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RADIATION AND ENERGY BALANCE WITHIN AND ABOVE
A DOUGLAS-FIR FOREST: A PRELIMINARY STUDY

Paul C. Doraiswamy and Leo J. Fritschen
University of Washington

INTRODUCTION

The evaluation of energy transfer processes in forest canopies by
meteorological techniques have not yet been adequately studied. Studies

of this nature have been extensively carried out in agriculture. There
are several reasons for this lag in micrometeorology research in forestry.
The chief reason is the enormous scale of measurements to be made in
forestry. Instrumentation within and above forests necessitates many
sensors in order to get a spatial average. With the limited availability
of sensors it is difficult to decide where these sensors are to be
placed in order to obtain a good representation of the parameter being
measured. Several investigators have studied the radiation and energy
balances over and within forests (Baumgartner 1969, Tajchman 1972).
However, these studies are not complete or extensive. Simultaneous
profile measurements of transpiration, photosynthesis and radative
flux have not been attempted on a large scale within and above a forest.

In this research an attempt is being made to evaluate radiation and
energy balances both within and above a Douglas-fir canopy. The primary
objective is to test meteorological techniques for determining evapo-
transpiration against measurements made with a lysimeter. All measurements
were made in the vicinity of a 28 m Douglas-fir tree which was installed
in an automatic weighing lysimeter (Fritschen 1972).

THEORETICAL CONSIDERATION

The flux of radiant energy within the canopy is probably the most difficult
parameter to measure. Only a combination of temporal and spatial average
of radiation at various levels in the canopy would justify the radiation
regime within the forest. This requires an abundance of instrumentation
or integrating sensors at each level that traverse horizontally. There
are a few models available in the literature that estimate radiation at
various levels in the canopy. Riefsnyder et al. (1972) suggested an
equation for calculation of direct and diffuse solar radiation separately:

I = I e-Kxcoseca
(1)

x o

The above equation describes radiation attenuated by a forest as being
exponential. Ia and Ix are the radiation intensities at the top and any
depth x within the canopy. Kx is the attenuation coefficient at depth x
and a is the solar angle. Initial measurements of Ix at various values
of a could evaluate K. Kx may be a function of a and is a different
value for direct and diffuse radiation.
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In this study it is of greater importance to know the nature of net radiation
attenuation in a forest canopy rather than solar radiation. Equation (1)
cannot be used for net radiation since it is a two dimensional flux unlike
solar radiation. Net radiation is the net absorbed energy at a location
taking into consideration the incoming and outgoing radiation of all wave-
lengths at that location. An attempt will be made to model net radiation
which is not entirely an exponential function within the canopy. Evaluation
of net radiation within the canopy is of great importance as this will be
used in the estimation of turbulent transfer coefficients M. K has to be
determined by the energy budget method because the logarithmic profile of
wind speed does not hold within the canopy.
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The fluxes of entities are calculated from derivation of the energy budget
equation:
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p is the density of air, L is the latent-heat constant, Mw/Ma is the ratio
of molecular weights of water to air, p is the atmospheric pressure.
e, T, and C are the vapor pressure, temperature and CO2 concentration measured
at heights Z2 and Z1. A is the conversion factor of C02 from ppm to dry
matter fixed (gms). Ke, Kh and Kp are the turbulent transfer coefficients of
the entities and are assumed to be equal. An average transfer coefficient
(K) is determined using the energy budget equation as follows:

M
Rn2 - Rn1 = ARn = K p L(ee) w/Ma + PCP (AT) +

A(AC)
(5)

1 (ez) p (AZ (ez

E
Storage term Is assumed to negligible, and Mn is the net absorbed radiation
for a layer of the foliage between levels Z1 and Z2.(AZ - Z2 - z1,
ee=e2 - el . . .).

K Mn (6)

(1 e) Mw' a (AT) X(AC)
P . L (eZ p + PCP (e2 + (e2

According to Equation (6), K depends quite heavily on the flux of net radiation.
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MATERIALS AND METHODS

The study was conducted at the A. E. Thompson Research Center located
about 35 miles southeast of Seattle, In the foothills of the Western
Cascade mountains. The research center is part of the Cedar River
watershed. The average temperature in July is 16°C and goes down to
3°C in January. The average annual precipitation is 144 cm with most
of it falling during the winter months. The summer months, June through
September, are the driest months of the year. The prominent forest cover
found in the area is 45-year-old Douglas-fir naturally regenerated
forest. A more elaborate description of the vegetation in the area is
given by Cole and Gessel (1968).

The experimental setup took place mostly in the summer of 1972, and the
study was made during August 1972. As mentioned earlier the study was
conducted in the vicinity of the lysimeter tree. All the Instrumentation
was confined to three towers. Towers #1 and #2 were located west and
east of the lysimeter approximately 5 m away. The third tower was west,
about 10 m away from the lysimeter. The sensors were positioned close
to the lysimeter tree to compare actual evapotranspiration measured by
the lysimeter with estimates by meteorological techniques.

Evapotranspiration estimates in forests may not be accurate when certain
meteorological techniques are used. TaJchman (1972) discussed some of
the discrepancies encountered using aerodynamic techniques over forests.
Discrepancies are usually associated with the placing of sensors vertically
and horizontally above and below forests. Tajchman (1972) found hot spots
above the canopy and other Investigators have suggested sources and sinks
within the canopy. Profiles of temperature, vapor pressure and C02 can be
grossly misinterpreted when sensors are inadequate and not spaced close
enough. If there are distinct layers within the forest with unique
properties, then a horizontal averaging will automatically be made by
wind movement. In radiation sampling, however, spatial averaging is
absolutely neceasary because the nonuniform pattern of radiation attenuation
in a canopy leads to great horizontal variability.

In this preliminary study radiation was not sampled specially. All parameters
were point measured. The average height of the'forest was 26 m and profile
measurements were made from 10 to 32 m at towers #1 and #2. Tower #1
contained sensors for measuring net radiation, solar radiation, air
temperature, air sampling for CO2 and relative humidity. Tower #2
contained sensors for measuring net radiation and leaf temperature. The
number of sensors used at the various levels are indicated In Table 1.
The radiation sensors were located in the canopy of the lysimeter tree
on either side. Measurement at 6 levels in the canopy were duplicated
from towers #1 and #2. Tower #3 contained sensors from 5 m to 40 m, in
all sampling levels. Aspirated psychrometers measured air temperature
and vapor pressure; wind speed was also measured. These are all described
in Table 2.
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CARBON DIOXIDE AND HUMIDITY SAMPLING SYSTEM

The automated CO2 and humidity sampling system was built entirely for this
experiment. Figure 1 is a schematic of the setup describing the method by
which the air was sampled at 10 levels within the foliage of the lysimeter
tree and analyzed. Air from ten levels along tower #1 was drawn into ten
separate 5-gallon mixing bottles (MB) which were located in the laboratory
about 30 m away. The sampling copper tubes were heated by thermal wires
and all the 10 lines were enclosed in a polyethylene drainage pipe. Heating
the tubes insured that no condensation of water vapor occurred while the
air was being sampled. The mixing bottles were also heated in a chamber
to prevent condensation. Since we were measuring the relative humidity
at a constant temperature in the lab, heating the air did not matter.
Air temperature measurements at the sampling location together with relative
humidity measurements enable calculation of vapor pressure.

A rotary pump PI was responsible for drawing In the air from the tower.
Flow control valve V regulated the rate at which air was sampled in each
line and had to be adjusted since each line was of different length.
S is a 3°-way solenoid valve which is normally open in the direction ab
and open towards ac when activated. The sampling was continuous and at
any one time there was one activated solenoid through which air was drawn
and analyzed while 9 lines were purged by pump P1. P2 is an ollless
rotary pump that drew in a subsample of air from the mixing bottle through
the activated solenoid.

The solenoid valves were activated by a control timer connected to a
series of stepping switches. The stepping switches activated the solenoid
valve and the timer (1 RPM) kept the solenoid charged for one full minute.
This allowed a subsampling time of one minute for each line and since
there were ten lines it was 10 minutes before the same line was sampled
again. The valves (V) were adjusted to a flow rate of 2.5 lpm as indicated
by the flowmeter F°!', The subsampled air was drawn into the humidity
chamber (HC), past the sensor (HS) enclosed in a tin can and kept in a
constant temperature bath. HS is a hydrodynamics resistance element which
indicated the relative humidity of the air, The air was then passed through
a drying column (So) containing silica gel. The dried air went through
a particle trap (OW) with glass wool. Finally the carbon dioxide concen-
tration was measured with IR gas analyzers, ANZ #1 and ANZ #2. One analyzer
measured the absolute CO2 while the other measured the differential CO2
against a standard gas of known concentration.

RESULTS AND DISCUSSION

The fluxes of water vapor and sensible heat were determined by the Energy
Balance method for five days in August. Measurements made on stand photo-
synthesis will not be presented in this report as the analysis is incomplete.
An attempt was made to compare lysimetric evapotranspiration (ET) with fluxes
estimated for several layers within and above the forest. Net radiation at
several locations within the canopy was required to calculate the turbulent
transfer coefficients and was estimated from a mathematical model. All the
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data was reduced from 10 minute values to hourly averages. Further, only
daytime measurements are discussed here since the.energy balance is in-
accurate for estimating fluxes at night.

Radiation Balance

The diurnal pattern of solar, net, and reflected short-wave radiation for
28 and 29 August are shown in Figure 2. On 28 August the solar intensity
between 0700-1800 hrs was 505 langleys (ly). Only 21 ly was reflected by
the forest canopy, averaging to an albedo value of 4%--a fairly low
reflective property. Net radiation integrated over the same period of
time was 299 ly. The albedo of the forest did not indicate any dependence
on solar angle during most of the day except at low angles.

Point measurements of radiation are an unrealistic estimate of the radiation
regime within a forest. As mentioned earlier, net and transmitted solar
radiation were measured at several locations within the canopy. Figure 3
shows the intensity of solar radiation above the canopy (30 m) and at two
levels within the canopy on 28 August. There is not much difference in
transmitted solar radiation between 12 m and 14 m. Most of the absorption
takes place at about 20 m where the foliage density is maximum. There was
a systematic peak around 1200 hrs and 1600 hrs. The first peak occurred
at greatest solar attitude indicating maximum penetration. The second peak
may be due to a gap in the canopy allowing maximum transmission at 1600 hrs.
Another possibility is that there was consistent shading during periods
before and after the peak occurred.

Net radiation measured at 30 m and 10 m on 28 August is shown in Figure 4.
At 10 m there was almost no foliage present and is where the live crown
terminates. The electrical signals of point measurements of net radiation
were noisy due to fluctuations in radiation intensity in the forest canopy.
Transmitted solar radiation shown in Figure 3 was averaged hourly while net
radiation in Figure 4 was recorded at 10 minute intervals. There are short
periods when net radiation at lower levels in the canopy were of greater
intensity than that at locations higher in the canopy. This is not impos-
sible but quite unlikely and can be attributed to the intermittancy of the
canopy structure.

Fluxes of entities within the canopy determined by the Energy Balance
Method require a spatial average of net radiation. Temperature and vapor
pressure measurements unlike radiation are averaged by local small scale
turbulence. A model equation was used to estimate net radiation at the
desired levels within the canopy. X

Rn - Rnn ex 0

where Rnp and Rn are the net radiation values at the top and any depth x
within the canopy. a is the extinction coefficient, f(x) is the leaf area
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index (LAI). The ratio Rnx/Rno was estimated earlier for a similar vege-
tation stand by Knerson (1971). He used a tramway system and spatially
integrated radiation. The ratio of net radiations at any depth was fairly
constant throughout the day. Using the established ratios for various depths
and knowing the corresponding accumulative LAI, the net radiation profile
shown in Figure 5 was calculated.

Temperature and Vapor Pressure Profile

The vertical profiles of temperature and water vapor pressure are shown in
Figure 6 through 8. The general shape of the profiles are quite consistent
for both parameters except for some differences in the crown. These differ-
ences are consistent, however, and are realistic as they occur for all the
days analyzed.

The crown extended roughly between 10 and 30 in with maximum foliage density
between 20-25 m. This can be expycted to be the active portion of the crown.
Figure 6a shows the temperature profile from 0800 to 1400 hrs for 29 August
and Figure 6b is a continuation of the same set of profiles to 1800 hrs for
29 August. The following are some of the characteristics described by the
temperature profile.

a. Temperature gradients below the crown between 5-10 m always indicated a
heat flux directed from the crown towards the soil surface. The magnitude
of the gradient was maximal during mid-morning to noon periods, but decreased
towards the end of the day. Though the absolute magnitude of temperature
was greater at the end of the day, the gradients were smaller.

b. The region of maximum temperature in the crown occurred at about 20-25 m.
This particular zone is in the active part of the crown. The region of maxi'
mum temperature, however, is less prominent during the latter part of the day.

c. Temperature gradients just above the canopy between 27 and 30 m gener-
ally indicated a flux of sensible heat away from the surface. The vapor
pressure gradient at the top of the canopy was small most of the day, in-
creasing towards the end of the day. On 29 August there was an inversion
at 1400 hrs in the 37-40 m zone. Inside the canopy, the zone of maximum
vapor pressure shifted diurnally from about 25 m to lower regions in crown,
The magnitude of flux being greater during late morning and afternoon periods.

d. Except for early morning period= up to 800 hrs, the temperature gradients
were directed into the forest, indicating a higher air temperature above
the forest (37-40m). The dashed line between 30 m and 37 m indicates some
missing data due to bad psychrometers..

The water vapor pressure profile for 28 and 29 August is shown in Figures
7 and 8. The general features of the profile are similar to those of tempe-
rature.

There are some definite trends evident from the profiles about canopy trans-
piration. There are regions of high transpiration in the crown which are
indicated by the vapor pressure peaks. Above the forest there is an inversion
zone which cannot at the present stage of analysis be resolved.

-6-



Energy Balance

The radiation absorbed at each layer of canopy was assumed to be dissipated
only In the evaporative and sensible heat flux. Energy stored in the forest
stand is assumed to be negligible. The fluxes calculated at the three dif-
ferent layers for 29 August are shown in Table 3. 15-20 m is the lower
region of the active crown, while 25-27 m is in the upper portion of the
active crown. 37-40 m is over the forest and is assumed to be within the
boundary layer. Figure 9 shows the diurnal pattern of ET at the three
uniquely different layers mentioned above. Curve I is the ET at the 37-40 m
layer, while curve 2, which is greater in magnitude, is the flux between
25-27 m. Curve 3 Is the flux between 15-20 m.

Data on 28 August show a trend similar to 29 August with greater flux within
the canopy. One of the possible reasons for a higher transpiration is that
25-27 m layer could be the most active part of the crown. This layer could
also be intercepting more radiation dup to a high foliage density. Tempera-
ture and vapor pressure peaks are generally observed about this region. If
fluxes are only vertical with no horizontal input of energy, the flux at
the top of the canopy should be equal to the total flux within the canopy.

In Table 3 there are periods when the hourly sensible heat flux Is negative
indicating an input of energy into that layer from an external source. Pro-
files of temperature and vapor pressure indicated that there are zones with-
in the forest canopy which are sources or sinks to the adjoining layers.
There are periods when the fluxes at intermediate regions in the canopy are
out of proportion. This discrepancy could be a fault In the assumption that
fluxes are only vertical. Wind movement at the lower regions of the forest

,in the trunk space can be sometimes significant. The possibility of hori-
zontal fluxes even in the crown cannot be overlooked.
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Table 1. Instrumentation of towers #1 and #2, west and east of the
lysimeter tree, respectively.

Height of measurement (m)

Parameter Tower no. 10 12 14 16 18 20 22 25 28 30

Net radiation I x x x x x x

2 x x x x x x

Solar radiation 1 x x x x

Albedo 1 x x x

Air temperature 1 x x x x x x x x x x

Relative humidity 1 x x x x x x x x x x

C02 1 x x x x x x x x x x

Leaf temperature 2 x x x x x x x x. 1

Table 2. Instrumentation of tower #3 located 10 m west of lysimeter tree.

Height of measurement (m)

Parameter 5 10 15 20 22 25 27 30 32 35 37 40

Temperature x x x x x x x x x x x x

Vapor pressure x x x x x x x x x x x x

Wind speed x x x x x x x x x x x x

Wind direction x x
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Figure i. Schematic diagram of the experimental setup at Cedar River watershed for
measurement of photosynthesis and relative humidity.
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NET RADIATION PROFILE
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Figure 5. Daily pattern of net radiation calculated for two
levels within the forest (15 and 20 m) using the

exponential model. August 28, 1972.
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Figure 8. Diurnal vapor pressure profiles within and above a forest; 29 August 1972
at Cedar River watershed.
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Figure Q. Diurnal pattern of vapor pressure profile within and
above a forest. El (37-40m), E2 (25,-27m) and E3 (15-
hum). RN is the net radiation measured at the top of
the canopy. August 29, 1972 at Cedar River Watershed.


