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Abstract

Information on mass and energy exchange at the soil surface under vegetation is a critical component of micrometeorological,
climate, biogeochemical and hydrological models. Under sparse boreal and western conifer forests as much as 50% of incident
solar energy reaches the soil surface. How this energy is partitioned into evaporating soil moisture, heating the air and soil
remains a topic of scientific inquiry, as it is complicated by such factors as soil texture, litter, soil moisture, available energy,
humidity deficits and turbulent mixing.

Fluxes of mass and energy near the forest floor of a temperate ponderosa pine and a boreal jack pine stand were evaluated
with eddy covariance measurements and a micrometeorological soil/plant/atmosphere exchange model. Field tests showed
that the eddy covariance method is valid for studying the mean behavior of mass and energy exchange below forest canopies.
On the other hand, large shade patches and sunflecks, along with the intermittent nature of atmospheric turbulence, cause
run-to-run variability of mass and energy exchange measurements to be large.

In general, latent heat flux densities are a non-linear function of available energy when the forest floor is dry. Latent heat
flux densities (λE) are about one-quarter of available energy, when this energy is below 100 W m−2. Latent heat flux density
(λE) peaks at about 35 W m−2 when available energy exceeds this threshold. A diagnosis of measurements with a canopy
micrometeorological model indicates that the partitioning of solar energy into sensible, latent and soil heat flux is affected
by atmospheric thermal stratification, surface wetness and the thickness of the litter layer. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

A forest canopy is a dual source system, as its veg-
etation and underlying soil surface contribute, in dif-
fering but significant amounts, to mass and energy
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exchange between the biosphere and atmosphere. As
a first approximation, the rates of latent and sensible
heat exchange, occurring at the soil surface, are pro-
portional to that amount of solar energy intercepted
by the soil (Ritchie, 1972; Shuttleworth and Wallace,
1985; Villalobos and Fereres, 1990; Brenner and In-
coll, 1997). Consequently, the energy fluxes at the soil
surface will scale inversely with leaf area index. This
is because the relative fraction of light interception by
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the soil decreases exponentially as the leaf area (L) of
the canopy increases:

I (L)

I (0)
= exp(−kL) (1)

wherek is the light extinction coefficient (Ross, 1976).
Additional factors affecting rates of mass and energy
exchange at the soil–atmosphere interface include soil
organic matter content, texture, bulk density and water
content, the presence or absence of litter, albedo, wind
speed, air temperature and humidity (Villalobos and
Fereres, 1990; Wallace et al., 1993; Milhailovic et al.,
1995; Cellier et al., 1996; Daamen and Simmonds,
1996).

Scientific studies on mass and energy exchange over
bare soil have been conducted since the first half of
this century (e.g. Penman, 1948; Philip, 1957). And
today, studies on this topic remain an area of ac-
tive research (e.g. Milhailovic et al., 1995; Cellier
et al., 1996; Daamen and Simmonds, 1996; Boulet
et al., 1997). One objective of contemporary studies
on soil mass and energy exchange involves param-
eterizing soil–vegetation–atmosphere-transfer (SVAT)
algorithms that are incorporated into climate, mete-
orology and hydrology models (Shuttleworth, 1991;
Sellers et al., 1997). Information on CO2, water vapor
and sensible heat exchange from the soil under forests
and crops is also needed to evaluate canopy transpira-
tion and net primary productivity (e.g. Wallace et al.,
1993; Baldocchi and Vogel, 1996; Baldocchi et al.,
1997; Saugier et al., 1997).

One should not expect mass and energy exchange
over soil below vegetation to proceed at the same
rates as over bare agricultural fields. First, litter cov-
ers forest soils and its presence insulates the soil, al-
ters its albedo and affects the diffusion of heat and
moisture. For example, litter has a higher albedo, a
lower thermal conductivity and a greater amount of
pore space than soil. The presence of an overlying
vegetation canopy also affects how the soil surface is
ventilated, how much solar energy is received at the
atmosphere–soil interface and the temperature and at-
mospheric humidity deficit that is in contact with the
soil surface. Compared with literature on mass and
energy exchange over bare soil, relatively few studies
report direct measurements of the rates and the con-
trolling processes over the soil system under vegetated
canopies (e.g. Walker, 1983; Denmead, 1984; Black

and Kelliher, 1989; Villalobos and Fereres, 1990; Kel-
liher et al., 1990, 1997, 1998; Baldocchi and Meyers,
1991; Wallace et al., 1993; Sauer et al., 1995; Baldoc-
chi and Vogel, 1996). Consequently, there is wide con-
jecture about how different environmental variables
contribute to evaporation, sensible heat convection and
soil heat conduction at the soil-air interface. The sim-
plest algorithms assume evaporation is a function of
net radiation and the number of days since it rained
(Ritchie, 1972; Denmead, 1984; Kelliher et al., 1998).
Yet, micro-lysimeter (Black and Kelliher, 1989; Kel-
liher et al., 1990, 1997; Villalobos and Fereres, 1990;
Wallace et al., 1993) and eddy covariance (Baldocchi
and Meyers, 1991) studies show that the coupling be-
tween evaporation and available energy depends upon
whether the soil surface is wet and on the amount of
turbulent mixing. Over dry soil surfaces, the propor-
tionality between evaporation and available energy is
small, though the correlation between these dependent
and independent variables is strong (Black and Kel-
liher, 1989; Baldocchi and Meyers, 1991; Kelliher
et al., 1997). Large scale eddies occur with enough
frequency to sweep out the moisture in the canopy air
space before evaporation rates can come into equilib-
rium with the demand set by available energy (Bal-
docchi and Meyers, 1991).

Physically based soil evaporation models originate
from theories first proposed by Philip (1957). These
models evaluate soil evaporation as a function of the
product between the surface conductance and the hu-
midity gradient (e.g. Choudhury and Monteith, 1988;
Kondo et al., 1990; Mahfouf and Noilhan, 1991; Mil-
hailovic et al., 1995; Daamen and Simmonds, 1996;
Milhailovic and Kallos, 1997). This approach, how-
ever, needs an independent means for estimating the
surface resistance (Rsoil) and the vapor pressure in the
soil matrix (e(Ts)). In the past decade, several groups
have developed theoretical algorithms that defineRsoil
ande(Ts) as a function of soil moisture content (Kondo
et al., 1990; Mahfouf and Noilhan, 1991). Yet, these
schemes have not been widely tested under vegetated
canopies. Most field tests of these algorithms pertain to
studies over bare soil (Braud et al., 1993; Milhailovic
et al., 1995; Daamen and Simmonds, 1996; Boulet
et al., 1997).

Western temperate and boreal conifer forests pos-
sess relatively low leaf area indices (Runyon et al.,
1994; Chen, 1996). Therefore, one should expect, a
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priori, that significant amounts of mass and energy
exchange occur at the soil surface. The presence of
lichen, dead needles, and mosses and the mosaic of
sun and shade patches further complicate mass and
energy exchange over the soil surface of western and
boreal conifer forests.

During the summer of 1994, we measured mass and
energy exchange under a boreal jack pine stand (Pi-
nus banksiana) using the eddy covariance method, as
part of the BOREAS project. In 1996 and 1997, we
repeated the experiment in an old growth ponderosa
pine (P. ponderosa) forest, in Central Oregon. While
the leaf area index of both study sites was relatively
low, the spatial distribution of stems differed greatly
(Table 1). The boreal forest stand was relatively homo-
geneous and dense (>1800 stems per ha). In contrast,
the ponderosa pine stand was extremely open and het-
erogeneous, as it contained a mix of young and old
growth trees (555 young and 72 old-growth trees per
ha).

The goals of this paper are threefold. First, we ex-
amine the application of the eddy covariance method
to measure and interpret mass and energy fluxes under
conifer forests. Next, we examine how environmen-
tal variables control mass and energy exchange at the
floor of these two forest stands. Finally, we use the
field measurement data to test the ability of the CAN-
VEG model (Baldocchi and Meyers, 1998) to com-
pute mass and energy fluxes at the soil surface under a

Table 1
Site information for the two conifer field studies

Site Nipawin, Saskatchewan Metolius Natural Research Area, OR

Species Pinus banksiana Pinus ponderosa
Latitude 53◦54′58.82′ ′N 44.489◦N
Longitude 104◦41′31.29′ ′W 121.65◦W
Leaf area 1.89–2.22 1.53
Annual precipitation (mm) 398 570 (Sisters, OR)
Mean temperature (◦C) 0.1 8.66 (Metolius, OR)
Bulk density (g cm−3) 1.36–1.51 1.05

Young Stand (40%) Old Stand (60%)

Tree height (m) 13.5 9 33
Diameter breast height (m) 0.117 0.12 0.63
Basal area (m3 ha−1) 21.9 7.1 25.3
Stems per hectare 1875 550 70
Soil Nitrogen (mg g−1) 109–308 149 980
Humus Nitrogen (mg g−1) 974 592
Annual litterfall biomass (g m−2) 500 310

conifer forest stand. We then use model computations
to help us interpret our field measurements.

Information on CO2 exchange under these forests
is reported elsewhere (Law et al., 1999a).

2. Materials and methods

2.1. Site characteristics

2.1.1. Boreal jack pine
The first study was conducted under a stand

of jack pine (P. banksiana). The forest study site
was near Nipawin, Sask., Canada (53◦54′58.82′′N,
104◦41′31.29′′W; elevation 579.3 m). This site is lo-
cated in the southern portion of the boreal forest. In
this region, the vegetation consists of pure and mixed
stands of black and white spruce, aspen, jack pine and
fen. Jack pine stands tend to be found on well-drained
and nutrient-poor sites that burn occasionally.

Field measurements commenced in the spring (23
May 1994) and continued past the first frost and
well into the autumnal period, when leaves on local
deciduous trees and shrubs and annual herbs were
senescing and abscising (16 September 1994). Cli-
mate records from nearby, Prince Albert National
Park (53◦13′N, 105◦41′W) show that 259 mm of pre-
cipitation fall, on average, during the growing season
(May–September). Daily minimum temperature, dur-
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ing this period, ranged between 2.6 and 10.6◦C and
daily maximum air temperatures ranged between 16.4
and 24.2◦C. The mean annual precipitation of the
region is 398 mm and the mean annual temperature
is 0.1◦C. The region receives about 2570 MJ m−2 per
year of photosynthetically active radiation.

The terrain and the field site were ideal for applying
the micrometeorological eddy covariance method. The
terrain was relatively flat (its mean slope in the vicinity
of the site ranged between 2 and 5%) and the jack pine
forest extended for over a kilometer in all directions.

The stand was mono-specific. Its age ranged be-
tween 75 and 90 years old. The stand density was
1875 stems ha−1, its mean diameter at breast height
was 0.117 m, and its basal area was 21.9 m2 ha−1. The
height of the canopy ranged between 12 and 15 m and
its mean height was 13.5 m (Chen, 1996). The leaf
area index (one-half of total surface area of needles
per unit ground area) ranged between 1.89 and 2.27
(Chen, 1996). The needle to shoot area ratio ranged
between 1.28 and 1.51 and the element-clumping in-
dex was 0.71.

The understory vegetation was sparse. However,
there were isolated groups of alder (Alnus crispa).
The ground cover was extensive (nearly 100%) and
consisted of bearberry (Arctostaphylos uva-ursi), bog
cranberry (Vaccinium vitisideae), and lichens (Clad-
ina spp.). During the middle of the growing season,
an herb,Apocynum,was present near the ground.

The soil was a course textured sand and was clas-
sified as a degraded Eutric Brunisol/Orthic Eutric
Brunisol. In summary, the soil was well drained and
contained relatively little carbon and nitrogen. During
the intensive field campaigns, volumetric soil mois-
ture was measured every other day. Over the course
of the experiment, volumetric soil moisture, ranged
between 4 and 16% in the layer between 0 and 0.15 m
(Cuenca et al., 1997). Soil moisture at a depth of
1.25 m varied less and ranged between 8 and 16%.

2.1.2. Western ponderosa pine forest
The second study was performed under a pon-

derosa pine forest (P. ponderosa) in the Metolius
Research Nature Area of Deschutes National Forest
near Camp Sherman, OR (latitude 44.489◦N; longti-
tude 121.65◦W, elevation 941 m). Ponderosa pine is
a wide ranging species in western North America
(Elias, 1980; Smith, 1985). These forests exist in

continental montane habitats, which are subject to
considerable seasonal variation in climate. They are
typically exposed to freezing winter temperatures,
low annual precipitation (<600 mm per year) and
large soil water deficits and vapor pressure deficits
during the growing season (Franklin and Dyrness,
1973). These forest stands are typically open, and in-
clude varying amounts of understory shrubs (Purshia
tridentata, Arctosaphyollos patula), herbs (Frageria
vesca), and forbs (Festuca idahoensis). With the ex-
clusion of fire, the forests have more shrub cover
and include Douglas fir (Pseudotsuga menziesii) and
grand fir (Abies grandis).

The forest stand under investigation contained
widely-spaced, old-growth pine (250 years old and
27% of the land area), denser patches of younger
trees (45 years old and 25% of the land area) and
old/young mixed stands (48% of the land area). The
mean canopy height of the young trees was 10 m,
and the old growth trees averaged 34 m in height.
The mean leaf area index of the stand was estimated
to be 1.53, using a remotely sensed optical method
(LAI-2000; LICOR, Lincoln, NE). This value repre-
sents one-half total surface area of needles per ground
area and is uncorrected for clumping. The needle to
shoot area ratio was 1.29 and the element-clumping
index was 0.86, as determined from tree dimen-
sion measurements and a three-dimensional radiative
transfer model (Law et al., in preparation). Because
of the reintroduction of fire, the understory was rela-
tively sparse, with areas of bracken ferns (Pteridium
aquilinum), bitterbrush (Pu. tridentata) or strawberry
(F. vesca). The fractional coverage of the soil by the
herbs was between 20 and 30%.

The soil is sandy loam and is classified as
light-colored, andic inceptisol. It is high in ash, low
in nutrients. The soil contained 73% sand, 21% silt,
6% clay (Law et al., 1999b). Organic matter content,
to 30 cm depth, is 2.9%, bulk density is 1.05 and soil
water holding capacity to 1 m depth is 163 mm (S.
Remillard, personal communication). Surface litter
was scant in the old-age stands (194 g m−2), and aver-
aged 38% lower than in the young stands (315 g m−2).
Soil water content over the year ranged between 0.07
and 0.14 m3 m−3 in the layer between the surface and
0.3 m depth from June to September (Table 2).

The region experiences∼2300 MJ m−2 of photo-
synthetically active radiation over a year (Runyon
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Table 2
Soil water content (m3 m−3) and standard deviation at ponderosa pine field sitea

Day SWC (30 cm) SWC (30 cm S.D.) SWC (100 cm) SWC (100 cm S.D.)

181 0.132 0.016 0.153 0.025
193 0.112 0.016 0.147 0.021
194 0.121 0.024 0.148 0.019
198 0.109 0.016 0.137 0.018
210 0.087 0.007 0.127 0.016
232 0.078 0.014 0.112 0.016

a Measurements were made with a time domain reflectometer.

et al., 1994; Law et al., 2000). Thirty-year climatic
measurements from the Sisters, OR weather station,
13 km southeast of the field site, records a mean
annual temperature of 8.66◦C and a mean annual pre-
cipitation of 360 mm. July and August are typically
warm (mean temperature, 18◦C) and dry (<15 mm of
rainfall per month). In 1996, total precipitation was
595 mm, with no precipitation in July and August.

The terrain and fetch within the study area were sat-
isfactory for conducting micrometeorological experi-
ments. The terrain was relatively flat (2–6% slopes)
and the overstory ponderosa pine forest extended more
than 10 km in all directions. The only terrain complex-
ity was an abrupt, north–south, running ridge that was
about 1 km east of the field site.

Table 1 summarizes the climate and structural char-
acteristics of each field site. The marked differences
in canopy structure and climate had a significant im-
pact on wind speed sensed near the floor of the two
forests (Fig. 1). The probability distribution of wind
speed under the jack pine stand was positively skewed
and had a mode near 0.20 m s−1. In contrast, the distri-
bution of wind speed under the ponderosa pine stand
was more symmetric and had a mode near 0.50 m s−1.

2.2. Instrumentation

Carbon dioxide, water vapor and sensible heat
fluxes were measured using an eddy covariance flux
system. The eddy flux systems were positioned near
the floor of the canopy and in the stem space of the
canopy, where virtually no foliage was present be-
tween the canopy floor and the measurement height.
The instruments were placed 1.8 m above the ground
during the boreal forest study and were 2.52 m above
ground during the ponderosa pine experiment.

Wind velocity and virtual temperature fluctua-
tions were measured with a three-dimensional sonic
anemometer (an Applied Technology Inc, model
SWS-211/3K anemometer was used for the bo-
real forest study and a Gill Instruments Ltd, Solent
anemometer UK was employed during for the pon-
derosa pine study). CO2 and water vapor fluctuations
were measured with an open-path, infrared absorption
gas analyzer (Auble and Meyers, 1992). The water
vapor and CO2 sensor responds to frequencies up to
15 Hz, has a low noise to signal ratio and is rugged
and water proof. Standard mixtures of carbon dioxide
were used for calibration. These gases were traceable
to standards maintained by the World Meteorological
Organization (WMO) (Zhao et al., 1997).

The flux measurement system, consisting of a lap
top computer, a sonic anemometer and the CO2/water
vapor sensor, drew about 3.8 A of 12 V DC current.

Fig. 1. The probability distribution of wind speed measured at 2 m
above the ground in the understory of a boreal jack pine and a
temperate ponderosa pine forest.
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Analog sensor signals were digitized at 10 Hz with
hardware on the sonic anemometer. Micrometeorolog-
ical flux data were processed and stored on the com-
puter using in-house software. The eddy covariance
flux system was powered with AC electricity during
the BOREAS study and with solar panels during the
Oregon study. The solar-powered electrical genera-
tion system consisted of seven Seimens solar panels
(Model M75, rated for 48 W and 3.02 A), a photo-
voltaic controller (Morningstar, Prostar 30) and four
deep cycle, 12 V marine batteries, which were con-
nected in parallel. The solar panels were placed in
a clearing at the forest floor, 20 m south of the flux
system. With this configuration, the electrical energy
power system could generate up to about 17 A in full
sun and was able to store and re-charge the batteries
over the course of 24 h.

Soil heat flux density was measured by averaging
the output of three soil heat flux plates (model HFT-3,
REBS, Seattle, WA). They were buried 0.01 m below
the surface and were randomly placed within a few
meters of the flux system. Soil temperature was mea-
sured with two, home-made, multi-level thermocouple
probes. Sensors were spaced logarithmically at 0.02,
0.04, 0.08, 0.16 and 0.32 m below the surface.

Photosynthetically active photon flux density (Qp)
and the net radiation balance were measured above the
soil and forest with a quantum sensor (model LI-190S,
LICOR, Lincoln, NE) and a net radiometer (Model 6,
REBS, Seattle, WA), respectively. To account for sam-
pling errors due to the high spatial variability of the
forest radiation climate, the solar radiation instruments
were mounted on a tram that traversed across the for-
est understory. In the case of the jack pine stand, a
14.5 m path length was used. A longer traversing path
(36 m) was employed to measure the solar radiation
field under the ponderosa pine. The length of the hori-
zontal transect was chosen to minimize the coefficient
of variation of the spatial sample to within 20%. The
translation velocity and sampling rates were designed
so a sample was taken every millimeter (0.1 s sample
frequency, 1 cm s−1 travel velocity).

Air temperature and relative humidity were mea-
sured with appropriate sensors (model HMP-35A,
Vaisala, Helsinki, Finland) and were place along
side the flux instrumentation. Surface wetness was
measured with a home-made, electrical conductivity
plate (Weiss, 1990). Ancillary meteorological and

soil physics data were acquired and logged on Camp-
bell CR-21x data loggers (Logan, UT). These sensors
were sampled once a second. One-half hour averages
were calculated and stored on a computer, to coincide
with the flux measurements.

2.3. Flux density computations

Vertical flux densities of CO2 (Fc), latent (λE) and
sensible heat (H) between the forest and the atmo-
sphere are proportional to the mean covariance be-
tween vertical velocity (w′) and the respective scalar
(c′) fluctuations (e.g. CO2, water vapor, and tempera-
ture). Positive flux densities represent mass and energy
transfer into the atmosphere and away from the sur-
face and negative values denote the reverse. Numeri-
cal coordinate rotations of the three orthogonal wind
axes were applied to align the vertical velocity mea-
surement normal to the mean wind streamlines. CO2
and water vapor flux covariances were corrected for
density fluctuations arising from variations in temper-
ature and humidity. Mass and energy flux covariances
reported in this paper were computed for half-hour
intervals. To do so, turbulent fluctuations were com-
puted as the difference between stantaneous (xi) and
mean(x̄i) quantities. Mean values were determined in
real-time, using a digital recursive filter (Kaimal and
Finnigan, 1994):

x̄i = αx̄i−1 + (1 − α)xi (2)

whereα = exp(−1t/τ), 1t is the sampling time in-
crement andτ is the filter time constant. In this study,
a 400 s time constant was used.

2.4. Model computations

If we expect to model mass and energy at the floor
of a forest canopy with accuracy, soil energy exchange
algorithms must be coupled to a canopy-scale mi-
crometeorology model. This is because the inputs of
energy and the meteorological conditions (air temper-
ature, humidity, wind speed) at the soil surface depend
upon how the forest canopy and atmosphere interact
with one another.

The CANPOND model was used to compute
fluxes of mass and energy at the floor of the forest
canopy. CANPOND is a one-dimensional, multi-layer



D.D. Baldocchi et al. / Agricultural and Forest Meteorology 102 (2000) 187–206 193

biosphere-atmosphere gas exchange model that com-
putes water vapor and CO2 flux densities. The model
is derived from the CANOAK and CANVEG models,
which are described in Baldocchi and Meyers (1998).
The micrometeorological module computes leaf and
soil energy exchange, turbulent transfer, carbon and
water vapor profiles and radiative transfer through
the canopy. Environmental variables, in turn, drive
the physiological modules that compute leaf photo-
synthesis, stomatal conductance, transpiration, and
respiration by foliage and woody tissue, and soil CO2
flux (respiration by roots and microbes).

The radiative transfer model calculates probabil-
ities of sunlit and shaded area for leaves and the
soil. It also calculates the flux densities of energy
on those leaf and soil fractions in the photosyntheti-
cally active and near infrared wavebands. Clumping
of shoots is considered by using the Markov prob-
ability function to compute the probability of beam
penetration (Nilson, 1971; Chen, 1996). Informa-
tion on radiative flux densities are used to calculate
photosynthesis, leaf and soil energy balance, and
turbulent transfer of CO2, water vapor and sensible
heat. Stomatal conductance is calculated as a function
of assimilation, relative humidity and CO2 concen-
tration at the leaf surface. Turbulent diffusion and
dispersion matrices were computed using Lagrangian
theory. The model assumes a horizontally homoge-
neous canopy and temporally steady environmental
conditions. This allows the conservation equation for
CO2 or water vapor to be expressed as the equal-
ity between the change in concentration with height
and the diffusive source/sink strength. The diffusive
source strength is modeled from leaf area density
with respect to height, concentration difference be-
tween the air outside the laminar boundary layer of
leaves and within stomata, boundary layer resistance
to molecular diffusion, stomatal resistance and air
density.

Flux densities of heat transfer and water evaporation
at the soil/litter boundary and soil temperature profiles
were computed with a 10-layer numerical soil heat
transfer model (Campbell, 1985). Soil reflectivity in
the photosynthetically active and near infrared wave-
bands were set at 0.10 and 0.25, respectively, on the
basis of data from quartz sand (Bowker et al., 1985).

A resistance approach was used to compute soil
evaporation and sensible heat flux densities (Mahfouf

and Noilhan, 1991). The algorithm chosen to compute
soil evaporation (Es) was:

Es = ρ(ϕ qsat(T ) − qa)

Rsoil + Ra
(g m−2 s−1) (3)

where Rsoil is the resistance of soil to evaporation,
Ra is the soil surface aerodynamic resistance,ρ is air
density,ϕ is relative humidity of the soil matrix,qa is
the mixing ratio of air andqsat is the saturated mixing
ratio. The algorithm of Camillo and Gurney (1986)
was used to compute soil resistance.

Rsoil = 4104(ws − wg) − 805 (s m−1) (4)

The variablews is the saturated volumetric water con-
tent. For sand, it equals 0.395 m3 m−3. The other vari-
able,wg, represents the near surface volumetric wa-
ter contents of the soil. For these computations, we
assumed that the litter was perfectly dry, as no rain
had occurred and, thereby, adopted a value of zero for
wg. Implementing these parameter values in Eq. (4)
yielded a value ofRsoil equal to 816 s m−1.

The relative humidity of the soil pores was eval-
uated from thermodynamic principles (Mahfouf and
Noilhan, 1991) as:

ϕ = exp

(
g9

RwT

)
(5)

g is the acceleration due to gravity,9 is the capillary
potential,Rw is the gas constant for water vapor and
T is absolute temperature. The capillary potential was
computed using an algorithm from Clapp and Horn-
berger (1978).

9 = 9sat
w−b

wsat
(m) (6)

wherew is the volumetric soil water content andwsat
and9sat represent parameter values for the respective
variables when the soil is saturated with water. For
sand and field conditions (Table 2), we assumedw
equaled 0.1 m3 m−3, bwas 4.05, and9 was−0.121 m.
Combining Eqs. (8) and (9), we estimated that the soil
relative humidity was about 0.1.

We found it necessary to account for thermal strati-
fication when computing the soil surface aerodynamic
resistance (Ra). We used the method reported by Daa-
men and Simmonds (1996).

Ra = (ln(z/z0))
2

k2u
(1 + δ)ε (s m−1) (7)
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wherez is height of the lowest model layer,z0 is the
roughness length for the soil surface,k is von Kar-
man’s constant (0.40) andu is wind speed. The di-
mensionless term,δ, is:

δ = 5gz(Ts − Ta)

Tau2
(8)

Ts andTa are soil and air temperatures,g is the accel-
eration due to gravity,ε is an empirical coefficient. It
is equal to−0.75 whenδ is greater than zero and is
−2 whenδ is less than zero.

3. Results and discussion

The eddy covariance method was originally de-
veloped for measuring mass, energy and momentum
exchange in the atmospheric surface layer. Turbu-
lence spectra within vegetation differ from those
associated with fluid flow above the canopy due to
short-circuiting of the inertial cascade (Baldocchi and
Meyers, 1991) and the intermittency of turbulence
that results from the strong wind shear at the top
of the canopy (Kaimal and Finnigan, 1994). Conse-
quently, there remains uncertainty as how applicable
the eddy covariance method is under a forest. Ques-
tions that persist include issues relating to the shape
of the power spectra and co-spectra, the stationarity
of the canopy environment, energy balance closure,
instrument placement, sensor separation, averaging
time, and filtering time constants on the interpretation
of turbulence measurements. In the following sec-
tion we examine these issues as they relate to eddy
covariance measurements under the jack pine and
ponderosa pine forests.

3.1. Measurement and computation of flux
covariances

3.1.1. Power spectra and co-spectra
Fourier transforms were applied to 30 min records

of 10 Hz turbulence data to examine the spectral fea-
tures of vertical velocity (w), air temperature (T) and
humidity (q). Figs. 2 and 3 present data from represen-
tative cases that were measured under the ponderosa
and jack pine stands, respectively. Panel A presents
normalized power spectra for vertical velocity (w), air
temperature (T) and humidity (q). Panel B presents

Fig. 2. (a) Power spectra for temperature (T), humidity (q) and ver-
tical wind velocity (w) at 2 m above the ground in the understory
of a ponderosa pine stand. The data were obtained at 11:00 hours
on Day 197, 1996. The spectral density on they axis is multi-
plied by natural frequency (n) and is normalized by the variance.
The natural frequency on thex axis is divided by wind speed.
On the assumption of Taylor’s hypothesis, this metric approxi-
mates wavenumber (1/λ, m−1). (b) Co-spectra for the covariances
between vertical velocity and temperature (w′T ′) and humidity
(w′q ′) at 2 m above the ground in the understory of a ponderosa
pine stand. The spectral density on they axis is multiplied by
natural frequency (n) and is normalized by the covariance.

normalized co-spectra for thew–T and w–q covari-
ances. To generalize, the power spectra and co-spectra
spanned the wavenumbers (k) between 0.0004 and
10 m−1. The power spectra and co-spectra possessed
broad peaks in the wavenumber range between 0.01
and 0.1 m−1. A spectral drop-off was observed at
higher wavenumbers, a region that is typically asso-
ciated with the inertial subrange. Most power spectra
exhibited a short-circuiting of the inertial cascade
(these slopes were steeper than the classical value of
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Fig. 3. (a) Power spectra for temperature (T), humidity (q) and
vertical wind velocity (w) at 2 m above the ground in the understory
of a jack pine pine stand. The data were obtained at 10:00 hours
on Day 151, 1994. The spectral density on they axis is multiplied
by natural frequency (n) and is normalized by the variance. The
natural frequency on thex axis is divided by wind speed. On
the assumption of Taylor’s hypothesis, this metric approximates
wavenumber (k=1/λ, m−1). (b) Co-spectra for the covariances
between vertical velocity and temperature (w′T ′) and humidity
(w′q ′) at 2 m above the ground in the understory of a jack pine
stand. The spectral density on they axis is multiplied by natural
frequency (n) and is normalized by the covariance.

−2/3 for frequency adjusted spectra,nS(n)). In the
ponderosa pine stand, the slopes of thew, u, T andq
power spectra were−0.86,−0.95,−1.07 and−1.35,
respectively. With respect to data from the jack pine
stand, the slopes of the power spectra in the post-peak
region were closer to values associated with surface
boundary layer turbulence (e.g. Kaimal et al., 1972).
The slopes forw, u, T and q were −0.67, −0.77,
−0.90 and−0.79, respectively. In both studies, the
vertical velocity-scalar co-spectra for temperature and

humidity overlay one another. This result is expected
when sources emanate from the same location, which
in these cases the soil surface. Based on the informa-
tion in these two figures, we conclude that we were
able to measure most of the turbulent eddies that
contribute to turbulence variances and covariances.

3.1.2. Transfer functions
Another way to examine errors is to examine spec-

tral transfer functions for the effects of path averaging,
sensor separation and sensor response and sampling
times. Using the theory of Moore (1986), we present
spectrally integrated correction factors for scalar co-
variances,w′T ′, w′q ′, and variances,T ′T ′, andq ′q ′
(Table 3). The spectrally-integrated correction factors
are quite small, except forw′q ′, which is on the order
of 1.2.

3.1.3. Mean removal and digital filters
Computations of flux covariances and variances are

based on Reynolds’ decomposition theory and involve
removal of mean components. Traditionally one can
perform this computation using arithmetic means, af-
ter the experiment, or with digital recursive filters on
real-time data. As noted earlier, our experimental sys-
tem uses digital filters. Theoretically, an optimal time
constant can be chosen with the aid of a Fourier trans-
form of the digital recursive filter:

|H(ω)| = (1 − α)

(1 − 2α cos(ωT ) + α2)0.5
(9)

whereH(ω) is the filter transfer function,ω is the cir-
cular frequency (it equals 2π times the natural fre-
quency,n) andT is the sampling interval. Comparing

Table 3
Spectral correction factors for a forest floor eddy covariance mea-
surement systema

U (m s−1) w′T ′ w′q ′ T ′T ′ q ′q ′

0.10 1.009 1.223 1.014 1.049
0.15 1.012 1.227 1.006 1.048
0.25 1.009 1.223 1.007 1.047
0.50 1.010 1.224 1.012 1.048
1.00 1.010 1.224 1.018 1.049

a The algorithm of Moore (1986) are used. The sensor was at
2 m and the separation between thew and q sensor was 0.40 m.
A spectrum for the surface boundary layer was used for these
computations.
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this equation with typical boundary layer co-spectra
(Kaimal and Finnigan, 1994), we observe that over
90% of turbulent fluctuations contributing to the com-
putation of the flux covariance are passed when digital
time constants exceeding 200 s are employed.

We assessed the optimal time constant for
sub-canopy turbulence measurements by compar-
ing eddy covariances computed with the 400 s time
constant against those computed with conventional
Reynolds’ decomposition, as averaged over 1 h. We
observe little differences (within 1%) between the
two methods of computing flux covariances (Fig. 4).
Extending this analysis one step further, we compared
flux covariances computed with the Reynolds’ aver-
aging technique against those computed using digital
time constants that varied between 50 and 1500 s.
Mass and energy flux covariance computations exhib-
ited only a weak sensitivity to the choice of filter time
constant (Table 4). An 800 s digital time constant was
most ideal for computing flux covariances. Overall,
time constants between 100 and 800 s yielded covari-
ance values that agreed within 1% of the Reynolds’
flux covariance, as averaged over 1 h.

3.2. Radiation field, flux footprints and energy
balance closure

Sunlight received at the forest floor is the driving
force for mass and energy exchange at this level. The
distinct structure of ponderosa and jack pine forests

Table 4
Slopes of the linear regression between covariances computed
with the digital recursive filter method and those computed with
conventional Reynolds’ averaginga

τ slope (w′c′)

50 0.989
100 0.9908
200 0.9949
300 0.9900
400 0.9970
600 0.9977
800 1.001

1000 1.002
1500 1.006

a The length of each time series was 3600 s. Ninety-nine
runs were used in the analysis for different digital recursive time
constants (t).

Fig. 4. A comparison between velocity-scalar eddy covariance
calculated with different averaging methods. Thex-axis is based on
the Reynolds averaging technique and each datum represents the
averaging of 10 Hz sampling over the duration of 1 h. They-axis
was computed using a digital recursive filter. A 400 s time constant
was used for these calculations. (These data represent covariances
between the raw voltages measured in the field. No calibration
coefficients have been applied). The panels contain information
on the vertical velocity-scalar covariances for (a) temperature; (b)
humidity; (c) carbon dioxide.

made a sizable impact on the solar radiation field that
was observed near the ground (Fig. 5). As expected,
the light environment within both forests consisted
of a mix of shade and sun patches. The size of the
sun patches, however, differed considerably. Within
the ponderosa pine stand, sun patches exceeded 5 m
in length and the energy within them exceeded that
in shade patches by more than 1000mmol m−2 s−1.
In contrast, the dimension of typical sunflecks in the
jack pine stand was generally less than 1 m. On
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Fig. 5. The spatial variation of photosynthetically active radi-
ation (Qp) above the floor of (a) a boreal jack pine stand;
(b) a temperate Ponderosa pine stand. The data measured in
the jack pine stand came from Day 206, 1994, between 09:32
and 09:52 hours, CST. The mean value ofQp across a 15 m
domain was 269 mmol m−2 s−1. The standard deviation was
217 mmol m−2 s−1, the minimum and maximum flux densities
were 47 and 796 mmol m−2 s−1, respectively. The data measured
in the ponderosa pine stand come from Day 194, 1996, be-
tween 1347 and 14:39 hours, PST. The mean value ofQp across
a 35 m domain was 674 mmol m−2 s−1. The standard deviation
was 499 mmol m−2 s−1, the minimum and maximum flux densities
were 135 and 1465 mmol m−2 s−1, respectively.

average, 40–50% of sunlight that is incident to the
top of the canopy reaches the floor of the ponderosa
pine stand, while about 30% of incident radiation
reached the floor of the jack pine stand (Fig. 6). For
comparison, less than 10% of incoming solar radi-
ation reaches the floor of a temperate broad-leaved,
deciduous forest (Baldocchi and Vogel, 1996).

With such heterogeneity of radiation near the forest
floor, it is critical to quantify the scales of turbulence
and the horizontal dimension of the flux footprint that

Fig. 6. The mean diurnal pattern of the transmission of photosyn-
thetically active radiation (Qp) to the floor of a temperate pon-
derosa pine, a boreal jack pine and a temperate broadleaved forest.

is measured by an understory eddy covariance system.
We can infer, from the power and co-spectra, that the
dimension of large scale eddies, which range from 10
to 100 m. Hence to a first order, the largest eddies
average across the largest sunflecks.

The dimensions of flux footprint source area near
the forest floor were quantified with a two-dimensional
Lagrangian diffusion footprint model (Baldocchi,
1997). The dimension of the forest floor source region
(e.g. the ‘flux footprint’ is defined from the proba-
bility that fluid parcels, released at various distances
upwind (x), cross the level (z) where a detector is
placed. Theoretically, the ‘flux footprint’, under the
ponderosa pine stand, ranges between 1 and 50 m
upwind of the eddy covariance measurement system
but the peak of the distribution is only 2 m upwind
of the instrument mast (Fig. 7). Under the jack pine
stand, the dimensions of the forest floor footprint
are confined, theoretically, within 10 m of the eddy
covariance measurement system.

Examination of surface energy balance is an exer-
cise typically undertaken by micrometeorologists to
test, independently, the accuracy and applicability of
the eddy covariance method, when applied in ideal and
non-ideal situations. How well the surface energy bal-
ance is closed under a forest canopy depends where
the radiation tram and flux measurement systems are
placed respective of one another, the length of the
traversing tram system, and the dimensions of the flux



198 D.D. Baldocchi et al. / Agricultural and Forest Meteorology 102 (2000) 187–206

Fig. 7. Theoretical computations of the horizontal distribution of
the ‘flux footprint’ probability density function, as measured at 2 m
above the floor of a jack pine and a ponderosa pine. The footprint
probability distributions were computed on the basis of Lagrangian
theory, with a model that considered fluid parcel movement in
the vertical and horizontal dimensions (Baldocchi, 1997). Wind
parameters were set to match conditions that represent the mode
of the probability distribution shown in Fig. 1.

footprint. Ideally, one would aim to obtain a spatially
representative measure of the available energy within
the flux footprint (see Schmid, 1997). In practice, this
result is difficult to achieve as the dimensions of the
footprint vary from run to run. Furthermore, it is very
expensive to place the required number of radiometers
within that spatial domain.

Fig. 8 shows how well the surface energy balance
was closed under the ponderosa and jack pine forest
stands. Under the ponderosa pine stand, the regression
between the sum of the energy balance components —
sensible heat (H), latent heat (λE) and soil heat (G) flux
densities — and the net radiation balance (Rn) yielded
a slope of 0.88 and an intercept of 15 W m−2. When
we moved the tram system to another area (not shown),
the regression betweenH+λE+G and Rn changed,
yielding a slope of 0.70 and anr2 of 0.71. In contrast,
the regression betweenH+λE+G and Rn, under the
jack pine stand, resulted in a slope of 1.22 and an
intercept of 4.66 W m−2.

Large radiation gradients, over the space of tens
of meters, can drive significant amounts of horizontal

Fig. 8. Tests of energy balance closure at the floor of a ponderosa
pine (a) and jack pine (b) forest. The net radiation flux density is
compared against the summation of latent (λE), sensible (H) and
conductive (G) heat flux densities.

advection of energy within the sub-canopy air space
of the ponderosa pine stand. Consequently, large bias
and sampling errors were observed for hour by hour
measurements, as quantified by the fact that only 71%
of the variance inRn is described by measurements of
H+λE+G under the ponderosa pine stand. In contrast,
the dimension of the flux footprint under the jack pine
stand is large enough to average mass and energy ex-
change over several sun and shade patches. In this sit-
uation, about 87% of the variance inRn was described
by measurements ofH+λE+G. From these results,
we conclude that the surface energy balance under a
forest can be closed, on average, within plus/minus
25% of the measured net radiation balance. The pre-
cision of individual runs, on the other hand, is much
lower. We also stress a need to have a horizontally
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averaged measurement of the radiation field that cor-
responds with the dimensions of the flux footprint and
the heterogeneity of the sub-canopy radiation field.

3.3. Turbulence and covariance statistics

The turbulent transfer of heat, momentum and mat-
ter is an intermittent process in the atmospheric surface
layer (Sreenivasan et al., 1978). One would expect the
intermittency to increase inside a plant canopy due to
the presence of heterogeneous plant elements (Kaimal
and Finnigan, 1994) and the noted mosaic of sunflecks
and shade patches. A representative time trace of the
vertical velocity–temperature covariance, also known
as the kinematic heat flux densityw′T ′, is shown in
Fig. 9 to give the reader a qualitative impression of
the temporal variability of turbulence measurements.
These data were measured under the ponderosa pine
stand during a nighttime and daytime period. During
the day the transfer of heat, e.g.w′T ′, is associated
with quiescent periods of varying duration (50–200 s)
that are punctuated with short events when relatively
large amounts of heat are transferred. At night, heat
transfer is associated with rapid events, that transfer
heat both upward and downward, and infrequent slow

Fig. 9. A time trace of the vertical velocity–temperature covariance
during a nighttime (Day 189, 23:30 hours) and a daytime (Day
190, 12:30 hours) period. The measurements were made at 2 m
above the ground in the understory of a ponderosa pine stand.

events that transfer heat downward. This behavior is
consistent with observations reported by Paw U et al.
(1992) and Lee et al. (1997). A quantitative analysis
of temperature and heat transfer is presented in Fig. 10
by means of the mean diurnal pattern of three statis-
tical moments, the coefficient of variation, skewness
x′3/σ 3, and kurtosis,x′4/σ 4. On average the standard
deviation of thew–Tcovariance, is between 10 and 100
times the mean. In contrast, fluctuations in temperature
are typically less than 5% of the mean. With regard to
higher order moments, the statistical behavior of tem-
perature fluctuations was close to Gaussian, as skew-
ness was near zero and kurtosis was near three. Heat

Fig. 10. Diurnal pattern of mean statistics associated with tem-
perature fluctuations and the covariance between vertical veloc-
ity and temperature fluctuations in the understory of a ponderosa
pine stand; (a) The coefficient of variation, the standard deviation
divided by the mean; (b) Skewness, the third-order moment; (c)
Kurtosis, the fourth-order moment.
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transfer, on the other hand, was positively skewed and
highly intermittent (Kr>10) during the day. At night,
kurtosis remained high, but skewness approached zero.
We note that a similar set of relation was observed
for humidity and moisture transfer (not shown). These
data suggest that temperature (and humidity) station-
arity was attained in the sub-canopy even though the
flux contributions are intermittent.

3.4. Diurnal variation of energy exchange near a
forest floor

Mean diurnal patterns ofRn, H, λE andG for both
stands are shown in Fig. 11. Data from a series of days
were bin-averaged by hour. We used this method to
reduce the sampling error associated with individual
flux measurements that resulted from intermittent na-
ture of turbulence and advection caused by horizontal
transport across large sun and shade patches (Sreeni-
vasan et al., 1978; Moncrieff et al., 1996). Mean

Fig. 11. The mean diurnal pattern of net radiation (Rn) and latent
(λE), sensible (H) and conductive (G) heat flux densities at the
soil surface of a jack pine and ponderosa pine forest.

energy fluxes at the floor of the ponderosa pine are
nearly twice the magnitude of those observed under
the jack pine. Mean mid-morning to mid-afternoon
values ofRn, H, λE andG attain values are near 200,
150, 30 and 50 W m−2, respectively, under the pon-
derosa pine stand. In comparison, mean mid-morning
to mid-afternoon mean values ofRn, H, λE and G
were about 100, 75, 25 and 20 W m−2, respectively,
under the jack pine stand. In general, twice as much
available energy (Rn–G) was measured under the
sparse ponderosa pine stand. The forest floor Bowen
(H/λE), however, was not conservative. A dispropor-
tionate amount of the extra available energy at the
floor of the ponderosa pine stand was partitioned into
driving sensible heat exchange. These large rates of
sensible heat exchange maintain an unstable thermal
stratification in the forest understory, during the day,
as suggested by Leclerc et al. (1990).

3.5. Relationship between energy flux densities and
environmental variables

Evaporation rates near the forest floor were con-
servative, as compared to values typically measured
above the forest. Maximal values ofλE over dry sur-
faces rarely exceeded 50 W m−2, despite net radiation
flux densities approaching 250 W m−2. The conserva-
tive nature of forest floor latent heat exchange seems to
be a common observation over dry soils under forests
(Denmead, 1984; Baldocchi and Meyers, 1991; Moore
et al., 1996; Blanken et al., 1997; Kelliher et al., 1998).
In contrast, higher rates of evaporation, representing
66% of the local net radiation balance, can be observed
over a transpiring vegetative understory (Blanken
et al., 1997).

The relationship between available energy (Rn–G)
and latent heat flux densities above the forest floor is
shown in Fig. 12. Data were obtained from a spec-
trum of sparse and closed forest canopies to broaden
the range. Soil latent heat flux densities increase lin-
early with available energy up to 100 W m−2, where
it reaches a threshold near about 35 W m−2. In this
range, soil evaporation is about one-quarter of avail-
able energy. As available energy exceeds this thresh-
old, soil evaporation rates are unable to match the
potential evaporative demand, as defined by avail-
able energy. This result is consistent with our earlier
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Fig. 12. The relationship between forest floor latent heat flux
density and available energy.

finding (Baldocchi and Meyers, 1991). A feedback
between the humidity deficit of the air, the surface
evaporation rate and the available energy is respon-
sible for this result. Large-scale and intermittent tur-
bulent gusts displace the air in contact with the soil
before the humidity deficit of a parcel of air comes
into equilibrium with the potential soil evaporation
rate, as determined by available energy.

The presence of surface wetness alters the interrela-
tionship betweenRn, λE, H andG. Fig. 13 shows that
the ratio betweenλE andRn, is closer to unity under
the jack pine stand, when the forest floor is wet. The
absolute value ofλE at this site, however, is relatively
unchanged whether the surface is wet or dry (midday
λE remains near 25 W m−2). What differs dramatically
is the net radiation balance. The sky is cloudier during
wet periods. This occurrence, thereby, limitsRn and
the potential for high soil evaporation rates from an
otherwise freely evaporating surface.

One draws a different conclusion when examining
the mean diurnal pattern of energy exchange near the
floor of the Ponderosa pine stand, during the spring
of 1997, a period when frequent rainfall occurred
(Fig. 14). Wetting of the soil surface under the Pon-
derosa pine resulted in a dramatic reversal of the
Bowen ratio. The mean Bowen ratio changed from a

Fig. 13. The mean diurnal pattern of net radiation (Rn) and latent
(λE), sensible (H) and conductive (G) heat flux densities at the soil
surface of a jack pine forest. These data were obtained between
Days 144 and 259, 1994. Panel A represents periods when the
forest floor was dry. Panel B represents periods when the forest
floor was wet.

mean value of 2.16, when to the surface was drying,
to a value of 0.47, when the surface was wet. Dynam-
ically, soil evaporation rates are expected to decrease
with the square root of time after a rain event (Den-
mead, 1984; Kelliher et al., 1998). Our measurements
were unable to test this idea, unfortunately.

3.6. Assessment of model computations of energy
exchange near the forest floor

Fig. 15 shows a comparison between model com-
putations and measurements ofRn, λE, H andG at the
floor of the ponderosa pine stand. The diurnal pattern
represents an ensemble of bin-averaged data that was
obtained between Days 185 and 205, 1996. Again,
hourly-based bin-averaging was used to conduct a rep-
resentative model test. Despite the practical difficul-
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Fig. 14. The mean diurnal pattern of net radiation (Rn) and latent (λE), sensible (H) and conductive (G) heat flux densities at the soil
surface of a ponderosa pine forest. These data were obtained during the spring of 1997 (Days 137–161) when rainfall was frequent (Days
143, 147, 14, 151, 154 and 155).

ties of making eddy flux measurements under a forest,
the biophysical CANVEG model was able to simulate
the mean diurnal patterns ofRn, λE, H and G well,
for summertime conditions.

3.6.1. Using the CANVEG model to interpret field
measurements

Any simulation of mass and energy exchange at
the forest floor will be sensitive to model parameters
that describe the aerodynamic and surface resistances
and the physical properties of the soil. Our field data
show that the magnitude of sensible heat flux density
is very large at the soil surface of conifer forests and
that the surface temperature can exceed air temper-
ature by 10–15◦C. Consequently, it is important to
parameterize the surface aerodynamic resistance as
a function of atmospheric thermal stability (Daamen
and Simmonds, 1996). Fig. 16 shows how sensitive
the diurnal pattern of soil surface energy flux densi-
ties is to different means of computingRa. One case
assumed neutral thermal stratification. The other case
adjusted the soil aerodynamic resistance for the ef-
fects of thermal stratification, using the algorithm of
Daamen and Simmonds (1996). Higher sensible heat
flux densities were generated, using Eq. (8). This

effect also resulted in lower net radiation, latent heat
and soil heat flux densities. Non-realistic, negligi-
ble values ofH occurred whenRa was not adjusted
for thermal stratification, re-enforcing the need to
incorporate this procedure into the model.

The depth of the litter layer also has an impact
on energy partitioning, as it can insulate the highly
conductive mineral soil layer from the atmosphere. A
thicker litter layer produces lowerG, but higherH and
λE values (Fig. 17).

4. Summary and conclusions

The eddy covariance method can be a valid method
for measuring mass and energy exchange above the
soil surface of sparse and heterogeneous conifer forest
stands, as long as certain precautions are taken. The
heterogeneous nature these forest stands causes a large
amount of spatial variability in sun and shade patches.
Combined with intermittent turbulence, these factors
will cause much spatial and temporal variability within
the flux footprint that is being sampled. Consequently,
flux covariances, determined from individual sampling
periods, experience much run-to-run variability. On
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Fig. 15. A comparison between measured and calculated values of the mean diurnal pattern of net radiation (Rn) and latent (λE), sensible
(H) and conductive (G) heat flux densities at the soil surface of a ponderosa pine forest. The calculations were derived from the CANPOND
model.

the other hand, by bin-averaging many runs, by hour,
we observe good agreement between turbulent en-
ergy fluxes and available energy (or model calcula-
tions). Thereby, the eddy covariance method seems to
be a good means for studying the mean behavior of
mass and energy exchange below forest canopies. Its
non-obstructive nature enables it to study the physi-
cal processes that control mass and energy exchange
under forests. For the cases studied here, evaporation
rates from dry surfaces are related to available en-
ergy in a non-linear fashion. Evaporation rates over

dry soil surfaces tend to reach a threshold of about
35 W m−2 as the frequent occurrence of large turbu-
lent wind gusts prevent the canopy air from reaching
equilibrium with potential evaporation. The partition-
ing of solar energy into sensible, latent and soil heat
flux is affected by atmospheric thermal stratification,
surface wetness and the thickness of the litter layer.

We advocate the study of mass and energy exchange
at multiple sites, which vary in canopy structure, as a
means of studying the processes that control energy
exchange of forest floors. For instance, the importance
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Fig. 16. The impact of the soil surface aerodynamic resistance
on the mean diurnal pattern of net radiation (Rn) and latent (λE),
sensible (H) and conductive (G) heat flux densities at the soil
surface of a ponderosa pine forest. The calculations were derived
from the CANPOND model. Cases are considered for situations
when Ra is and is not a function of atmospheric stability.

of buoyancy on determiningRa was not drawn from
our previous work in a dense temperate deciduous for-
est sinceH is near zero in that stand (Baldocchi and
Vogel, 1996).

In conclusion, these data emphasize the importance
of mass and energy exchange at the soil surface be-
low sparse canopies. Big-Leaf models, for computing
mass and energy fluxes, are bound to fail in these cir-
cumstances. Modelers should treat sparse forests as
dual source systems, e.g. Norman et al. (1995). Our
results also show that modelers need to consider such
factors as litter depth and thermal stratification when

Fig. 17. The impact of varying litter depth on the mean diurnal
pattern of net radiation (Rn) and latent (λE), sensible (H) and
conductive (G) heat flux densities at the soil surface of a ponderosa
pine forest. The calculations were derived from the CANPOND
model.

modeling mass and energy exchange at the soil-air in-
terface below forest crowns.
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