
that most of the heat is dissipated by conveétién (Gates, 1963; Knoerr
and Gay, 1965; Miller{ 1967). 1In contrast, the leaves near the bottom
often have leaf temperatures below air temperature (Gates, 1963;
Miller, 1967) and, therefore, often gaih heat from convection. 1In
this situation, all of the heat loss occurs as latent heat

(transpiration) and resultant B values are low or even negative
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(Knoerr, 1967). Thus, the seedlings, with nearly all of their needles
exposed to solar radiation, would be expected to have high B values

with the majority of Q* being partitioned into H.

Diurnal Patterns of B and LE (Water Use)

The effect of the shade card upon the Bowen ratio is shown in the
diurnal patterns for August 7, 1981 (Figures 5 and 6). The Bowen
ratio for CS (Figure 5) is higher than for CN all morning but drops
sharply at 1200 when the shade card first becomes effective. 1In the
afternoon, B for CS is relatively constant while B for CN increases
steadily. This produces a great difference between the two ratios.
The shade card effect is less dramatic in the partial-cut (Figure 6).
The Bowen ratio for PS, higher than for PN in the morning, also drops
at lZQO when thé shade card beside it becomes effective.. The effect
of the card on PS in the afternoon appears to be méinly that of a
decrease in the fluctuation, or peaks, in B.

It is fairly evident that a shade card reduces the net radiation
of a seedling, but a reduction in B8, wﬁich occurred with the above two
seedlings (CS and PS), meéns that there is also a change in the par-
titioning of the heat loss. A decrease in B can be caused by either a
decrease in H, an increase in LE, or both. Figures 7 and 8 show the
diurnal patterns of water use (a measure proportional to LE) for the
seedlings on August 7, 1981. LE is converted to water use by
WU = LE(t)A/XDw, where A is the total needle surface area, t is the
length of the averaging period (30 minutes in this case), A is the

latent heat of vaporization (2450 J/g), and p, is the density of water
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transplanted seedlings and, therefore, increasing fhe chance of sur-
vival during periods of heat and moisture stress.

For August 7, 1981, the partial-cut was found to have reduced the
daily solar radiation incident to a seedling by 29%Z. This compares to
a reduction of 22% by a shadecard aloﬁe, and 47% by a
partial-cut/shadecard combination. The partial-cut was, therefore,
slightly more effective, in a quantitative sense, than a sﬁadecard in
reducing the amount of solar radiation incident to a seedling.

The Bowen ratio increased greatly throughout the summer for the
two seedlings on the clearcut, but very little for the two seedlings
on'the partial-cut. By late August, the seedlings in the clearcut had
a sensible-to—-latent heat loss ratio of between 40- and 60-to-1 while
the seedlings in the partial-cut had ra;ios of only 10— and 15-to-1.
There was a greater difference in the cléarcut/partial—gut comparison
than in either of.the shadecard/no card comparisons. This indicates
that the residual canopy of the partial-cut had a large effect upon
the Bowen ratio, while the shadecard had little effect upon the Bowen
ratio on either site.

The water use by the seedlings on the clearcut changed markedly
over the summer with the greatest use in May and the least use in
August. 1In contrast, the two seedlings in the partial-cut had the
lowest use in May, with greater use in either July or early August.
The early August period coincided with one of fhe worst "heat waves”™
on record and this may have helped magnify the differences between
treatments. As.with the Bowen ratio, there was a greater difference
between water uses_in the clearcut/partial-cut comparison than in

either of the shadecard/no card comparisons.



There was a significant difference in total water use between the
two sites. The seedlings on the clearcut used about half the amount
of water that the seedlings on the partial-cut used. There was also a
great difference in distribution of water use. For example, the
seedlings on the clearcut used between 47 and 547 of their total
summer water use in the May to July period compared to only 31 to 39%
for the seedlings in the partial-cut. In contrast, the clearCut.
seedlings.used only 10 to 127 of total water use in late August when
the partial-cut seedlings used 18 to 23%Z. This suggests that the
seedlings in the élearcut were not as active in water use as those in
the partial-cut in the late summer. ‘This may be a result of the
clearcut seedlings being water stressed from a lack of available

water.
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(~ 1.0 g/cma). The large decrease in water for CS (Figure 7) occurred
between 1100 and 1200, before the shade card became effective, and
remained somewhat constant throughout the afternoon.
| A similar pattern is revealed in the water use for PS (Figure 8)
except that its decrease occurs much earlier, between 0800 and 0900.
It also remains somewhat constant in the afternoon. LE (water use)
holding steady through 1200 and into the afternoon for CS and PS
impliés th;t the large decrease in B for both of these seedlings at
1200 is a result of a change in H, the sensible heat loss.

This constancy in LE relative to H might be explained by the dif-
ferent time responses of thg needle to changes in moisture and thermal
inputs. Stomata respond to a change in the ipternal water status of
the needlz viz severazl different feedback mechanisms. This stomatal
response is on the order of several minutes (Raschke, 1975). Needle
temperature, however, responds even faster, on the order of seconds to
a couple of minutes (Monteith, 1981). Thus, there appears to be a
greater tendency for H, a function of the needle-airspace temperature
difference, to change in response to a change in Q* than for LE, a
function of stomatal resistance, to change. On a daily basis the
change in Q* tends to be_bélanced by changes in H. This does not

appear to be the case over the summer as will be discussed next.

Summer Pattern of Water Use

The water use per unit leaf area during the summer of 1981 is
shown in Figure 9 for all four seedlings. It is evident that water

use and, therefore LE, decreased ovar the summer for the
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seedlings in the clearcut, but not for seedlings in the partial-cut.
Table 3 also reveals that H changed proportionately less than LE over
the summer period. On a seasonal basis the change in Q*. tends to be
balanced more by a change in LE than in H. This is different from
that described above for the diurnal patterns. The change in LE pro-
bably reflects a decreas{ng amount of water availabie for use by the
seedlings on the clearcut. This is not the case in the partial-cut,
as LE'rema;ned somewhat constant throughout the summer.

Figure 9 also shows that the difference in water use (and LE)
between sites.is generally greater than the difference between
seedlings on a site. This shows that the difference between the
clearcut and partial-cut treatments is éreater than the difference
between :he.shade card/no card comparisons.

The total water use by each seedling for the summer was also
calculated and is shown in Figure iO as average water use per day
(em3/day) and in Figure 11 as the total amount used over the summer
(cm3). It musf be emphasized, however, that this is the maximum
amount of Qater that could be expected to be used. Since the four
days chosen for calculations had mostly cloudless conditions, the
amount of water actually used is expected to have been less than that
calculated and shown in Figure 11. |

Figures 10 and 11 show that there was little difference in total
w;ter use between seedlings on a site, but thaﬁ there was a large dif-
ference between sites. As explained earlier, this is probably the
upper limit, with the actual ﬁotal somewhat less. Assuming that the
seedling roots occupy a cylindrical volume, estimates of the amount of

water that would be available can be made. 1f the dimensions of the
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of water use.
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auger hole (radius = 10 cm, depth = 30 cm) are used, the total soil

2 d, or 9400 cm? for the auger hole volume. Flint (198X)

volume is 7 r
found the water-holding content of the soils on this site to be about
0.20 for water potentials between ~0.01 MPa (field capacity) and -3.0
MPa (lowgr limit for Douglas-fir). Thus, the amount of water
available in an auger hole volume of soil is 1880 cmd, only enough

to supply the total amounts shown in Figuré 11 for the seedlings on
the ciearcut; It would not be.enough for the partial-cut seedlings
without either root extension or soil water fransport to the seedling
location. There is little evidence, however, that would suggest that
Douglas~fir seedlings do not extend roots beyond the-auger hole volume
their initial year after 6utplanting. Indeed, when the seedlings ﬁere
dug up at the end of the field season (late August), it was noted that
several roots were found beyond the.limits of the original auger hole.

Root extension has been shown to be an effective drought avoidance

strategy from Both theoretical considerations (Caldwell, 1976) and

field studies of saltbush [Atriplex confertifolia (Torr. & Frem.)

Wats.] (Fernandez and Caldwell, 1975) and cotton (Gossypium hirsitum)

(Hillel, 1971; Klepper et al., 1973; Taylor and Klepper, 1974).
Studies in conifers (Leaéhart and Wicker, 1966; Kaufmann, 1968;
Kaufmann, 1977; Leshem, 1965) have also given evidence that root
extension does occur during the summer drying period, although at
greatly reduced rates. The experience of field foresters also needs
to be considered. Examinations of many outplanted Douglas-fir
seedlings have shown that roots do extend beyond the auger hole, espe-
cially if the soil is low in clay and if favorable spring weather

follows planting (Karen Jones, personal communication. Both of these
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conditions were realized on the Cave Creek site in 1981. It is
expected, therefore, that the seedlings did occupy a soil volume
larger than the auger hole, so that the water use numbers in Figure 11
are not gross overestimates. Even a small increase in the radius of
the cylinder,.from 10 to 12 cm, will cause a large increase in
available water. A cylinder of r = 12 cm and d = 30 cm will have 2700
cm3 of water, an increase of 447 over the cylinder of 10-cm radius.

The f;actional distribution of the total water use was calculated
for each of the three summer periods (Table 5). These periods were
defined as Julian Dates 148-185, 185-219, and 219-239 for the clearcut
and Julian Dates 142-184, 184-219, and 2i9-239 for the partial-cut.
The. summer period, thus, was a total of 91 days for the clearcut and
97 days for the pér:iai4cut.““This fractional distribution (Table 5)
shows that around 50% of the summer water use by the seedlings in the
clearcut occurred in the May to July period (JD 148-185). 1In
contrast, the seedlings in the partial-cut had a more uniform water
use distribution. The clearcut seedlings used less than 127% of the
water after the heat wave of early August, whereas the partial-cut
seedlings used 23% and 18%, respectively, of the water in this same

period.

Water Use During Heat Wave

Differences in water use between the sites were magnified during
the August, 1981 heat wave. This week-long period was characterized
at the site by air temperatures exceeding 37°C (100°F) every day with

maximum seedling airspace temperatures over 40°C (104°F) (unpublished
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Table 5. Fractional distribution of water use occurring within each
of three summer periods.

% of Total

Seedling May to July use July to August use Late August use
CN 47 41 12
CS 54 36 10
PN 31 46 23

PS 39 43 18




47
data). There was also an increase in the mean daily soil temperatures
which would increase the amount of longwave radiation flux to the
seedlings.

The diurnal pattern of water use during the heat wave (August 7),
shown earlier in Figures 7 and 8 for both sites, shows the greater
amount of water use by the ﬁartial—cut seedlings over the clearcut
seedlings as evidenced by the differences in scale along the ordinate
(water'use_in cm3). A small amount of this difference.can be
explained as a slight difference in the total leaf area siﬁce water
use is not plotted per unit area, but the ﬁain reason is in the amount
of water use. Much of this'can be explained by the stomatal resis-
tances measured on the sites. Figures 12 and 13 show the stomatal
resistance patterns-for the clearcut (Figure 12) and partial-cut
(Figure 13) on August 7, 1981, Tﬁeée figures show that the stomatal
resistances were lower on‘the partial-cut, especially after 1400, whén
those on the clearcut increased sharply while those on the partial-
cut decreased. Stomata are usually thought to respond to changes in
internal water status (Raschke, 1975; Running, 1976) which is affected
by the availability of soil water (Tan and Black, 1976). There has
beén some evidence, however, that stomata can respond directly to
vapor density deficits between the leaf and the air, especially for
current—-year needles (Cowan, 1977; Meinzer, 1982a). If this is the
case, the vabor density deficit could have somewhat of a balancing
effect, increasing the driving force behind transpiration on one hand
(see Equation 4) and increasing the resistance to water flow on the
other hand, by causing an increase in stomatal résistance. The lower

stomatal resistances in the partial-cut may, therefore, reflect the
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Figure 12, Stomatal resistance patterns of seedlings on the clearcut with
shadecards (S) and without shadecards (N) on August 7, 1981.



49

180-
PARTTAL~CUT

-
> (604
9
S~
% 140+
w
S \20
£
F 100
o
& 80-
2 ©0-
b
T A0S
o
-
(Te) Zo...

O |8 [} ] ¢

S 67 89101 1231415117 1819 2
TIME OF DAY (HOURS)

Figure 13. Stomatal resistance patterns of seedlings on the partial-cut with
shadecards (S) and without shadecards (N) on August 7, 1981.



50
presence of either lower vapor density differences, more available
soll water, or a combination of both; It is believed to be the com~-
bination although no daily measurements of soil water are available
which would allow validation.

A surprising feature of Figufes 12 and 13 is that the stomatal
resistances were lower for the seedlings without shade cards than
those with cards. Since each point on the figures represent the mean
-of thfee different seedlings, the feature is probably typical.

Meinzer (1982b) has shown Douglas—fir stomata to increase in
resistance with decreasing light levels. Whether the decrease in
light behind a shade card is enough to cause an increase in stomatal
resistance is unknown. This seems doubtful, however, because the pat-
terns in Figures 12 and 13 remain_cqnstant throughout the day with no
obvious changes around 1200 (when the shade cards bécome effective)

which would suggest a light level control of stomatal resistance.
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Applications to Reforestation

Any time reforestation is delayed following harvesting, a loss is
incurred in both economic value aﬁd volume yield (Brodie.and Tedder,
1982). This fact often justifies the costs of techniques used to
speed reforestation. Since heat and moisture stress have been impli-
cated as major reasons for reforestation failure on cutover sites
(Strothmann, 1976; Minore 1978; Hobbs et al., 1979; Helgerson et al.,
1982) any reforestation technique which can improve seedling survival
by”either reducing the heat loading on, or improving the water use by,
seedlings is desirable.
| The results from this study show that the partial—-cut was more
effective than the shadgcards in providing shade, in changing the par-

titioning of net radiation, and in iﬁproving the distribution of water
use over the summer for four transplanted Douglas-fir se;dlings. ‘The
two seedlingslon the partial-cut also used significantly more water
over theISummer than those on the clearcut. The residual canopy of
the partial-cut reduced the solar radiation incident to a seedling-
slightly more (27% vs. 22%) than a shadecard. What may be more impor-
tant, though is the amount of soil-plant-air volume which is affected
by that shade. The sh;dé'from a residual canopy covers a larger
volume which effects a lowering of the site Air temperature and lowers
the atmospheric demand for water as reflected by the vapor density
deficit. Recent studies have shown that stomatal resistance can be
affected directly by vapor density.deficit (Cowan, 1977; Meinzer,

1982a). The lower stomatal resistances found in the partial-cut may

be a result of the lower vapor density deficits found in the
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partial-cut (unpublished data). This way, the type of elements making
up the shade (i.e., large vs. small eléments) could have an indirect
effect upon stomatal resistance and, therefore, water use and

CO2 uptake. The large difference in total water use between the two
sites probably results from these differences in stomatal resistance.

The residual canopy also appeared to effect a change in the par-
titioning of net radiation (Q*). The B values for the two partial-cut
seedlihgs increased only slightly over the summer indicating a
constancy between H and LE. 1In contrast, B increased greatly over the
summer for the élearCut seedlings. This large change in the clearcut
possibly indicates increasing water stress since H became_sb'large
relative to LE.

The results also show that the seedlings in the partial-cut had a
much better pattern of water use with regard to survival, Water use
was more evenly spread throughout the summer than for the clearcut
seedlings, an& the highest use occurred in mid- to late-summer when
moisture stress would be more likely to occur. If the water use pat-
tern of the partial-cut could be induced in clearcuts without using
the shelterwood method, perhaps that distribution would result in
better survival and lower stresses.

Shade has been shown to increase seedling survival. Shadecards
have improved survival on soils with low water-holding capacity (Lewis
et al., 1978), under drought conditions (Woodard, 1966; Baer et al.,
1977), and on soils with high coarse fragment'coﬁtent (Hobbs, 1982; -
Petersen, 1982). This was also the case in this study. A survival
survey in October, 1981 (unpublished data), showed 56% Surviyal (34 of

61) on the clearcut compared to 987 (60 of 61) on the partial-cut. On
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the clearcut, 727%Z (23 of 32) of the seedlings with shadecards survived
while only 38Z (11 of 29) of those seedlings without shadecards sur-
vived. Another survey in May, 1982, found that only 17% .of the |
seedlings on the clearcut without cards survived the first vear, while
the remaining survival percentages remained about the same. While
shade cannot add soil moisture to a droughty site, it can possibly
caﬁse a decrease in the transpirative demand, and therefore, effect a
conservation in the use of water that is available. Woodard (1966)
showed that shade from ehadeframes prolonged the survival period of
Douglas-fir seediings which lacked available socil moisture. 1In the
case of heat waves, a few days can make the difference. A survival
survey in the clearcut on August 26, two weeks efter the heat wave,
showsé thzt of the ls_unshadeg seedlings dead in October, 9 had died
by August 26. In contrast, of the 9 shaded seedlings dead in October,
none had died by August 26. Thus, for this study, there appears to be
a shadecard-induced postponement of seedling death.

High soil temperatures are believed to have killed many of the
seedlings in the clearcut (Miller et al., 1982). That is probably one
reason why no major differences occurred in the energy balance terms
(either B or water use) between CN and CS even though there was such a
large difference in survival between unshaded and shaded seedlings on
the clearcut. Also, had an energy balance analysis been done on one
of the dead or dying seedlings, there probably would have been a large
difference.

The results from this study must be tempered by the fact that the
heat wave of early August was an event with a somewhat low probability

of occurrence. This could be looked upon as of both positive and
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negative consequence. Since a heat wave is of low occurrence, there
may be a tendency to overexaggerate the poor results of cert;in treat-
ments. On the other hand, there are usually very few opportunities to
make field measurements under such severe conditions and, therefore,
the extremes in regard to seedling microclimate are unknown. The dif-
ference between sites was enhanced as a result of the heat wave, and
also allowed a delineation of energy balance terms under extreme con-

ditions of water and heat stress.
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CONCLUSIONS

Incoming solar radiation to transplanted Douglas-fir seedlings was
reduced by 22% with a shade card, by 297 with a residual canopy,
and by 47% with a combination of the two.
The solar radiation received by a Douglas-fir seedling was calcu-
lated by a model simulating seedling geometry, by a spherical PAR
sensor, and by a horizontally-oriented pyranometer. The model and
PAR compared favorably and the agreement 1s probably sufficilent to
allow either the representation-of a seedling as‘a sphere, or the
use of a PAR sensor to measure incoming radiation to seedlings.
The pyranometer, however, compared poorly with the model and shows
the error in attempting to measure incoming solar radiation to
three—dimensional objects -with two-dimensional sensors.
Although the shade card and residual canopy are about equal with
respect to the reduction in magnitude of incoming solar radiation,
there 1s a difference in the timing and type of shade provided.
The shade from a residual canopy covers a larger soil-plant-air
volume which effects a lowering of the site air temperature more
than the shade from a shadecard; This possibly lowers the
atmospheric demand for water as reflected by the vapor deﬁsity
deficit which can directly afféct stomatal resistance.
Net radiation received by Douglas-fir seedlings 1is partitioned
mainly into convective, sensible heat loss rather than és latent
heat loss (transpiration). This results in Bowen ragios that are
very much higher than those measured over forest canopies.
The Bowen ratio increases greatly during the summer for seedlings

growing.in a clearcut but not for seedlings growing in a
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partial-cut (shelterwood). The high 8 values for the clearcut in
August indicate that the seedlings are probably under stress, -
since the heat loss by convection is up to 60 times that lost by
transpiration. The subsequent deafh of seedlings on the site also
substantiates this. Water was probably limiting on the site this
time.

The difference in the Bowen ratio is greater between sites
(pérti;l-cut/clearcut) than between the shade card/no card
comparisoﬁs. This quantifies the effect that a partial-cut makes
a greater improvement in seedling welfare than does a shade card.’
Water use by seedlings in the clearcut decreased between May and
July and was low the remainder of the summer. In contrast, water
use by seedlings in the partial-cut increased between May and July
or early August. The highest measured use in the clearcut was in
May while the highest measured use in the partial-cut occurred in
July and early August.

The two seedlings in the partial-cut used about twice as much .
water as the clearcut seedlings during the summer of 1981. This
reéulted from lower stomatal resistances in the partial-cut which
arose from lower vapor density deficits and, possibly, higher soil
molsture levels,

The differences in water use, as with B8, was greater between the
partial-cut/clearcut comparison than between either of the shade
card/no card comparisons. _This also suggests that the partial-cut
makes more of an improvement in the distribution of water use than
the shade card. The even distribution of water use in the

partial-cut (31-39% early, 43-467 mid, and 18-23% late) would tend
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to favor the survival of seedlings by the avallability of water in
the later part of the summer drought period. The uneven distribu-
tion of water use on the clearcut (47-54% early, 36-41%Z mid, and
only 10-12% late) shows a rapid use of water early with the
possible lack of availability late in the summer drought period

which could lead to moisture stress.
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APPENDIX A

Seedling Radiation Geometry

Douglas—-fir seedlings can be modelled as an assemblage of needle-
bearing cylinders. Conceptually, the mainstem 1s imagined as a
vertically-oriented cylinder with cylindrical side branches extending

outward from the mainstem (see Figure Al).

The incoming solar radiation geometry for the mainstem is shown
in Figure A2. lFrom this geometfy, the projected area of the mainstenm,

Acyl’ along the sun-line is given by:

L] L] 2
Acyl 2er+h SIN Zs + =% r< COS Zs (Al)

where h is the length of the cylindef, r is the radius, and ZS is the
zenith angle of the sun. This area reduces to 2er+h when Z_ = 90°,
and ™ r? when zZ, = 0°.

The fadiation geometry for a side branch is shown in Figure A3.

The angle a is determined by:
COS a = SIN Z, SIN Zp COS(SS - eb) + C0S Z COS Z, (A2)

where Zb is the vertical angle of the branch, 8y is the azimuth
(horizdntal angle) of the branch, Ss is the azimuth of the sun, and a
is the ‘angle between the solar beam sunline and the main axis of the
side branch. The angle a replaces ZS in equation Al to give the

Acyl for each side branch:
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Figures Al-A3. Douglas-fir seedling radiation geometry. Al -
Seedling .conceptualized as an assemblage of cylinders. A2 -
Incoming solar radiation geometry for the mainstem. A3 - Incoming
solar radiation geometry for a sidebranch.
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Acyp = 2°r*h SIN a + 7 r2 COS a (Aﬁ)
The total projected area of all branch-cylinders, therefore, requires
~measurements of the length, radius (needle length), and orientaﬁion of
the mainsteﬁ énd each branch. The solar position must also be deter-
mined to allow for the calculation of Zs and Gs throughout the day.
The solar position is determined by calculating the altitude and
#zimuth of‘the sun at any desired time. For this study, calculations
were performed-at haif-hour intervals during the day. The solar alti-

tude, A, of the sun above the horizon can be computed from:

SIN A = SINA SINS + COSA COSS COS 15(t-to) (A4)
where A is the latitude, & is the solar declination on the day of
calculations, t is the time of day in hours, and to is the time of the
‘'solar noon (Campbell, 1977).

The solar azimuth, 95, is computed from:

1 <SIN6 COS(LAT) - COS§ SIN(LAT) COS H)

COS A (45)

es = COS

before solar noon, and by 360 - es after solar noon (Rao, 1981). H is

the hour angle and is the same as term COS lS(t—to) in equation A4, |
"A subroutine, ALMANAC, was written which calculates the solar

altitude and azimuth for half-hour increments throughout the day.

Data requirements for the subroutine are the Julian Date (JDf,
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latitude (LAT) and longitude (LONG) of the site, and the time. The

solar declination, 6§, is computed from:
§ = 0.40928 SIN(4.88883 + 0.01721 JD) (A6)

The equation of time, ET, which corrects for the eccentricity and
obliquity of the earth's orbit around the sun (Robinson, 1966), is

deterﬁined'from:

_ 0.7 SIN(-0.986 JD) + SIN(-1.97+-JD-15.78)

ET z (A7)
The standard clock time is then corrected to "true” solar time by:
SUNTIME = CLOCKTIME(PST) + ET + (1200 - LONG)

15 ) (48)

This solar time is the t used in equations A4 and A5 in calculating
the hour angle for determining sun altitude and azimuth.

The only intraseedling shading considered was by that of the '
mainstem upon the side b;anches. The mainstem is the largesg of all
the cylinders and potentially provides the greatest amount of shade.
Shading by the side branches is also possible, but would require a
more complex mathematical description and computer model.

The shading of a side branch by the mainstem is accomplished by
‘regarding a branch to be fully shaded when it is 180 + ¢° opposite in
azimuth from thé sun and below the shadow-line of the mainstem. This
is described graphically in Figure A4. The angle ¢ is described by

the horizontal geometry below in Figure A5. The angle is calculated

by:
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Figure Alt. Geometrical determination of when a sidebranch is shaded by
the mainstem.



Pigure A5.

Horizontal shading geometry of a sidebranch.
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ANL
HOR

¢ = TAN"! (A9)
where ¢ is half the arc centered on 180° which comprises the shade
envelope, ANL is the radius of the mainstem cylinder, estimated by the
average needle length, and HOR is the horizontal vector of the side
branch under consideration. The variable HOR is calculated by:

HOR = ALEN°*COS(ALT (Al0)

»
where ALEN is the lengtﬁ of the branch and ALTb is the altitude of the
branch above the horizon. |

If the branch lies within the envelope described by 180 + ¢°, the
amount of the branch that is shaded is determined by considering the
vertiéal geometry below in Figure A6. The length of thé side branch

shaded by the mainstem, Y, can be found from the equality:

Y - _h-=-b
SIN Z_ T SIN y (A11)

where Y = 180° - (ZS + Zb), the angle the branch makes with the
shadowline, and b is the height at which the base.of the side branch

is attached to the mainstem. Substitution and rearrangement gives:

SIN Zs (h-b)

Y =
SIN[180—(ZS+Zb)]

(Al12)

Thus, the length of a side branch shaded by the mainstem can be calcu-

lated if measurements of the branch and sun zenith (90° - Altitude),
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Figure A6. Vertical shading geometry of a sidebranch.
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the height of the branch above the ground and the height of mainsten,
are known.

The use of a cylindrical model greatly aids in simplifying the
radiation geometry of the seedlings but is, obviously, an overestimé—
tion of the actual area receiving radiatién. To determine the pro-
jected needlé area (An) of a branch, photographs were taken of four
branches, each at sevefal different values of a, the angle between the
sunline and the main axis of the branch. Examples of these pho-
tographs are shown in Figures A7-A8. A dot grid was used on eaéh pho-
tograph to determine the projected needle are; at that particular
value of a. The factor An/LA, where LA is the one-sided leaf area of
the branch, was plotted at various values of a for each of the four
branches (Figure AQ). Fhe actual LA, as measured by a LICOR leaf area
meter, was used for each except for the branch labelled D. This
branch plotted very high but when the LA computed from the regression
of needle dry weight against LA was used, it plotted right among the
other three. A regression line was fitted to the four lines and used
to determine the factor An/LA at any given value of a. This factor,
multiplied by the one-sided LA of any particular branch, gave the pro-

jected needle area, An’ qf that branch at that value of «.

Direct and Diffuse Irradiance

Now that the area receiving shortwave radiation can be calculated
for each branch at any time, the amount of radiation incident upon
that area needs to be determined. The shortwave radiation received at
a point on the earth's surface is made up of two components, that due

to the solar beam, called the direct beam (SO); and that due to
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Figure A7. Photograph of branch at o = 0°. Used in determination of An/LA.

(A4
= ’fgfv"’\?!\‘:ﬂ\x X

Figure A8. Photograph of branch at o = 90°. Used in determination of Ah/LA.



73

1.00-

0.804

0.20- I L L v 1 3 r 1.1

0O 10 20 30 40 50 60 70 80 90

ALPHA (DEGREES)

Figure A9. The factor An/LA versus the angle ALPHA (X ) of the four
branches (A, B, G, D) used to compute the regression line (R).
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scattered radiation, called diffuse radiation (D). Combined, these
two are often called the "incident solar” radiation, with the symbol
K+,

Since the only radiation measurement made on site was that of
solar radiation by a Moll-Gorcyznski pyranometer, a procedure was
needed to estimate what part of the solar radiation the direct and
diffuse components each made up. Thislis‘required because the direct
beam is strongly a function of angles and, therefore, geometry is
important in estimation of the direct beam flux to a seedling. The
diffuse component, however, does not have an angular distribution and
is received by the seedling over the entire area exp§sed to the sky.

Solar radiation can bé'expressed as a.function of direct and dif-

fuse by:
K+ = So-COS ZS + D (A13)

where COS Zs corrects the direct beam back to the horizontally-
oriented pyranometer. The diffuse beam, D, can be estimated by
forming the ratio D/K+v for data gathered elsewhere. This ratio,
however, has a parabolic shape over a diurnal period and would require
a curve-fitting method in order to derive an equation for general use.
Another method has been presented by Peterson and Dirmhirn (1981) and'
allows the use of a constant value throughout the day. This is done
by forming a ratio between the diffuse and direct beam, D/So, which -
was found to change very little throughout the day. 1In order to esti~-
mate D, however, corresponding measurements of So are required. Since

we did uot have measurements of either D or So on our site, an
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alternative method was used. This required using the constant formed
by D/So in a method analogous to the Bowen ratio. Letting D/So =d,

so that D = d°So, and substituting this into equation Al3 gives:
K+t = SO-COS Z, +d Sq (Al4)
which can be rewritten as:
Kt = So(d + COS ZS) | (A15)
An expression for So can thus be rewritten as:
K+

50 = @ +c0s Z.) (A16)

The direct beanm, So’ is then calculated from measurements of K¢,
calculations from solar geometry, and calculations of d based on data
for the Corvallis area. It follows that D is calculated by either
(/S )(S,), Kt = S_, or by a similar treatment as above where S = D/d

and substitution into Al3 and rearrangement gives:

D= — e (A17)

Values of d were determined for D and So data from Corvallis (Rao et
al., 1982). A value of 0.104 was used for d as determined from the

Corvallis data.
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In the clearcut there was no problem in ﬁsing the incident solar
radiation values directly in the preceding method to determine D and
So' In the partial-cut, however, the shading by the tree canopy needs
to be considered. When a tree element shades the pyranometer, the
solar radiation will be composed entirely of the diffuse component.
The ratio D/So, therefore, will not be a constant and the use of it
during a shading "event” will overestimate So and underestimate D. To
overcome this problem, values of D from the clearcut were used in the
shelterwood and So was calculated from K+ - D.

Now that wvalues for An, So, and D can be obtained, the solar
radiation incident upon a seedling can be calculated. The effective
area for absorbing radiation from extended sources (non-directional
radiation) was assumed to be equal to 0.9 times the total leaf area
(2.3 LA) after Gates et al. (1965). Using the LA, the total area for
receiving diffuse and longwave radiation would be 2.3<LA-0.9. 1In
addition, view factors for each type of surface seen by fhe seedling
were determined. These are discussed later in the longwave radiation

section.

Shadecard Shading

The shading by a shadecard will not begin until the sun has
reached a point in azimuth equal to AZCARD + 90°. At this point, the
shading by the shadecard can be calculated given the geometry shown in

Figure A10. The distance a is calculated by:

a = e , ' (A18)
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Figure AlO0. Vertical shading geometry of the shadecard upon a seedling.
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where x is the distance from the stem to the card along the sunline,
and Zs is the zenith of the sun. The shaded portion of the seedling,

SHADE, is:

X

TAN Z
s

SHADE = SCHT - a or SHADE = SCHT - (Al9)

where SCHT ié the shadecard height. The distance x is calculated
given consideration of the horizontal geometry in Figure All. The

distance x is calculated by:

m

X = €05 q

(A20)
where m is the distance from the mainstem to the card-along a line
normal to the card which is also the line equal to 180° - AZCARD, Q is-
the angle between AZSUN and 180° — AZCARD, and x is as defined above.

The two equations, Al9 and A20, can now be combined to yield:

- _ m ' '
SHADE = SCHT - oo 55 (A21)

Subsequently, the unshaded portion of the stem, UNSHADE, is:

m -—
TAN Z_ COS Q

UNSHADE = HEIGHT + SCHT (A22)

where HEIGHT is the total height of the seedling.

Shortwave Exchange

Shortwave radiation received by a Douglas—fir needle surface can

be either transmitted (t) through, reflected (r), or absorbed (a) by
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SEEDLING -

Figure All. Horizontal shading geometry of the shadecard upon a seedling.
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the needle. Woolley (1971) measured the spectral distribution of
reflectivity for new and old needles of Douélas—fir. An integration
of a wavenumber plot of his data gives an average reflectivity of 0.27
for new needles and 0.18 for old needles.

Since no transmissivity values for Douglas-fir were found in the

literature, values for Sitka spruce [Picea sitchensis (Bong.) Carr.]

were obtained from Norman and Jarvis (1974). vThey»reported
transﬁissiyity for current year foliage between 0.02 and 0.05 for
visible radiation (A ~ 480 to 600 nm) and between 0.35 and 0.48 for
near infrared radiation (A ~ 700 to 1100 nm) depending.upon heighﬁ in
the canopy. Transmissivity for old (l-year élus).foiiage ranged from
0.01 to O.QZ for visible and 0.25 to 0.35 for near infrared. Using

the shape of the transmissivity curve for Populus deltoides (Gates,

1965), a similar, artificial, curve of transmissivity versus wave-
number was plotted for Sitka spruce using the values given above by
Norman and Jarvis (1974). An integration of.ﬁhese wavenumber plots
gave values of t = 0.18 for hew needles and t = 0.12 for old needles.
The absorptivity of Douglas-fir needles, a, is equal to l-r-t.
Given the above computed values for r and t, therefore, the absorp-
tivity of shoftwave radiation by new needles is 0.55 and by old
needles is 0.70. The only published values found of absorptivities
over all wavelengths for conifers was by Gates et al. (1965) for Pinus

strobus and Thuja occidentalis. They assumed t = 0 and obtained a by

measuring reflectivity alone (a = 1-r). Their values of 0.88 and 0.89 -
for a are probably overestimates (Jarvis et al., 1976) due to the

assumption of zero transmissivity. For this study, a = 0.70 was used.
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Longwave Exchange

Any object with a temperature above absolute zero (0 K or -273°C)

emits radiant, longwave energy according to the Stefan-Boltzmann Law:
L =¢e0T* (A23)

where L 1is the emitted energy flux density (W/m2), T is the tem-

perature of the object in Kelvin, ¢ is the Stefan-Boltzmann constant

(5.67 x 10-8 W/mZK“) and € is the emissivity of the object, that frac-

tion of radiant energy emitted by the object relative to a black body
for which € = 1.00. |

A sesdling will rggeive:Egdiant, longwave energy from any object
or suriace that-enters the "view” of the seedling. A seedling will
also emit longane radiation back to its surroundings bf the rglation
described in equation A23. The net longwave, L*, energy received by a
seedling can be described by the equation:
4

4 4 4
oT, + f.¢e oTZ + oeee fnenoTn - £,.0T (A24)

X =
L* = £1e0T) + f)¢, 29Ty

171

whére fn is the "view factor,” the fractional area of the seedling's
hemispherical view, of the surface n, €, is the emissivity of n, and
Tn is the surface temperature of n. The last term represents the
outgoing longwave radiation from the seedling.

The values of f were determined from upward- and downward-faciﬁg

fisheye photographs at each of the seedliﬂg locations. The view fac-

tors for each seedling are shown in Figure Al2.
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0.30 - | 0.30 A
View
Factors 0.20 1 1 0,20 1
0.10 1 0.10 -
SK CN A\ SO S:K (;l \; SIO CrD
i ' cs
0,40 1 0.450 -
0.30 1 0.30 1 )
View 99 0.20 -
Factor
0.10 A 0.10
T 3 3 T T T 13 T r' T I
SK CHN \'4 SO SK Cl v B -{e ] €D B

Pil _ PS

Figure Al2., Longwave view factors of each of the four seedlings used
in energy balance calculations. (SK = sky, CN = canopy, V = vegetation,
SO = soil, CD = shadecard, B = black log.)
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Given the view factors of each longwave-eﬁitting surface seen by
a seedling, the temperature of that surface needs to be estimated in
order to calculate a.longwave'component from that surface. A separate
technique was used for the estimation of longwave radiation from the
sky.

Thé canopy, defined as that vegetation extendinglabove the ground
more than two feet, 1s assumed to be close to air temperature. The
canopy temperature, therefore, was taken as the 2-m air temperature as
recorded by the meteorological station. The temperatures of the near-
ground vegetation, mostly grasses, and the shadecard were taken as the
measured needle temperature of the seedling. The soil surface tem-—

perature was taken as the soil temperature at 0.1 em which was calcu-—

lated frem 2 logarititmic extension of the five—depth soll temperature
profile. The estimated soil surface temperature was most accurate
during times of a stable profile (throughout midday) and least
accurate during times when a "turnover” in the profile was occurring
(sunrise and sunset). The temperéture of the blackened log near
seedling PS was estimated by the calculated soil surface temperature.
Sin;e no measurements of atmospheric longwave radiation were
made, and the estimation_of sky temperatures is very difficult, an
anﬁlytical frame-work was searched for which would allow the estima-
tion of sky radiation based upon a measured variable. The best model
found was a general relation developed between cloudless-sky
atmospheric thermal radiation and screen-level air temperature that-
fit data from several, diverse, 1o§ations (1dso and Jackson, 1969).

This relation is described by:
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R=o0T*% (1 - C EXP(-D(273 - T)2)) (A25)

where R is the cloudless-sky atmospheric thermal radiation, T is the
screen-level air temperature in Kelvin, o.is the Stefan—-Boltzmann
constant, C and D are coefficients determined by statistical analyses
to have best fit values of 0.261 and 7.77 x 10™“, respectively. Air
temperature at-Z—m, as recorded by the meteorological station, was
used as the screen-level air temperature. Although it is reéognized
that general relations work best under "average"” conditions and do not
describe functional relationships (Monteith,.1973), the small
variation in R and the small size of R with respect ﬁo shortwave
radiation should allow the use of equation A25 without excessive
error.

Before calculation of the longwave flux to a seedling, the effec-
tive surface area, Ace’ for absorbing or emitting longwave radiation
had to be determined. Tibbals et al. (1964) used silver castings of

blue spruce (Picea pungens Engelm.) and white fir [Abies concolor

(Gord. & Glend.) Lindl.] and estimated Ace'at 0.88 and 0.94, respec-
tively. Using the same method, Gates et al. (1965) estimated Ace at

0.85 for ponderosa pine (Pinus ponderosa Dougl.). A value of 0.9 was

used in this study for Douglas-fir.
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APPENDIX B
FROGRAM SEEDEAD

This rrosgram calculates the net radiztion lozding uren 2 Douglas-fir seedlln
WRITTEM EY JAY 3/31/82

REAL KNETs KIMN» KOUT» LNET, LIN, LOUT

DIMENSION IIM50)» AZBR(S0)s ZEBR(S0)s GLOBAL(SD)s TLEAF(SD)y HAMES(10)

DIMENSION ALEN(SO0), ANL(S0)s EBASE(S0)s ALAI(S0), ANEEDLECSO), MAME(1D)
DIMENSION NAMEL(10), SGLOEBAL(SO)» AIRTEMP(S0)s NAME2/10)s MAME3(10): SAIRTEMF(I
DIMENSION MAME4(10Q), TSURF(S0)» MAMESG(10)

ACCEFT “HUMBER OF AVERAGING FERICDS FER DAY >/» N
ACCEPT “ JULIAN DATE DESIEED >’s NDATE

ACCEPT 7 INFUT LATITUGE OF SITE >’ ALAT

ACCEPT “INFUT LONGITUDE OF SITE >’ ALONG

F1=3,141592454
STEF=5,6697E-08

Inrul values of azimuths zenithr lengths radius (averadge needle lensth)s
and heighl above Sround for each branch on seadling

LUN=LUNIO! 1,NAHE)

READCLUMy 25 END=31) (I J)sAZBRCI Yo ZERL T ) ALEMO J )9 ANLCT ) s BASEC T ) ALATY J )5 0=1,30
FORMAT. I2-FEels2F041»FS.25F3414F5.1)

NER=J

ACCEPT 7 EMTER 0 IF CLEARCUT, 1 IF SHELTERWOOD >/, IDEC
TYPE "ENTER CLEARCUT HMETFILE FOR DAY*
LUM1=LUNIC: 1y HANED) '

IFCIDEC.EQ.O) GO TO 34
TYFE "ENTER SHELTERWOGH HETrILE FOR DiaY"
LUN2=LUNIOC( 1sNAKE2)

READ(LUNZ,36) EURP

READ( LUN2,37) (SAIRTEMP{E )y SGLOBALIK)» K=1,47)
REAIM LUN1,348) TUREEY

REAIMLUNL,37) (AIRTENMP(K)s GLOBAL(K)s K=1147)

CALL CLOSE!LUM,IERR)
CALL CLOSE: LUML, IERR)

Enter Lhe viewfsclor file for the sesdling. The visufzclors are the
fraections of the hemisrharical view "seen” tyw the wverious surfaces
around the seedling which emil lonswave rzdizticn to thal ceedling.

TYFE “%3XVIEWFACTOR FILE FOR SEEDLINGR:#3"

LUN3=LUNIO( 15 HAHES)

REAICLUN3,37) UFSKY» UFCAN, YFCARLs YFLOG, VFSGIL. WFYEG, AZCARTy ZCARLL
SCHTs DIST :
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Enter the soil supfzce tEﬁP“'Lhrp |llE rerpesentztive of Lh
seedling, This will b used Lo celculzle Lhs
from Lhe soil,

TYFE "ENTER TBURF FILENAMEZ®
LUNA=LUNIOC 1, HAMES)
REAIM LUM4,77) DUNL( TSURF(K )ri=1147)

ACCEPT "IF CS1 OR S49 ENTER 0y IF CS53 GF S35 ENTER 1+, ICY
Enter the lsaf lemrepzture fTile for the seasdlins,

TYFE "ENTER TLEAF FILENAHE”
LUNS=LUNIOC 1 - NANES )

IFCICY.EQ.1) GO TO 23

FEADCLUNS,81) TUH2: (TLEAF(K)sK=1,47)
GO TO 26

REAIM LUNG,82) DUH2, (TLEAF(K):K=1,47)

TYFE® £1¥0UTPUT FILENAMERZ:"
LUN6=LUNIOC2yHAHES)

FORMATC( 32X F7.35353%)

FORMAT{ 15X 1FB43516XrF7.3533%)
FBF-HAT({)FJQ.J‘NS.].) ‘
FORMAT(SXsFB.3s8Xs/)

FORMATL 13X%2F7.34/)
FORMATL 33X F7.35/)

Calculale the tolszl heisghi of the sezedling, The datz {iles are sel ur
ur sech thzt the height of the mzinstem is in ALEN{ 1) and Lhe heishl of
the lersinal branch ic in ALEM(2). The totzl heisghi is lsler used in
the cubrouline SHADE znd in czlculzting the sheding bu lhe shadecsrd.

HEIGHAT=ALER 1 MHALEN(2)
APER=FLDOAT(N)

Sum the lesf zrea {LA) for the =esdling.

SUILA=0,

DO 40 L=1,NER
SUMLA=SUNLA+ALACL)

CONTINUE

SHORTUAVE RADIATION Hid¥

This seclion comrutes Lhe net cho PtUd!E radiztion bzlzsnes of 3
seedling, It uses 2 subroutines ALMANAD, to delermine thz solap
rosition at half~hour interyvals during ths day.

D0 121 ITIHE=1sH
TIKE=FLOAT(ITINC: 24)/ﬁFEF
CALL ALMAMACONDATE JALAT, AL
ZSUN=20,00-ALT
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SUH=0
DIRLDADI=0
DIFFLOAD=0
REFLOAD=(Q

For ezch time reriods comrute the direct znd diffuse copronznis of the
global irrzdiance. Global is defined ss direct + diffuse solar rsdiziion,

DIRECT=CGLBBALCITIME)/C 0, 104+C0OS¢ Z5UNAFI/130,))
DIFFUSE=0,104*DIRECT

IFCIDEC.EQ.Q) GO TO 44
DIRECT=5GLORAL( ITIHE )-DIFFUSE
DIRECT=BIRECT/COS( ZSUNRF1/180,)
GLOBAL( ITIME )=5CLOBAL(ITINE)

™
[ 9
e
2
P
=r
Y]

For each branchr comrute the znzles ALPHAs that is form
sun’s rays 2nd the branch.,

o 51 IBR=1,NER
ANCLE=ALFHA( AZSUM, Z5UN,AZERC TRR ) - ZEROIBR))
IF (AMGLE.GT.90) ANGLE=180-ANGLE

Comrule the fsctor (FACTOR) by which LA i
This is derived from the rezression of A'
measurac “rom rholeZres=hz of brenches,
Comrute the srodected needle ares (ANECDLEDY for the Lranch.

ion of ALFHA.

FACTOR=0.4257540 . 004563ANCLE
ANEEDLE! IBR )=FACTORALAL IER)

Comrule fraction of branch shaded by the msinstem (1 - CORRECT).
This is used Lo correct the srodected needle zres 25 3 resull of shzding.

CALL SHADE(AZSUMyAZER( IBR)sALENC IBR 3sAHLE 1) 2 ZRR( IBR )y Z5UN s BASE( IER )s
HEIGHT s SHALEL)

SHADEN=SHALEDLRD .S

CORRECT=1-{ SHALED/ALEN( TER )

SMEETLE( IRR )=ANEEDLE( IER YXCORRECT

i

Sum tha =rod=cted needle 2rezs of Lhe branches for ezch time intervals

SUM=SUM+ANEEDLE( IER)
CONTINUE

Comrute the direct solar heam incident to the seedling., Ceslculzte ths
the amount of stem shaided by Lhe shadecerd znd reduce SUM by this zmount,
If the scsdling doss nol have =z shedecards this will result ia SCHT=C»
thus skirring the shzdindg caomrutziion,

AMGLE2=ALFHAC AZSUN, Z0UN, AZCART, ZCARD }
IF{ SCHT.EQ.O,) GO TD 37
TF(ANGLE2.LE,90.) GO TO &7
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AMG1=A5SC 180 +AZCARD-AZSUN)

HENRY=DIS5T/( TANL 2513 PT /180, JRCOBANGIAFIZ 180 )
IFCHENRY BT .SCHT ) HENRY=5CRET
UHSHADE=HEIGHTYHENRY-5CHT

SUH=UNSHADE#SUM/HEIGHT

DIRLOAD=DIRECTASUH

Compute the diffuse znd reflected diffuse beem incident o
the sezdlind.,

ALFRED=0, 158UFCANTO . 22VFS0ILA0, 23VFVEGHD s 4 3UFCARDHVFSRY
DIFFLOAD=DIFFUSERQ, FASUMLATE2 3%ALFRED

Comeute the reflecled direct peem incident Lo the seedling.

ANG=ANGLE2

IF(ANGLE2.GT .90, ) ANG=70.
BUZZ=0,2%UF501IL+0.42 UFCAFE$CC"‘AHG#FI/180.)
REFLOAD=DIRECTX0.925UMLATA2,33EUZZ '

Comprute tha tolsl shorluweve radiztion incir
It the =lobal radislion is less than Gy seil
eausl to 0.

KIN=( DIRLOADMDIFFLOAIREFLOAT /10,
CHECK2=CLOBALC ITIHE)
IF(CHECK2.LE. 0, ) KIK=9.

Comrute suldgoing solar rzdiztion 35 1-sbs. or 30% for lhzse Douslas-fie
needles, Comeute the nel sclar raediztion (KNET ).

SERIN

KouT=0.3
cT=RIH-KOUT

K =

LONGHAVE FADIATION HuX _

This section comrules the londwave rediztion losding onts Lhs sesd
It recuires tha temperaturess emissivities: and view factors for
surfzces ®seen” bu the seedlins,

'rn

Sky radiztion is estimzled from zn emriricel relzlion derived by
Idso z2nd Jackson {17469),

C=0.261

1=7.77E-4

ATIK=AIRTEMF{ ITIHE)+273,15

CARRY=STEF*ATIK%%4.0
SKYRAD=CARRY~( CXCARRY }/(EXFC L ATRTENFCITINE Y322,G)))
SKYLOMG=SKYRALYFSRY

Canory radiztion is eslinated from the Stefzr-Belizmenn Lew
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using tha zir temrerzlure 2t 2-w zc thz "cznory” lenrerzlure,
For the clearcut,y thz wvariahle ATIK from 2bove is used sinee it
rerresenls the 2-m 3ir tesrerziure, For the shalierucod:

the air lemereraiure from the shelierwood has Lo be used,

IFCIDEC.ER. 1) ATIK=SAIRTEHF(ITINE H273.14
CANRATI=0,7B¥5TEFXATIRX%4, 0
CANLONG=VFCANACANRAD

Soil loncuave radization is estimated from the Stefan-Bolizmann Law
using the czlculated =oil terrerzlure 2t 0.1 cm 2s the *
temrerzture. This vzlue is rezd in from TSURF files.

TSIK=TSURF(ITIME)+273.16
- SOILRAD=0,9345TEFATSIKES,
SOILONG=VFSOIL*SOILRAD

The radiation from Lhe blzck losg sround 555 4 s 2lso estimstsd
from the Slefan-Bolizmann Law ucsing lhs =oil "surface” lemrerzlure

-

BLOGRAD=STEFATSIN%%4,
BLOGLOKG=VFLOGXELOGRAR

The longwave radisti
from the Stefzsp-Bol t

on
-
=i

from the shadecsrd and vezel
wenin Law using the terrerature of °
TIR=TLEAFC ITINE 273,16

UPFAE=U.°7#STEF$TIK$#*.

VCLONG=( VFCARD+VFYEG )2YCRAD

gividsd

T
e

Tolz! Lhe londuwave radiation comzonents. The sum h s to
by 10,000 in order lo correct m2 Lo en2.

FAILOMG=SKYLONG+CANLONG+SOILONG+BLGGL ONGTVELONG
LIN=RADLONGX0,PASUMIATH2,3%0.,C00L

Comrpute the outgeing londuwave bz Lhez Stefan-Bolizmann Law
usinz the needle temrerziure, Comrute the nst lonswsve (LMET ). Coarute
the nel radialion balance (Q5TAR) of the seedlinz,

LORAD=0.P74STEFATIEXES,
LOUT=LORADYG, SXSUNLAT®2,3%0.00C1
MET=LIN-LOUT

OSTAR=KNETH+LNET

URITE(LUNG,B88) TINE, KIMs KMNET» LIMs LMET, GSTAR
FORMAT(2XsF 5,2, 5( 3%F7.2))

CONTINUE
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CaLL CLOSE(LUN2yIERR)

CALL CLOSE{LUN3»IERR)

CALL CLOSE(LUHA,IERR)

CALL CLOBECLUHS IERR)
AL CLOSE(LUNG, IERR)
END

90
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SUBROUTINE ALHAMAC

This subrouline czleulzies the solar 2ltitude and
a2zinuth Tor tims incremaris Lhroushoul the dswe, -
The Julian dater lstitudey lonzitudes and Lige of
1ntnre=t. are called from ihe rrogiam scecessing slmanacs

WRITTEN BY JAY 3/31/82

DEC = SOLAR DECLIMATIDN
AZSUN = SOLAR AZINUTH
ALT = SOLAR ALTITUDE
SUMNTIN = SOLAR TIME
HANG = HOUR ANGLE
EQTIN = EQUATIOM OF TINE

SUBROUTINE ALMAMAC (NDATE:ALAT:ALOHG, TIME,ALT+AZSUN
PI=3,14159245

DEC=0. 40?28XaIN’4 8338340, 017 215HBATE)

EGTIN=(0,7R5INl -0, CEARNDATE HEIM -1, 974R0ATE-13.78) )76
SURTIN=TIMETEQTINF(120.0-ALGNG /15

HORE=13%X( SUNTIN-12.8)

T ANGLES TO RALIAHS.

R
HaHE3P1/180
ALATXF1/180

OHVE
AAift =~
ANG=

Couy
HANE
ALAT

P:TfP“IP- SOLAR ALTITULE
TSIN=5IN{ ALAT)XSINC(EC)+COS(ALAT )5CO5(IEC 32C05( HANG)
‘T= ASINCTSIND

SINCDEC ):COSC ALAT )-COSC DEC ¥SIN( ALAT )RCOSL HANG ) )/COS(ALT)

TE SOLAR AZINUTH
=ACGS( TCOS)

CCHRY
TCOs=
AZ5UN

CO”UCFT EVERYTHING KACK TO DEGREES
SUN=AZSUNX180/FI

ALT ALTX180/F1

ALAT=ALATA180/F1

IF(SUNTIN.LE,12.00) GO 70 328
AZSUN=350,00-AZ5UN

RETURH
EHD
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SUBRBUTINE FUNCTION ASIN

THIS SUBRDUTIME CALCUILATES THE INVERSE SIHE

WRITTEN BY ELH 3/29/82
FUNCTION ASIM(VAR)

1=0

VAR2=VARZYVAR

ASIM=VAR

COEF=YAR

I=14%2

COEF=COEF¥VARZRFLOAT{ I-1)/FLOAT(I)
TERM=COEF/FLOAT(I+1)
ASTH=ASIN+TERN

FRAC=ABS( TERM/ASIH)
IF(FRAC.GT.0.00001) GO TG 10
RETURM

END

SUBRKOUTIME FUNCTIOM ACES

92

FUNCTION

THIS SURROUTINE CALCH ATES THE INVERSE COSINE FUNCTIOM

WRITTEM BY JAY 21/29/82
FUNCTION ACOS(YAR)
ACDS=(3,141592654/2)-ASIN{ VAR)

RETURMN
ENI
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SUBROUTIME FUNCTION aLFHA

This rrogram deleraines zlrh3ay the 2ng8le belween 3 branch
and the sunline.

WRITTEN BY JAV 3/31/82

FUNCTION ALPHACAZSUN,ZSUMNrAZRE»ZER)

F1=3,141592554

IF (AZER.EQ.0.0) GO TO 11

Convert inrut angles to radians.

AZSUN=AZSUNYPT/180
ZSUN=ZSUN¥P1/180

- AZER=AZBRAFI/189

ZBR=7BR%FI1/189
Determine slrha

TCOS=SINC ZSUMN YE3IN( ZBR )2COSL AZSUN-AZBR }4C05¢ Z5UN )%C0S! ZBR)
&PHA=/AC005{ TCOS) :

Convert inrut angles hack Lo dedgrees,

AZSUN=AZ5UNY180/P1
ZSUN=ZSUN*180/F1
AZER=AZERX180/F1
ZBR=7BR%180/F1

GO 10 21

ALFHA=ABS( ZER-Z5UN)
ALFHA= “FHQKFI/Ioo

RETURN
END

93
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Subroutine SHADE

tine celiculstes the zrount of branch lensih shaded bu
the mzin stem, Firsts il deterwmines if the branch ic shaded.,
Then 1t caleulztes the zmounl of the branch shaded,” This value
iz returned to the mz2in rrodram in the velue of SHADELD.

Writien bw JAY 4/28/82
SUERGUTIHNE SHAEZ‘ALSUﬂy R ALEN s AML y ZER» Z5UN y BASE » HEIGHT - SHADED)
FI=3.,1415392654

Hake an 1n1tlol gueszs as Lo whether brench is chaded by the main stem,
If ihe brench szimuth is nol belusen 180 znd 200 desrees orrosite
the sun azimu»hy return to mezin rrozrem withoul further czleulsticns.

DIFF=AB5( AZSUN-LZEER)
IFCOIFF.LT.165) GO TO 47
IF(DIFF.GT.200) 60 TO 47

Comrute sliitude =znzlz of branch from the zenith engle. Convert
2 r -

Comeute horizontzl veclor o
THETS. helf of Lhe = 1 Y
Copvert THETA to desrees

iz iz then vsed Lo comeutbs
shzdow of th2 mainslem.

ALENRCOS( ALTER)
ATANCANL/HORIZ
=THETAX180/FI

mEinsicm,
LS be within THETA desres
e2 :Uth;

.,
=
[N
, Ir 3
-
—
=
m
n
LU O I o 1)
]
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LI et
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o
Q
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P
-
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r
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IF(LIF.GT.180) 60 7O 23
CHECK=180-THETA
IF(DIFF.GE.CHECK) GO T0O 31
GO 10 47

CHECK=18B0tTHETA
IFCDIFFLLEL.CHECK) GO TO 31
GO 10 47

Calculztes the lensth of branch zhaded
value of SHADLED is lsrdger than the branch
to the braneh lendtih.



31

47

| 4
!

FHO=180-ZSUN-ZER

RHO=RHOXF1/180

DUNHY=2SUNLPT/180

SHADED=( STH( TUMMY J$CHETGHT -EASE ) V/STHLRRD)
IF( SHADED, GT,ALEN) SHANED=SLEN

GO TO 51

SHADED={
RETURMN
END

95
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APPENDIX C

FROCGRAN HEATDUNF.FR

This rrodram tzkes bthe netl rzoiziisn of 3 =zeedlinsg =nd rartilions

it into the two rredominznt modzs of hesl dissiestion: latent hzal snd
convective {censible) hesl, usins messurements mege in tihe Tield.
Written by JAV 8/23/82 on the oceasion of thes 2ad znniversars of his
marrizse Lo Jeanne Marie Hunsucker.

" REAL LATHEAT

DIMENSION NAMEC10), MANELC10): MANEZ(10)» NANE3(15)
DIMENSION QSTAR(S0)s TDEW(S0), WINDIG), TLEAF(SO)s DE LTH 503 RETOM 50D

- DIMENSION TAIR2H(SO), TLEW2H(SS)

TYPE "#XKSEEDLING RADIATION FILEXAR"
LUN=LUNIO! 1, MAHE)
READY LUMy17) (QSTAR(R)eE=1,48)

TYFE "#X*HETFILE#‘*"
LUMNI=LUNIO{ 1,HAMEL)
FEADKLUM1,19) (TAIR2ZMIK)s TDEW2MIK)s TREW(K)s HWIND(E)s K=1,43)

TYPE "#XXTLEAF FILER:R"

LUH2=LUNIO! 1, HARE2)

ACCEFT YIF CS1 QR S4% ENTER 0, IF C33 GF S%0 ENTER. 1x"» ICY
IF(ICY.EQ.1) GO TC 13

REATY LUN2,21) (TLEAF(K)» UrLTﬁ'h)v k=1,48)

GO 1O 15

READ( LUN2,23) (TLEAF(K)» DELTA(K), K=1,43)

ACCEFT "EMTER SUH GF THE LA>", SUHLA
SUMLA=SUMLA%X0,.0001

TYPE "IxkSTOMATAL RESISTANCE FILE®AR®
LUN3=LUNIO( 1, NAKES)
READCLUNZ»25) (RSTOMCK)sR=1,48)

FORMAT( 45%,F10,2)
FORHAT{ 15X 3FB.3928X5F7.3)
FORMATCOX s F7403:7X9F 740307 )
FORHATC 48X F7.397%9F7 434/
FORMAT(12F6.0)

CALL CLOSE(LUMsIERT)

CALL CLOSE(LUNI1,IERR)

CALL CLOSE(LUHMZ, IERR)

CALL CLODSE(LUN3sIERR)

DO 8) J=1,48
TIHE=FLOAT( I )10.3-0.5
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VAPCE DEMSITY DBEFICIT f¥x
Czlculaizs bLhe veror dencity dzficii of the zir sround iliz ssedling

2nd the saturaled var ar densite of the nescdle, Telen’s zerroximshion
is vsed with the douwroint temeerziure snd Lthe needle temrerziure.

UTAH=17.273TLEAF(J)/C 237 3+TLEAFLI )
VIDLEAF=( 1323 XEXF(UTAH) )/ TLEAFL J)H273.18)

COLO=17,27%TOEW( J )/ 237 3+TIEW J) )

- VDAIR=( 1323 3EXP(COLO ) )/{ TREW( J 4273, 14)

kX

*AX

*ER

VODEF=VLLEAF-VDAIR

LATENT HEAT CALCULATICH %xx

Calculates the latent heal dissiestion in ¥/x2 be using the varor density
deficit and the stomstzl resislznce. Also celculsies totsl watler
use of the seedling for the half-hour rerigds. Unilcs sre in
em3/reriod,

RSTOR. J )=RSTOM( J¥31C0.

EVaP=VLIEF /RSTOM( 1)

WATUSE=EVAPXSUMLAI%1800,

LATHEAT=LAXEDAXEVAR

COMUYECTIVE HYEAT EXCHAMEE  sii

Estimates ihz smount o7 nest lost bw convective {sensibls) heatl
transfer by use of bLhe ecustion Tor RHEAT frem Cemrbsll (1577 ).
Conveclive heaty Hy is slso czlculated by differencei G% - LE.

UEAR=WIND J)%20.3
RHEAT=307 ., XSART( 0,001 /UEAR )
SEMNSHT=1200,%DELTA(.J )/RHEAT

RAIMET=C5TAR(J )/ 5UHLAT
H=RAUMEZT-LATHEAT

KOMEY RATID X%ix
This is Lhe Bowen rstio of esch individuzl sesedling.

ROWEN=H/LATHEAT

WRITEC12,41) TIME, WATUSEs LATHEAT, SENSHTs Hy RADMET, EBCUEH
FORRATO1X+FS,2:97%.2)

CONTINUE
EHND
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APPENDIX D

Error in Measurements

The analysis of error followé that of Scarborough (i966) as
outlined by Holbo (1973) and Fritschen and Gay (1979). The error in
the energy balance terms, all indirect measurements, must be calcu-
lated from the error in the equipment and methods used to calculate
the energy balance terms. An indirect measurement, M, can be
described as a function of its component variables, Xi, as:

M = f(xl, xz, X3, eeoy xn) . (l)

Tach of these variables has an absolute error AX such that:
M+AM=f(xl+Axl, x2+Ax2, ooy xn+Axn) (2)

Expanding the right side by Taylor's theorem, ignoring the small
terms, and subtracting from equation 1 gives:
oM oM oM
AM—AXIW'F AXZW...'FAXnW (3)
1 2 n :

This allows the calculation of the absolute error in M from the abso-
lute error in each component variable and the sensitivity of M to each
‘component variable. This is the error resulting from the worst
possible case. If the errors are considered to be normally distri-’
buted, there is the probability that the errors in the variable will

compensate each other to some extent. In this case, the probable
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error in M, &M, is estimated by combining individual probable errors,

§X, through least squares:

8M = [(8X, ax M2 4 (sx

2 oM 1/2
2 ax —% .. + (<sxn “a'i;)z] (4)

2
This probable error estimate will be smaller than the absolute error
calculated from equation 3. Because some mutual compensation of indi-

vidual variable errors is expected, the probable error will be calcu—

lated for each of the energy balance terms.

Error in Latent Heat Flux

The latent heat flux, LE, was given earlier by:

P -0 - (5)

The probable error in LE can be written as:

d
SLE = [(80) 2Ey2 4 (50 BEy2 4 (or 2LEy241/2 (6)
3p 3p s Brs

with A, the latent heat of vaporization, treated as a constant. Each
of the right hand terms in equation 5 can be broken down further into
their component parts. The vapor densities are both functions of tem-—

perature and the uncertainty can be written:

oT 7
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The uncertainty of the temperature measurements, §T, was + 1°C. The

vapor density was calculated using Teten's Approximation:

_ 1325 exp(17.27T/237.3+T)

P (8)
273.16 + T
which, when differentiated with respect to T, gives:
o [ 4098.17 1]
3p _ 1325 exp(17.27T/237.3+T) {(273.16+T) (237.3+T)2 ] (9

3 (273.16+T)2

The differentiation of LE with respect to p, 9LE/3p, is simply A/rs.
Thus, the first two terms on the right side of equation 5 can be com-

bined to give:

ap A
SLE = 2(&8T) — —
T r (10)

with 3p/3T given by equation 8. The units are in W/m2. For the third
term in equation 5, rg is determined by a null balance diffusion poro-
meter which has a functional relationship of:

100 _ A

r= G- Dy _ (11)

where RH is the null balance relative humidity of the chamber the
sample is placed in, A is the leaf area of the sample and F is the
nitrogen gas flow rate (Beardsell et al., 1972). The error in g,
therefore, is a result of the error in RH, A, and F. This can be

written:



101

ar ar

Sy2 Sy2 s 2;1/2
6rs = [(GRH-siﬁ) + (SA-EX—) + (6F-EF—) ] (12)

Specifications for the Interface porometef were used to determine &RH
and 6F. Specifications for the LI-3000 leaf area meter (Li-Cor, Inc.;
Lincoln, Nebraska) suggest an error in A on the order of 5%. An ana-
lysis of 6rs resulted in errors ranging 10%Z to 29%. Since the high
values of rg tended to occur under conditions of RH and F thgt were
not realized during the field study, a more conservative value of 15%
was chosen to represent 6rs. Equation 12, along with aLE/ars gives

the third term in equation 6. This equation can now be written:

. |
SLE = {[2(1°C) 2~ (Eqn. 8)]2 + [(0.15 £,) —"(_"—2—9).12}1/2 (13)
rs . rs

using the derived expressions and values from above.

Calculations of error are shown in Table D1 for several sets of
values that are in the range found in field measurements.. The rela-
tive probéble error, SLE/LE, was 15%. This value is the same as tﬁe
15% error in r,. This is not surprising since the error in rg (last

term in equation 6) makes up about 95% of the total error in LE.

Error in Net Radiation

The net radiation, Q*, of a seedling was written earlier as:
Q* = K+ — K+ + L+ = Lt . (14)

which is the summation of incoming and cutgoing radiant energy fluxes.

The probable error in Q* can be written:
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- 6Q*y 2 8Q* 2 8Q*y 2 8Q*y2,1/2
§Q* = [(SK¥ TST(T) + (8K* W) + (SL+ TS'ET) + (L4 W) } (15)

Knowing that Kt = aK+, where a is the albedo of the seedling leaf sur;
face (a constant), the first two terms on the right side of equation
14 can be combined into 2(8K)(9Q*/3K).

The functional relationship for K can Be described by:

K = 0.65 DIR + 0.36 DIFF + 0.09 REF (16)
where DIR is the direct solar radiation, DIFF is diffuse solar
radiation, and REF is the reflected solar radiation. The error in K
is:

8K = S8DIR(0.65) + 6DIFF(0.36) + SREF(0.09) (17)
Since DIFF = 0.104°+DIR and REF = albedo°*DIR, the uncertainty in those
two will be SDIR(SDIFF/3DIR) and SDIR(3REF/3DIR), respectively.
With the albedo = 0.1, thié allows the rewriting of equation 17 as:

0K = (0.65)(GbIR) + (0.04)(SDIR) + (0.01)(SDIR) (18)

revealing that dK only depends upon SDIR. The functional rela-

tionship for DIR is:

DIR = GLOBAL

" 0.104 + CoS Z, (19)
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with GLOBAL the global solar radiation as measured by the
Moll-Gorczynski pyranometer and Zs is the sun zenith angle. The

error in DIR, 6DIR, is equal to SGLOBAL(3DIR/3GLOBAL). This is equal

to:

1
0.104 + COS zs) (20)

SDIR = (6V)(3GLOBAL/3V)(

where 6V is the accuracy of the digital voltmeter which records the
pyranometef signal, and 3GLOBAL/3V is simply 1/c, where c is the
calibration factor of the pyranometer iﬁ nV per W/m2. These were
evaluated as 8V = 0.2% of the millivolt signal (Campbell Scientific,
197 ) and ¢ = 0.011 mV/W/m? for the pyranometer (from calibration

tests). Combining equations 18 and 20 and fewriting terms gives:

1 _
& = (0.1 /) G177 o5 7 S
The functional relationship for L+ is:
L+ = 0.9(SKY + CAN + SOIL + BLOG + VC) (22)

with
SL¥ = 0.9[(8SKY? + SCANZ + §SOIL? + SBLOGZ + Gvcz)l/zl (23)

where SKY is the longwave radiation from the sky, CAN is from the
canopy, SOIL is from the soil surface, BLOG is from a black log
(around PS only), and VC is from surrounding vegetation and the shade-

card, if there is one. Evaluation of each of these components given
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their functional relationships (see SEEDRAD program in Appendix B) and
representative values of environmental temperatures (from which they

were calculated, see Appendix A), the respective errors are:

8SKY = 3.33 W/m2-
SCAN = 1.24 W/m2
8SOIL = 6.00 W/m2
SBLOG = 1.60 W/m?
8VC = 2.45 W/m?

which, when substituted into equation 23 results in:
SL+ = 0.9(7.56 W/m?) = 6.8 W/m? (24)

This value will be somewhat constant_since the environmental tem—
peratures do not change much in the temperature scale (Kelvin)
required by the Stefan-Boltzmann equation.

The outgoing longwave radiant flux, L+, is a function of needle

temperature only so that:
SL+ = S8T(JL4/93T) (25)

Since L+ = 0.9(0.97 oT%) and 8T = 1°C, equation 25 can be rewritten

as:

SLA = 3.49 oT3 W/m? (26)
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where T is the needle temperature in degrees Kelvin. Evaluating &L+
at T = 303 K (30°C), gives a value of 8L+ = 5.51 W/m2. Again, this
value will not change much due to T being in Kelvin.

The error in Q* can now be rewritten as:

1
0.104 + COS Zs

8% = {[2(0.7)(8V)(1/c)( )12 + (6.8)2 + (5.5)2112 (27)

using the Qalues for 8K, 8L+, and 8L+ as derived above. Calculations
of dQ*, given values for Zs’ GLOBAL, and Q* for seedling CN on August
7, 1981, are shown in Table D2. The relative probable error, 8§Q*/Q*,
appears to be both constant, around 2%, and lower than the relative
error iﬁ LE (Table Dl1). From equation 27 and Table D2 values of Q*,

it is evident that the error in the longwave radiation.determinations

(L+¥ and L+) is the largest (~ 837%) component of error im Q*.

Error in Bowen Ratio

The error in the Bowen ratio can be calculated by first con- -
sidering the functional relationship used in HEATDUMP: 8 = (Q* -
LE)/LE so that the error in B is:

3B

= fcanx 2B 32 38 42
88 = [(8Q* Y4 4+ (SLE BLE)

j1/2
3

(28)

Using values of 8Q*/Q* = 2% and SLE/LE = 15%, and evaluating the dif-

ferentials of B gives:

68 = 1€0.02 92 4+ (0.15 LEQ*)2)1/2 L (29)
LE LEZ
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Calculations of B8 for seedling CN are shown in Table D3 for four days

in the summer of 1981.

Error in Sensible Heat Flux

The sensible heat flux, H, was calculated by difference: Q* -

LE. The probable error in H, §H, therefore, is:

1/2

§H = [(8Q*)2 - (SLE)2] (30)
Since §Q* = 0.02 Q*, and SLE = 0.15 LE, SH can be rewritten as:
- 2 2,1/2
SH = [(0.02 Q*)“~ + (0.15 LE)“] (31)

Calculations of error in H for four days are shown in Table D4 for

seedling CN as an example.
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APPENDIX D

Table Dl. Relative probable error (SLE/LE) in seedling CN latent heat
flux (LE) for given values of stomatal resistance (rg) and
vapor deansity deficit (ol - p).

1

g _ p* =~ p LE SLE SLE/LE
(s/cm) (g/m¥) e (W/m2)-—-—- (%)
1 17.5 424 64.4 15
10 23.1 56 8.5 15
100 ’ 40.4 9.8 , 1.5 15
700 40.4 . 1.4 ’ 0.21 15

Table D2. ==2lz-ive probabla error._(8Q*/Q*) in seedliang CN net
radiation (Q*) Ior sun zenith angles (Zg) and measured
global radiation (GLOBAL) at four times on August 7, 1981.

Time Zg GLOBAL Q* 5Q* 8Q*/Q*
(deg) - -W/m? %
0900 48.3 605 397 9.0 2.3
1200 25.7 913 514 9.1 1.8
1500 43.8 758 526 9.1 1.7

1700° 65.6 432 433 9.1 2.1
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Table D3. Relative probable error (38/8) in seedling CN Bowen ratio
(8) for values of net radiation (Q*) and latent heat flux
(LE) on four days in the summer of 1981.

Julian Date Q* LE 8 88 - 38/8
W/m? (%)

148 204 13 14.7 2.4 16

185 149 9 15.6 2.5 16

219 193 . 6 31.2 4.9 16

239 193 3 63.3 9.7 15

Table D4. Relative probable error (3H/H) in seedling CN convective
heat flux (H) for values of net radiation (Q*) and latent
heat flux (LE) on four days in the summer of 1981.

Julian Date Q* LE " - H GH SH/H
W/m? ) (%)

148 204 13 191 4.5 2.4

185 149 9 140 3.3 2.4

219 193 6 187 4.0 2.1

239 193 3 190 3.9 2.0
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