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Abstract

The seasonal water and energy exchange of a boreal aspen forest underlain by a hazelnut understory is described. Measure-
ments of above-aspen latent and sensible heat, short-wave and net radiation, and photosynthetically active radiation are
compared to those measured above the hazelnut understory. Understory radiation measurements were made using a tram
system. Energy storage at each measurement height was determined, and measurements of the soil moisture, temperature,
and heat flux were made using an array of probes.

The mean annual air temperature and total precipitation during 1994 were 1.2°C and 488.4 mm, respectively, above the
1951-1980 average —0.2°C and total 462.6 mm. There was a pronounced seasonal development of leaves, with the maximum
leaf area index of the hazelnut (3.3 m? m72) exceeding that of the aspen (2.3 m? mfz). Beneath-aspen radiation decreased
exponentially as the aspen leaf area increased, and the calculated effective extinction coefficients decreased as the plant area
index increased. At full aspen leaf, 27, 23, and 20% of the above-aspen short-wave, net, and photosynthetically active radiation,
respectively, reached the hazelnut. The diurnal energy balance at both heights showed pronounced seasonal trends. Sensible
heat from the forest floor dominated during the leaf-free period, whereas latent heat from the overstory dominated during the
leafed period. The fraction of the annual precipitation evaporated was 82—-91%, with 67-68%, 26—28%, and 4—7% originating
from the aspen, hazelnut, and soil, respectively. Over the leafed period, soil water was depleted from the root zone (0—60 cm
depth) and accumulated between the 61—-123 cm depth, overall resulting in a deficit of 34.7 mm between 0—123 cm depths.
This soil water balance compared well with the daily integrated difference between precipitation and eddy-covariance deter-
mined measurements of evaporation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The boreal forest’s size, role in contemporary north-
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study (BOREAS; see Sellers et al., 1997; Hall, 1999).
At the southern edge of the boreal forest, deciduous
aspen are found with a northern limit roughly corre-
sponding to the 13°C July isotherm (Peterson and
Peterson, 1992). Of the areas where Populus is the
prominent genus, over 71% (ground area basis) occurs
in the boreal forest region with 20—40% of Canada’s
aspen/poplar stands located in the prairie provinces
(Peterson and Peterson, 1992). Aspen has been recog-
nized as an economically important species with a
variety of uses such as pulp, strandboard, lumber
and plywood, fuel, shingle and shakes, etc. with
harvesting recently increasing.

The deciduous nature of aspen demands that the
energy and water exchanges be studied, if possible,
over an entire season. The sparse and trembling nature
of aspen crowns which is exaggerated by northerly
locations often allows a sufficient amount of light
penetration and the proliferation of understory species
such as the hazelnut found at this study site. Whether
the lush shrub understory found in aspen stands, in
contrast to the moss and lichen layer with few shrubs
typical of boreal conifer stands, is a result of the ample
light penetration or due to the relatively higher
nutrient status of Populus ecosystems is not clear.
Exceptionally well-developed shrub understories,
however, are typical under aspen stands (Peterson
and Peterson, 1992). The extensive areal cover and
relatively large leaf area of this understory species
raises the question of how important the understory
is relative to the overstory in terms of water and
energy exchange. The deciduous nature of the hazel-
nut understory recommends that measurement here
should also be made throughout an entire growing
season.

An appreciation of the role that the forest under-
story or forest floor plays in the climatology of a forest
has steadily increased over the past 30 years. Recent
improvements in fast-response, robust sonic anem-
ometers and scalar sensors have freed researchers
from having to rely on flux-gradient approaches
within canopies and the many theoretical and practical
reservations associated with this approach. Today,
most researchers routinely include beneath-canopy
flux measurements as part of their research program.
Results consistently show that the forest floor plays a
significant role in terms of the whole stand, yet this
role often varies considerably between site and

seasons (e.g. Baldocchi et al., 2000; Constantin et
al., 2000; Wilson et al., 2000). Presently, there are
no long-term studies to conclusively show if there
are also interannual trends or variability.

Previous work at this site has quantified the
influence of the aspen architecture on radiation pene-
tration (Chen et al.,, 1997), canopy conductance
(Blanken et al., 1997), and carbon (Yang et al.,
1999), and modeling studies have demonstrated the
need for within-canopy measurements to complement
those above canopy in order to better parameterize the
models (Grant et al.,, 1999; Gu et al., 1999). No
studies, however, have used simultaneous measure-
ments at both the overstory and understory levels to
explicitly describe the seasonal water and energy
exchange.

The ambient conditions experienced during the
1994 BOREAS intensive study period (air tempera-
ture, precipitation, soil water content, leaf growth) are
first described since this study is specific to the
conditions experienced in one year. This is followed
by micrometeorological details concerning the areal
extent of tower measurements (i.e. fetch or flux foot-
prints). The effect of leafing on radiation penetration
is shown followed by description of the energy
balance above and within the canopy for a typical
day in each month from April through September.
The seasonal playoff between sensible and latent
heat is illustrated and the paper concludes with an
analysis of the seasonal water balance.

2. Site description

The study site (53.6° N 106.2° W) is located in
Prince Albert National Park, approximately 50 km
NNW of Prince Albert, Saskatchewan, Canada, near
the southern edge of the boreal forest. An even-aged
stand of trembling aspen (Populus tremuloides
Michx.) with scattered balsam poplar (Populus
balsamifera L.) with a mean canopy height of
21.5m and a stem density of 830 stems ha~' devel-
oped after fire 70 years ago on mineral soils with
8—10 cm of organic material. Beneath a well-defined
crown limited to the upper 5-6 m, was branchless
trunk space. Hazelnut (Corylus cornuta Marsh.) with
a mean canopy height of 2.0 m formed the understory,
with wild rose (Rosa woodsii) and alder (Alnus crispa)
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found intermittently. For all species, the average root-
ing depth was found to be approximately 60 cm. This
predominantly aspen—hazelnut cover extended for at
least 3 km in all directions.

3. Materials and methods

3.1. Above- and within-canopy eddy flux
measurements

Measurements of the latent (AE) and sensible (H)
heat fluxes above the aspen canopy (z = 39 m) and
above the hazelnut understory canopy (z=4m)
were made using the eddy-covariance technique. To
summarize, the three components of wind velocity
(vertical, lateral and longitudinal) and air temperature
were measured at each level at 20 Hz with sonic
anemometer—thermometers. The water vapor and
CO, mole fraction scalars were measured with infra-
red gas analyzers located at each level. Turbulent
scalar eddy fluxes were calculated for each 1/2 h as
the covariance between the vertical wind speed (w)
and the scalar x (flux = cov(w,x) = w'x' =
(w — w)(x — X)), where the prime denotes deviation
from the 1/2h mean (overbar). Instruments were
mounted on two scaffold-type towers, one 6 m tall
and the other 37 m tall. Turbulent fluxes away from
the surface were considered positive, and towards the
surface negative. Full details on the eddy flux
measurements can be found in Black et al. (1996),
and Blanken et al. (1997, 1998).

3.2. Above-canopy radiation measurements

Net radiation (R,) (model S-1, Swissteco Instru-
ments, Oberriet, Switzerland and model CN-1,
Middleton Instruments, Melbourne, Australia),
incident solar radiation (direct and diffuse, R |)
(model PSP, Eppley Inc., Newport, RI) and incident
photosynthetically active radiation (Q, | ) (model 190-
SB, LI-COR Inc., Lincoln, NB) were measured at
33 m above the ground on the main tower. The net
radiometers were supported at the end of a 3 m long
horizontal boom extending south of the tower. All
signals were recorded on dataloggers (models 21X
and 7X or CR7, Campbell Scientific Inc. (CSI),
Logan, UT).

Prior to installation in February 1994, both net

radiometers were calibrated at the Atmospheric Envir-
onment Service (AES) radiation laboratory facility in
Downsview, Ontario. At the end of the 1994 field
season, the Swissteco radiometer was sent back to
the AES laboratory where the sensitivity
(Wm >mV ") was found to be less than 2% above
the pre-field season calibration.

In-situ short-wave calibration was performed on
April 11 and September 19, 1994. During clear-sky
conditions, the Eppley pyranometer and the net radio-
meters were simultaneously shaded with small shades
2 m from the sensors in order to minimize the effect of
incident diffuse long- and short-wave radiation from
the shade itself. The ratio of the drop in Eppley short-
wave radiation to the drop in the net radiometer’s
millivolt output was compared to the AES calibra-
tions. These experiments revealed that in contrast to
the pre-field laboratory calibrations, the Swissteco
was overestimating R;| by a mean 3% while the
Middleton was underestimating R;| by a mean 9%.

An in-situ evaluation of the net radiometers was
performed (Hodges and Smith, 1995) by placing a
net radiometer (model Q*1 (Fritschen), Radiation
Energy Balance Systems, Seattle, WA) beside the
Swissteco and Middleton net radiometers for a
three-day period in July 1994. This evaluation showed
that for R, = 0, the Swissteco and Middleton R,
measurements were 3 and 8% lower than the REBS,
respectively, in good agreement with the in-situ short-
wave radiation calibration for the Middleton but
slightly at odds for that of the Swissteco. Based on
the results of the in-situ calibration, the consistency of
the laboratory calibration as well as its short time
constant, the overstory R, reported here is from the
Swissteco reduced by 3% from the original AES
laboratory calibration.

3.3. Within-canopy radiation measurements

Measurement of the radiation regime beneath a
canopy is difficult due to spatial heterogeneity, yet
its determination is crucial for a complete understand-
ing of within-canopy energy balance processes. By
the nature of a forest overstory canopy, radiation
levels can change quickly from full above-canopy
values to almost zero due to fluttering leaves, flexible
trunks and canopy gaps, and vary diurnally due to
changes in the radiation beam path length with solar
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Table 1

Approximations for total heat storage between 0—39 m or 0—4 m using a linear equation J, (W m?) = ax + b, where xis the 1/2 h change in air
temperature (A7,°C) or net radiation (AR, W m~2) measured above the aspen canopy and a and b are empirical coefficients (equations are

independent of the time of year or day)

Height interval (m) a(Wm %°CorWm ¥ x (°Cor Wm™?) b(Wm™?) P n (1/2h)
W m?)

0-39 445 1.66 0.85 7962

0-39 0.10 AR, —74 0.71 7962

0-4 7.0 0.70 0.83 8053

04 0.02 AR, —1.59 0.78 8053

azimuth. This often precludes the use of stationary
radiation sensors beneath the canopy. For example,
to detect to within 10% a forest floor solar irradiance
of 200 W m 2 (using statistical o and 8 parameters of
0.95 and 0.90, respectively) in a homogeneous overs-
tory canopy (variance in forest floor R;| of only
10 W m?) would require 10 samples or 10 stationary
pyranometers. The variance in R;| beneath the aspen
canopy was typically 51 Wm ™ (clear-sky condi-
tions) so a minimum of 20 stationary pyranometers
would be required under the aspen canopy to reason-
ably measure understory solar radiation.

To overcome this inherent impractical problem,
R,|, 0, | and R, were measured by individual sensors
as the average of 900 samples taken on a tram
platform moving along a horizontal distance of 60 m
over a duration of 15 min (equivalent to 30 samples
every meter at a velocity of 7 cm s~ '). The tram was
suspended on two parallel steel cables 4 m above the
ground and carried two net radiometers (models S-1
and S-14 miniature, Swissteco Instruments), up-
facing and down-facing quantum sensors (model
190-SB, LI-COR, Lincoln, NB) and two up-facing
pyranometers (one shaded) (model CM-5, Kipp and
Zonen Laboratory, Delft, The Netherlands). Data
were recorded by a datalogger (model CR10, CSI)
carried onboard the tram. Magnetic switches located
at both ends of the tramway were activated by
magnets on the tram and sent a signal to reverse a 1/
4 hp DC motor which pulled the tram with a fine-steel
cable.

3.4. Energy storage

The total rate of energy storage in a column extend-
ing from the ground surface to either the 4 or 39 m

height was calculated as J, = J, +J; +Jy, +J. +J,
where subscripts b, 1, h, e and p are the rates of change
of heat content in the boles (stems), leaves, sensible
heat content in the air column, latent heat content in
the air column and energy consumed for photo-
synthesis, respectively. These were measured using
a transect of thermocouples through the bole of an
aspen tree and one in a hazelnut stem, infrared ther-
mometers aimed at each canopy, an air temperature
profile (as described by Lee and Barr, 1998), and
humidity and CO, profiles. Full details on how each
of these energy storage components was calculated is
given in Blanken et al., 1997. Due to the complexity
involved in fully instrumenting all components of the
total storage terms, the linear equations derived from
linear regressions are given as useful approximations
using readily available measurements of T, or even R,
(Table 1).

3.5. Soil heat flux, water content and evaporation

The soil heat flux (G) at a depth of 3 cm was measured
with a 20 m transect of nine heat flux plates (two model
F, Middleton Instruments; seven home-made following
Fuchs and Tanner, 1968) recorded on a datalogger
(model CR7, CSI). The surface soil heat flux (Gy) was
calculated by adding G at the 3 cm depth to the 0-3 cm
rate of heat storage (i.e. Gy = G + C,AT,/At, where C;
is the volumetric heat capacity in the top 3 cm of organic
soil and AT/At is the half hourly temperature change in
the top 3 cm). The volumetric heat capacity was
calculated as C, = 0,,C,, + 6,C, + 6,C,, + 6,C, =
0,C, + 0,,C,,, where 6, 0,, 0, and 0, are volumetric
fractions of minerals, organic matter, water and air. A
typical C, and C, of 2.50 and 4.18 MIm °°C~'
(respectively) were used (Hillel, 1982) and 6, was
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calculated as 6, = py/p,, where p, (measured as
160 kgm ) and p, (typically 1300 kg m*; Hillel,
1982) are the organic soil dry bulk and particle densities,
respectively. The volumetric water content (m’
waterm > soil) in the 0-3cm layer (6 or 6, =
wpy/p,,) was determined from the gravimetric soil
water content w (kg water kg 'dry soil) (see next
paragraph). The average temperature change per 1/2 h
in the 0—3 cm layer was determined by two home-made
integrating thermometers (nickel wire wound around a
glass cylinder and coated with epoxy) inserted diagon-
ally across the 0—3 cm depth.

The soil water content was determined at several
depths through the soil profile by two methods. To
ensure correct measurement of C;, w was measured
gravimetrically every two to three days with soil
samples obtained over the 0—3 cm, 3—6 cm and start
of mineral soil to 10 cm layers. Each sample was
oven-dried at the site at 105°C for at least 24 h with
w calculated as the difference between the fresh and
oven-dried weights relative to the dry weight. This
method was complimented with the time-domain
reflectrometry (TDR) technique (Topp et al., 1980)
which permitted measurements of 6 with absolute
errors of 0.023-0.034 m* m 3 (Hook and Livingston,
1996).

In the fall of 1993, two probes consisting of three
stainless steel rods (3 mm diameter, 30 cm long, 2 cm
apart) were positioned horizontally in the middle of
the local organic (8 cm depth) and mineral (15 cm
depth) horizons. A 123 cm rod (two stainless steel
strips 2 cm apart separated by epoxy) was also
installed to measure 6 at depths integrating over
30.5 cm segments. Both the probes and the rod used
the shorting-diode technique (Hook et al., 1992) and 6
was calculated from the delay times using the
algorithm of Hook and Livingston (1996). The delay
times were measured using cable-length testers
(models 1502B and C, Tektronix, Beaverton, OR)
with a resolution of 0.004 m® m™>. The gravimetri-
cally determined 6 for the 3—6 cm layer was used to
calibrate the 8 cm TDR probe (6rpr = 0.480y,, +
0.049; r* = 0.69; n = 52).

To gauge soil water evaporation, two small thin-
walled plastic lysimeters (15 cm diameter and 15 cm
deep) were installed in late July. The lysimeters were
weighed manually every 2h to the nearest 0.1g
(model P3, Mettler Instrument Corp., Princeton, NJ)

during the day for a 15-day rain-free period. To
prevent drying out of the soil in the lysimeters and
hence decoupling from the surrounding soil, the soil
was replaced after five to seven days following the
suggestion of Boast and Robertson (1982). These
measurements were used to estimate soil evaporation
at other times using the ratio of soil evaporation to
forest evapotranspiration.

3.6. Precipitation

Precipitation was measured half hourly in the
center of a clearing (approximate diameter 75 m)
located roughly 200 m from the main tower. Precipi-
tation in the form of snow was measured with a
Nipher-shielded weighing precipitation gauge
(Belfort Instruments, Baltimore, MD). Precipitation
in the form of rain was also measured with a
tipping-bucket rain gauge (model TES525, CSI).
Periods of missing data were replaced by measure-
ments obtained by an AES tipping-bucket or manual
rain gauge located in an adjacent clearing.

3.7. Leaf, plant and wood area indexes

One-side (projected) leaf area index (LAI, m?

projected leaf m 2 ground) was measured optically
throughout the year using a LI-COR Plant Canopy
Analyzer (model LAI-2000, LI-COR Inc., Lincoln,
NB). Since this instrument requires diffuse solar
radiation conditions, readings were taken either on
overcast days, or just before or after sunset. To isolate
the aspen canopy, readings were made at the 25 m
height from the walk-up tower and at the 3 m height
(i.e. above the hazelnut) at two pre-determined loca-
tions. Hazelnut canopy measurements consisted of
pairs of below and above hazelnut readings taken at
six pre-determined locations along a 100 m east—west
transect within the flux footprints of the towers (see
below). The same locations were used throughout the
year. A wood (boles and branches) area index (WAI)
of 0.62 (aspen) and 0.34 (hazelnut) was determined
from measurements taken before leafing and the LAI
was calculated by subtracting WAI from the plant area
index (PAI). LAI values were also corrected for
clumping (seasonally adjusted for the aspen canopy;
see Chen et al., 1997, for details) and blue-light scat-
tering. Forest LAI was calculated as the sum of aspen
and hazelnut LAL
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3.8. Fetch or flux footprints

The one-dimensional footprint from a measurement
made at a height z at an upwind distance x normalized
by the flux Q is given as

(1/Q)dQldx = [U(z — d)/(u" kx?)]
X exp[—U(z — d)/(ku"x)] (1)

(Schuepp et al., 1990; Eq. (9)) where d is the zero-
plane displacement (well approximated by 2/3h;
Brutsaert, 1984), k is the von Karman constant, u” is
the friction velocity and U is height-averaged (4 or
39 m) wind speed given as

_ u'In((z — d)zg — 1 + 2/(z — d))]
k(1 — zp/(z — d))

(Schuepp et al., 1990; Eq. (6)). The first derivative of

Eqg. (1) equated to zero yields the upwind horizontal

distance to which the flux measurement is most sensi-
tive (peak footprint) and is given as

Xmax = (U)[(z — d)/2K] 3

U 2

and the cumulative normalized contribution is the
integration of Eq. (1) from O to x,

QW)/Q = exp[(—U(z — d)/(ku"x))] “

(Schuepp et al., 1990; Egs. (10) and (13), respec-
tively). Since flux footprints are affected by
atmospheric stability (Leclerc and Thurtell, 1990),
Eq. (1) was modified as suggested by Schuepp et al.
(1990) to include these effects (U/u” ratios multiplied
by the stability correction for momentum of the forms
suggested by Dyer, 1972). The stability corrections
were calculated using the median (z — d)/L (where L
is the Obukhov stability length) during the daytime
(—0.11 at z = 39 m and —0.28 at z = 4 m) and night-
time (0.26 at z= 39 m and 0.29 at z = 4 m) periods.

4. Results and discussion

4.1. Site conditions during 1994

The study site falls on the northern edge of the
prairie climate region with mild, wet summers and
cold, dry winters (Hare and Thomas, 1974). Fig. 1
shows the strong seasonality in both air temperature

(T,) and precipitation (P). Compared with the 1951—
1980 long-term average T, and P recorded at Waske-
siu Lake (53.9° N, 106.1° W; Canadian Climate
Normals, 1982), January and February were colder
than the average, with several contiguous days well
below the average, indicative of well-developed
stationary  high-pressure  systems. The spring
(March—April-May) was, however, slightly warmer
than average with the trend of above-average
temperatures continuing right though the summer
into early fall (June—July—August—September). The
remainder of the fall and winter experienced tempera-
tures close to average except for December, which
was much warmer. On an annual basis, the mean T,
of 1.2°C was significantly different from the average
—0.2°C at the p = 0.11 level (student’s #-test).

The annual precipitation cycle (Fig. 1) shows that
during an average year, 45% of the annual P is
delivered during the summer months (June, July and
August). During 1994, the average annual P pattern
was followed with the exception of a very wet May and
June and a drier than average August and September.
March and October also received more than the
average P. The high May and June P was partially
attributable to intense, local convective storms. On an
annual basis, the February—December total P of
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Fig. 1. Comparison of the daily mean air temperature (7;,) measured
above the aspen forest at z =39 m (jagged line), and the monthly
total precipitation (P) measured in a clearing at the research site
(solid vertical bars) to the 1951-1980 average T, (smooth line) and
monthly total precipitation (clear vertical bars) measured at Waske-
siu Lake.
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462 mm was above the 434 mm average during the
same period (unfortunately, P instrumentation was
not installed until late January). If it is assumed that
the missing January P in 1994 was equal to the daily
average amount for that month (29 mm January total),
then the total P in 1994 (488 mm) was 25 mm above
the 463 mm average.

The seasonal P patterns were somewhat reflected
by the changes in the volumetric soil moisture content
(0) observed from TDR measurements made at
several depths in the soil profile (Fig. 2) except during
the spring thaw period. During the frozen winter
period, measurements of 6 remained stable at 6—
13% in the organic, shallow mineral and 61-92 cm
deep mineral layers, magnitudes similar to those
reported by Hayhoe et al. (1983) in frozen soils. A
substantially higher winter 6 of 25% was measured
deep in the profile where temperatures remained
positive. Since TDR measurements made in frozen

T T T T T T T T T T T
06 Organic
0.4 -
0.2 B
3 00—
% 0.6 Shallow ]
S, 0.4 - Mineral 1
T o2 i
S 0of—
06 | Deep T
04 Mineral -
02f ¥ .
%
= L Precipitation |
E 40_- B
E 20_— N
0

JFMAMJ J AS OND
Month 1994

Fig. 2. Seasonal course of daily volumetric soil moisture content (6;
lines) and precipitation (P; vertical bars). The organic layer (=0-
10 cm) was represented by a three-prong TDR probe inserted hori-
zontally at a depth of 8 cm approximately in the middle of the
organic horizon. The shallow mineral layer (= 10-30 cm) was
represented by a three-prong TDR probe inserted horizontally at a
depth of 15 cm (thin line) and the 30—61 cm section of a segmented
TDR vertical rod (thick line). The deep mineral layer (=~ 61—
123 cm) was represented by the 61-92 cm (thin line) and 92—
123 cm (thick line) sections of a segmented TDR vertical rod.

soils indicate the unfrozen water content (Hayhoe et
al., 1983; Spaans and Baker, 1995), this suggested that
there was some liquid water present, even during the
coldest time of the year. In April, 6 increased
markedly in the organic and shallow mineral horizons
despite relatively little precipitation. The relative
contribution to this increase from the infiltration of
snowmelt water (all snow melted by April 15) and
the melting of ice in the soil (soil temperature at the
2,510, 20 and 50 cm depths reached 0°C by April 17,
18, 21, 23 and 29, respectively) was not known. The
fact that there was no spring-time increase in 6 in the
deep mineral soil and soil temperature at 100 cm
depth was always positive (annual minimum of
0.05°C reached between April 1-21) confirmed
that there was little frozen water at this depth
over the winter and suggested that infiltration of
snowmelt water did not reach deep into the soil
profile.

Following the spring increase, 6 gradually
decreased through the season in the organic layer
with intermittent responses to P events. In the shallow
mineral layer, 6§ maintained its spring melt value of
approximately 35%, showed little response to P
events and did not decrease substantially until late
July. The deep mineral layer showed a large increase
following the moderately heavy July rainfall and
slowly decreased thereafter. Both measurements of
0 in the deep mineral layer showed a marked response
to the substantial May rainfall after the relatively dry
April.

Following snowmelt, bud-burst began and lasted
until leaf emergence in the third week of May (Fig.
3). Aspen leaf emergence lasted until early June while
leaf growth continued until a LAI of 2.3 was reached
by mid-July. Seasonal variation in the timing of leaf
emergence has been correlated to carbon sequestra-
tion (Black et al., 2000), and the total LAI was
positively correlated to canopy conductance (Blanken
et al., 1997). Branch loss and possible leaf curling
slightly decreased the aspen LAI until senescence
began in the second week of September. Similar to
the aspen, hazelnut bud-burst began right after snow-
melt with leaf emergence beginning in the third week
of May. In contrast to the aspen, hazelnut leaf growth
continued until late June with a maximum LAI of 3.3
exceeding that of the aspen was attained by July.
Hazelnut senescence began approximately ten days
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Leaf Area Index (m? m?)

Month 1994

Fig. 3. Seasonal development of the forest (@), hazelnut understory
(A) and aspen overstory (M) leaf area indices. Maximum leaf area
indices of 2.3, 3.3 and 5.6 m” leaf per m? ground were obtained by
the aspen, hazelnut and forest, respectively.

before the aspen. Overall, the forest reached a
maximum LAI of 5.6 by mid-July.

4.2. Footprint predictions of the flux source

The relative flux contribution as a function of
upwind distance (flux footprint or fetch) at both
measurement levels above and within the aspen
canopy is shown in Fig. 4. The important feature of
Fig. 4 is the distance at which the peak footprint
occurs (xp.x; upwind distance to which the flux
measurements are most sensitive) and how this
distance changed with typical diurnal variations in
atmospheric stability.

Above the aspen canopy at z =39 m, x,,,, under
neutral conditions was 129 m. This contracted to
99 m and extended to 296 m under typical daytime
and nighttime atmospheric stability conditions,
respectively. Within the aspen canopy above the
hazelnut understory (z = 4 m), the x,,x was 15 m in
neutral conditions and ranged from 10 to 37 m under
typical daytime and nighttime atmospheric stabilities,
respectively. Despite the relatively small values of
Xmax above the aspen canopy, the cumulative flux
reached 80% of the total flux at an upwind distance
of 1160 m under neutral conditions, 900 m under typi-
cal daytime stability conditions, and 2660 m under
typical nighttime stability conditions (Fig. 5). Thus

the fetch requirements (fetch: z—d where 80% of the
total flux was reached) were relaxed (47:1 and 36:1,
during neutral and daytime conditions, respectively,
and slightly extended at night (106:1) compared to
the micrometeorological rule-of-thumb of 100:1,
but the horizontal distances were quite large because
of the high measurement height. Within the canopy at
z =4 m, the upwind distance required to reach 80%
of the total flux was also well beyond the peak foot-
prints. Distances of 135 m (neutral), 90 m (daytime)
and 333 m (nighttime) or fetch: z/d ratios of 51:1, 34:1
and 125:1 (neutral, daytime and nighttime, respec-
tively) were comparable to those above the forest.

4.3. Within-canopy radiation

To quantify the within-canopy radiation regime and
to develop a simple empirical model of radiation
extinction, the daytime means of the ratios of unders-
tory to overstory R,, Q,| and R;| were plotted
against aspen LAI (Fig. 6). Extinction of radiation
through the canopy was largely a function of aspen
LAI and an exponential equation of the form Q |
(4 m)/Q | (39 m) = a exp(—ba;), where a and b are

5x10-2 T T T T T T T T
. z=39m
| Daytime J
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3x10°3 - .
E
x Nighttime
E 0 1 N 1 R I T
x 0 200 400 600 800 1000
%50X1 03 T T T T T
G Daytime z=4m
25x10°3 - b
Nighttime

0 20 40 60 80 100
Upwind Horizontal Distance (m)

Fig. 4. The ‘flux footprint’ or relative contribution to the flux
measured at x=0m (1/QydQ(x)/dx) as a function of the upwind
distance x for z = 39 m and z = 4 m (area under each curve is unity).
Neutral stability, typical daytime and nighttime footprints are
shown. The latter were calculated by correcting for atmospheric
stability wusing the median (z—d)/L during daytime
(R, >0 W m™?) and nighttime (R, <0 W m?) periods.
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and nighttime footprints are shown. The latter were calculated by
correcting for atmospheric stability using the median (z — d)/L
during daytime (R,>0W m~2) and nighttime (R, <0W m™?)
periods.

constants and q,; is the LAI, best described this rela-
tionship (Table 2). Without leaves, the ratios of below
to above fluxes were greatest for R;| (0.58) and Q, |
(0.57) followed by R, (0.47). With leaves, ratios of
0l (4m)/Q| (39 m) decreased significantly falling
to 0.27 (R, 1), 0.23 (R,) and 0.20 (Q, ).

The exponential decrease in all three radiation
components with increasing LAI implied that
attenuation could be expressed using a form of the
Beer—Bouger Law, Q | (z) = Q |y exp(—ka,), where
0 | o is the top of the canopy incident radiation, k is the
effective extinction coefficient and a, is the PAI (a, =
a; + ay, where q is the LAI and a, is the WAI equal
to 0.62 for the aspen). In strict terms, the Beer—
Bouger Law describes the exponential attenuation of

Table 2
Coefficients determined for the curve fit of the form Q | (4 m)/Q |
(39 m) = a exp(—ba;) as shown in Fig. 6

Radiation stream Q | a b r n (days)
R, 0.4682 0.3038 0.74 44
(0N 0.5719 0.4450 0.76 44
Rl 0.2910 0.3283 0.72 44
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Fig. 6. Ratio of net radiation (R,), photosynthetically active photon
flux (@, |) and solar radiation (R, | ) measured above the hazelnut
understory (z =4 m) to that measured above the aspen (z =39 m)
plotted as a function of the seasonal development of aspen leaf area
index (LAI). Points represent daytime means (R, >0 W mfz) and
the solid line represents a curve fit of the form Q| (4 m)/Q|
(39 m) = a exp(—bay). See Table 2 for curve-fit parameters.

single-wavelength radiation with depth in a homo-
genous medium with complete absorption and no
scattering. Its application with depth replaced by
accumulated leaf or plant area (Monsi and Saeki,
1953) has surprisingly resulted in good descriptions
of attenuation of broad radiation band widths in
several plant canopies (Campbell and Norman, 1998).

Calculating k and plotting it as a function PAI is
shown in Fig. 7. PAI was chosen over LAI since k
cannot be calculated when a; = 0. In general, &
decreased suddenly following leaf out and then
dropped only slightly during the full-leaf period.
The fact that the best fit between Q| (4 m)/Q|
(39m) and LAI was exponential implies that a
constant b (i.e. effective extinction coefficient)
worked well as shown in Fig. 7. The decrease in k
for all three radiation streams as PAI increased
implied that although there was less radiation reach-
ing the understory when the aspen canopy was mature,
the radiation that did reach the understory did so more
efficiently. This counter-intuitive result, also found in
other deciduous forests (Rauner, 1976; Baldocchi et
al., 1984), was likely due to the shorter radiation path
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Table 3

Comparison of leafless and leafed deciduous forest canopy’s effective extinction coefficients (k) expressed on a leaf and plant area index basis
for net radiation (R,), photosynthetically active photon flux (Q, | ) and solar radiation (R;|)

Radiation stream Leafless canopy k Leafed canopy k LAI PAI Reference

R, 1.75 0.54 4.9 55 Baldocchi et al. (1984)
1.62 0.47 3.5 4.0 Rauner (1976)
1.22 0.49 23 2.9 This study

R,| 1.12 0.51 4.9 5.5 Baldocchi et al. (1984)
1.00 0.42 35 4.0 Rauner (1976)
0.88 0.44 23 2.9 This study

ol 1.06 0.66 49 5.5 Baldocchi et al. (1984)
N/A 0.6-1.0 35 4.0 Rauner (1976)
0.90 0.54 23 29 This study

lengths through the canopy in summertime when solar
zenith angles were small and also due to beam enrich-
ment resulting from forward scattering of light in the
leafed canopy.

Comparing the effective extinction coefficients
from the boreal aspen forest to other deciduous forests
(Table 3), some general conclusions may be drawn.
During the winter period with leafless canopies,
k(R,) > k(Qp |) = k(R |). Large solar zenith angles

T

1.2

04

0.0
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Fig. 7. Effective extinction coefficients (k) for net radiation (R,), the
photosynthetically active photon flux (Q,|) and solar radiation
(Rs]) derived from the equation k= —In(Q| (4 m)/Q| (39 m))/
ap, where a, is the aspen plant area index, the sum of aspen leaf and
wood area indexes. Solid lines represent k calculated using the
equation Q| (4 m)/Q| (39 m) = a exp(—bay) obtained in Fig. 6.

and long path lengths severely attenuated the short-
wave component of R, in addition to long-wave
attenuation by the opaque branches and trunks while
the absence of leaves precluded any possible trapping
and re-radiating of long-wave radiation. For the bare
canopy, k(Q, |) = k(R |) since there were no leaves
present to absorb 0, | so both radiation streams were
attenuated equally.

As the leaves develop and reach maturity, k(Q, |
) > k(R,) = k(R, |). Since leaves have a high absorp-
tivity in the 400—700 nm waveband, Q, | was attenu-
ated more than R, | . As leaves are almost blackbodies,
the long-wave portion of R, suffered little attenuation,
but the leaves absorbed and forward-scattered short-
wave radiation, decreasing k(R,) from the winter
values. The influence of this trapping, however, was
probably not large since k(R,) values were similar to
k(R |) values.

4.4. Seasonal progression of the diurnal energy
balance

To summarize diurnal patterns, ensemble averages
of the energy balance components for each month for
the forest (Fig. 8) and for the hazelnut understory (Fig.
9) were calculated at hourly intervals. To focus on the
daytime period, energy balance components for the
forest and understory standardized by R, are given
in Table 4.

4.4.1. Spring (April-May)
During the April—-May leafless period, the striking
feature of Fig. 8 is the large proportion of R, utilized
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Fig. 8. Ensemble monthly averages of the forest (z =39 m) diurnal
net radiation (R,, @), latent heat (AE, B, sensible heat (H, A), soil
heat (G, ¥) and total heat storage (J,, ) flux densities. Each data
point represents the mean of 2 1/2 h periods with *£1 standard
error of the mean shown by the vertical lines. The vertical bars
represent the residual of energy balance closure, calculated as
R,—AE—H—-Gy—J.

by H above the aspen canopy with typical daytime H/
R, ratios of 0.64. At the understory level, H was also
the dominant component of R,, but not as large as
above the canopy and did not peak until May. The
lack of leaves meant minimal AE contributions at
both levels, with some soil water evaporation. With
the frozen surface soil, G, during April was limited
since energy was used for the phase-change from solid
to liquid water before soil warming could occur (soil
temperature at the 5 cm depth hovered around 0 °C

Table 4
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Fig. 9. Same as Fig. 8, except for at the understory (z =4 m).

between April 1-18, but increased dramatically after-
wards, as a result of the melting frozen soil). We
calculated that 6 Wm™* would be required, each
hour, to melt this ice over this period. The soil heat
flux reached its peak in May when the bare canopies
allowed maximum R, | penetration resulting in steep
soil temperature gradients (as much as 10°C over a
depth of 2 cm) occurring in the leaf litter layer acting
as a surface mulch. At the understory level, G, was of
comparable magnitude to AE during the month of
May. The total storage of heat within the canopy
between 0—-39 m height during the spring months
was of comparable magnitude to G, The daytime
mean 0-39 m J, was partitioned equally between
heat storage in the air column and boles. At the

Ensemble daytime (net radiation positive) means of monthly forest (z = 39 m) and understory (z = 4 m) energy balance terms standardized by
net radiation (R,). The last column is the sum of the latent heat (AE), sensible heat (H), soil heat (Gy) and total heat storage (J,) ratios

Month R, (Wm™?) AEIR, HIR, Gy/R, J/R, 3

39m 4m 39m 4m 39m 4m 39m 4m 39m 4m 39m 4m
April 257.0 118.4 0.09 0.12 0.63 0.36 0.04 0.09 0.06 0.02 0.82 0.59
May 247.6 95.4 0.20 0.23 0.64 0.51 0.08 0.20 0.05 0.03 0.97 0.97
June 247.3 64.8 0.54 0.53 0.31 0.12 0.05 0.20 0.07 0.06 0.97 0.91
July 268.7 61.6 0.65 0.62 0.20 0.09 0.05 0.20 0.08 0.07 0.98 0.98
August 243.9 58.8 0.59 0.57 0.24 0.08 0.03 0.14 0.09 0.08 0.95 0.87
September 220.6 63.5 0.47 0.31 0.32 0.10 0.03 0.11 0.10 0.06 0.92 0.58
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understory level, the short height (0—4 m) precluded
any great amount of heat storage, but J/R, ratios still
managed to reach 0.03.

Energy balance closure (when R, — G, — J; equals
AE + H, energy is balanced or ‘closed’) was worst in
April for both the forest and understory compared to
any other month. The pattern of nighttime overestima-
tion and daytime underestimation was pronounced in
April, while in May this pattern became less clear. For
the understory, the difficulties in estimating R, with
changing solar zenith angles and path lengths were
apparent with the sunrise/sunset changes in the energy
balance residual. It is not clear why closure was poor
in April. It was not strictly due to the presence or
absence of leaves, since May had much smaller resi-
duals than April yet the canopies were bare for both
months. Although heat storage in the snow pack was
not calculated, this should not account for much heat
storage given its relatively thin cover and disappearance
by April 15, and the energy used to melt ice in the soil
was not a large. We hypothesize that the poor closure in
April was directly related to the large quantity of H, in
that the 1/2 h averaging period was often too short to
capture some of the low-frequency eddies associated
with the high degree of large-scale convective activity.

4.4.2. Summer (June—July—August)

During the June—July—August full-leaf period,
there was no appreciable change in the daytime
mean R, compared to the leafless period. This implies
that the increase in reflected solar (R, 1) and emitted
long-wave (R, 1) radiation offset the increase in the
incident solar radiation (R,|). Leafless with snow,
leafless without snow and leafed R T/R,| ratios
were 0.20, 0.12 and 0.16, respectively. Between the
aspen canopy and the hazelnut, R, decreased substan-
tially with the development of aspen leaves. The
seasonal increase in R,| towards the summer solstice
was negated by the attenuation of R;| through the
aspen canopy resulting in an overall decrease in R,
at the hazelnut level.

As expected, the development of transpiring leaf
surfaces resulted in an increase in AE largely at the
expense of H. Leafed canopy AE/R, ratios climbed
from their bare canopy counterparts to 0.65 for the
above-forest values, while similarly climbing to 0.62
for the understory. Despite near similar A E/H ratio at
both levels, H/R, ratios were small beneath the canopy

(average 0.10) approximately half that measured
above the aspen canopy (average 0.25).

Gradual warming of the soil and shading from the
two canopies resulted in a decrease of G, with the
daytime G, typically 0.05 and 0.20 of the overstory
or understory R, respectively. The total daytime
energy (R, positive) used to heat the air and biomass
relative to R, (at each level) was typically 0.08 for
both the forest and hazelnut, similar to the value of
0.06 reported by McCaughey and Saxton (1988) in a
mixed temperate forest. Greatest heat storage
occurred shortly after sunrise and was comprised
largely of heat storage in the boles followed by Jy, Jj,
J.and finally J; (e.g. daytime meanJ, = J,, + J, + J, +
Jot+t,=8+6+5+2+ lefZ).Heatstoragein
the woody biomass was important especially in the
open-canopy structure typical of boreal forest.

Energy balance closure was good during the
summer periods, keeping in mind that ensemble aver-
aging removes a lot of variability in the diurnal
patterns of the energy balance components. The sum
of the daytime energy balance components relative to
R, averaged 0.97 and 0.92 for the forest and
understory, respectively.

4.4.3. Late summer—early fall (September)

During September, the decrease in R;| and leaf
loss resulted in a decrease in R, at the overstory
level. At the understory level, R, slightly increased
due to the removal of leaves from the aspen overstory.
As leaf senescence was not as abrupt as leaf emer-
gence, A E decreased somewhat from the summer time
values (both levels) while H increased slightly (both
levels) lessening the disparity between the two fluxes
and returning to energy partitioning patterns similar to
June. Continued weakening of soil temperature gradi-
ents and the resulting near isothermal temperature
profiles kept Gy small and J; remained an important
component of the energy balance at both levels with
typical daytime J/R, ratios of 0.10 (39 m) and 0.06
(4m). As during April, energy balance closure
worsened in September especially at the 4 m level.

4.5. Partitioning overstory and understory turbulent
fluxes

The energy balance of this deciduous boreal forest
was completely reversed in partitioning between H
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Fig. 10. Seasonal progression of the daytime mean latent heat (thick
line) and sensible heat (thin line) fluxes measured above the aspen
canopy (39 m) and above the hazelnut understory (4 m). October
and November measurements were made in 1993. Vertical dashed
lines indicate the dates of changes in the surface conditions noted on
the figure (April 15, May 21, September 21 and November 1).

and AE as the leaves developed. This is shown drama-
tically by the seasonal courses of the daytime mean H
and A E not only for the forest as a whole, but also for
the understory and forest floor (Fig. 10). With bare
canopies and a snow-covered forest floor, H exceeded
AE at both heights, and the magnitude of H steadily
increased as the winter season progressed. Despite the
presence of cold snow on the forest floor, a
substantial amount of sensible heat was generated
from the forest. During the snow-free, leaf-free
period, H continued its steady increase. Now,
however, almost half originated from the forest
floor. The forest floor also played a larger role
in the overall forest AE, as the sharp increase in
the surface 6 from snowmelt coupled with ample
radiation penetration resulted in an increase in soil
water evaporation.

The development of leaves saw a concomitant
decrease in forest H and an increase in forest AE
(daytime means 70 and 139 W m 2, respectively).
The wet conditions of 1994, which meant virtually
no soil water supply limitation on forest evapo-
transpiration, resulted in a large AE at the expense

of H during the leafed period. Maximum 24 h rates
of evapotranspiration equivalent to 5.0-6.0 mm d
were far above those of nearby boreal mature black
spruce (3.0-3.5 mm d " ; Jarvis et al., 1997) and jack
pine forests (2.0-2.5 mm d~"; Baldocchi et al., 1997)
indicating the large water use by the aspen forest. This
sudden transfer of a large volume of water from the
substrate to the atmosphere implies that the aspen is
indeed a distinct hydrological unit within the boreal
forest. This would not only impact the local water
cycle, but also would impact the atmosphere’s
convective boundary layer (CBL). For example, the
lack of sensible heat input during the leafed period
would result in a shallower, more humid CBL
compared to the boreal coniferous forests. Therefore
the positive feedback between decreasing canopy
conductance and the drying and deepening of the
CBL would be weak or absent above the aspen forest,
yet strong above the coniferous stands. The difference
in CBL heights across the aspen and coniferous stands
may also create a breeze blowing from the aspen to
the conifer stands.

During the leafed period, the mean daytime AE
originating from the hazelnut understory was
33 W m? and the lysimeter measurements indicated
that approximately 7 W m > (5% of the daytime mean
forest AE; 21% of the daytime mean understory AE)
was soil water evaporation. The H from the understory
during the leafed period was minimal (daytime mean
of 8 W m ?). A positive H from the understory often
occurred despite an increase in the mean air tempera-
tures with height (inversions) in the aspen canopy, as
this is where most radiation was absorbed. As the
sensible heat flux normally flows down a temperature
gradient (i.e. from high to low temperatures), this
within-canopy situation indicates counter-gradient
flow, not an uncommon occurrence in forests
(Denmead and Bradley, 1985), and especially at
night in this forest (see Mahrt et al., 2000). This indi-
cates that intermittent ejections of warm air from the
forest floor, capable of breaking through the inversion,
were likely to be responsible for most of the positive
H from the understory.

Measurements during the fall snow-free, leaf-free
period were unfortunately sparse, but it appeared that
a repeat of the large springtime snow- and leaf-free H
fluxes would not occur. This was presumably due to
the low net radiation at this time of year, coupled with
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Fig. 11. The ratio of the daytime (net radiation positive) mean latent
(thick line) and sensible (thin line) turbulent fluxes measured at the
understory level (z = 4 m) relative to the overstory level (z = 39 m).
Vertical dashed lines note the dates of changes in the surface condi-
tions noted on the figure (April 15 and May 21).

the low solar altitude. The presence of snow further
reduced the magnitude of both H and AE.

The magnitude of H and AE originating from the
hazelnut understory and forest floor relative to the
forest can be inferred from Fig. 10, but the role of
the understory is more clearly shown by the ratio of
the daytime understory-to-overstory turbulent fluxes
(Fig. 11). During the leafless period, most of the
sensible and latent heat production beneath the over-
story originated at the forest floor, whereas after leaf
development, most was from the overstory canopy.
After snow melt, virtually all of the forest AE was
from the forest floor, as AE (4 m)/AE (39 m)
approached unity peaking during the snow-free,
leaf-free period. Ratios exceeded unity when inter-
cepted snow sublimated from the aspen branches.
The H contribution from the forest floor also peaked
during this period (H(4 m)/H(39 m) = 0.40) as forest
floor surface temperatures rose in response to the high
solar radiation transmitted through the overstory and
drying of the litter layer. The large transpiration rates
from the leafed aspen canopy far exceeded that from
the understory, decreasing AE (4 m)/AE (39 m) to a
steady 0.24 throughout the summer months. The
dampening of gust penetration (Blanken et al., 1998)
together with an increase in 7, at the aspen canopy

level produced weak and sometimes inverted air
temperature profiles (mentioned earlier) and hence
small sensible heat fluxes from the understory (mean
daytime H(4 m)/H(39 m) = 0.10).

4.6. The water balance

The water balance of the forest is givenas P = E +
D + AS (mm d "), where E is evapotranspiration, D is
vertical drainage, and AS is the change in the amount
of water stored in the soil. As soil moisture was
measured down to a depth of 123 cm (beyond the
mean root depth of 60 cm), D is drainage past a
depth of 123 cm. The analysis was performed on a
daily basis for all of 1994, with extrapolation to peri-
ods when measurements were not made. The latter was
accomplished using the relationships between measured
AE and R | during a period in close seasonal proximity
to the extrapolation period. As the extrapolation periods
were short and occurred during the winter and late fall
when latent heat fluxes were low, errors using these
approximations were estimated to be small.

Cumulative totals of the half hourly measured P
and E from the forest (aspen + hazelnut + soil),
understory (hazelnut + soil) and soil for 1994 are
shown in Fig. 12 and summarized in Table 5. As
mentioned previously, missing measurements of P
for much of January resulted in two estimates of the
annual water balance. For each of the P scenarios, E
from each level was expressed with and without night-
time low wind speed turbulent heterogeneity and
energy balance closure corrections (Blanken et al.,
1998). Soil water evaporation was assumed to be
5% of the forest E based on summer lysimeter
measurements for all three methods of calculating E.

Several important points concerning the annual
water balance can be made. From a methodological
standpoint on an annual basis, it did not matter which
if any corrections were used to calculate E given the
range in the possible total P. Correcting for low
nocturnal wind speeds only added 11 mm to the
annual forest total and 13 mm at the understory
level because E was small at night anyway. The
correction for energy balance closure added 21 mm
to the annual total forest E but was still within the
20-30 mm uncertainty range in the annual P.

In terms of partitioning, the annual E from the
forest between the three components, aspen, hazelnut,
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Fig. 12. Cumulative precipitation (P) and evapotranspiration (E) for
1994. The solid line for P does not include part of January preceding
gauge installation whereas the dashed line is complete for 1994 with
the missing January amount estimated from the thirty-year mean.
Evapotranspiration was measured using the eddy-covariance
method at the 39 m level (forest E) and 4 m level (hazelnut and
soil) with cumulative 1/2 h totals calculated using three methods:
(1) not corrected for nighttime underestimation (solid line); (2)
corrected for nighttime underestimation (dashed line); and (3)
corrected for energy balance closure (dash-dotted line). Soil water
evaporation E(soil) (three overlapping lines) was estimated from
mid-summer  lysimeter  measurements  which  indicated
E(soil) = 0.05E(forest). Periods when measurements were not
available were estimated using relationships between E and solar
radiation.

Table 5

and soil accounted for 67—-68%, 26—28% and 4—7%,
respectively. The fraction of P accounted for by E for
the forest as a whole was large (82-91%), where E
represents a combination of transpired water, soil
water evaporation and the evaporation of intercepted
water. The amount of intercepted water evaporated
was unknown, however, we suspect it would be a
fairly small fraction of the annual P for this continen-
tal forest with short, intensive precipitation events.

Over the growing season, starting from when most of
the frozen water was melted from the soil (April 20)
until senescence (September 20), the change in soil
water content was calculated from the volumetric
water content (6) measurements with assignments of
0 measurement locations to depths given in Table 6.
The surface layers (0—30 cm) showed a net decrease
in water content while the deeper layers showed a net
increase resulting in an overall net loss of 34.7 mm over
the 0—123 cm layer (i.e. AS = —34.7 mm. Calculating
S'(P; — E;)At; using a time step (A7) of one day (i), for
the forest over the same period gave values of between
—7.0 and —25.1 mm, depending on corrections to E.
The difference between the above estimates of Y (P; —
E)At; and the AS of —34.7 mm suggested drainage
beyond 123 cm over the growing season was small
(between 9.6 and 27.7 mm, depending on corrections
to E) or 3-8% of the total growing season P of
347 mm. Considering the uncertainty in the > (P; —
E;)At; estimate and the measurement of AS using one
location, we conclude that there was little water move-
ment at the 123 cm depth.

The comparison and courses of measured daily soil

Evapotranspiration (E) totals for 1994 for the forest, the hazelnut understory and soil, and the soil alone. See Fig. 12 for measurement and
calculation methods. Also shown are the ratios of annual E to annual P (ratios with no parenthesis are for P = 462.2 mm, not including January
precipitation before gauge installation and ratios within parenthesis are for P = 488.4 mm, including missing January precipitation estimated

from the thirty-year mean)

Parameter Source Calculation method
1 2 3
E (mm yearfl) Forest 401.1 412.1 422.8
Hazelnut 124.2 132.0 137.6
Soil 20.1 20.6 21.1
E/IP Forest 0.87 (0.82) 0.89 (0.84) 0.91 (0.87)
Hazelnut 0.27 (0.25) 0.29 (0.27) 0.30 (0.28)

Soil 0.04 (0.04)

0.04 (0.04) 0.05 (0.04)




Table 6

Estimation of the storage of water in the soil profile (S = 6Az) from a depth of 0—123 cm over the period April 20—September 20, 1994. OSP and MSP refer to organic and mineral

three-rod horizontal TDR probes, respectively, and ROD (segment number) refers to the vertical segmented TDR rod

AS (mm)

Final S (mm)

September 20 6 (m® m~?)

Initial S (mm)

April 20 0 (m* m™?)

Az (cm)

Depth assignment (cm)

TDR probe

—41.0
—34.0

9.0
22.0

0.09
0.11

50.0

0.50
0.28
0.19
0.15
0.26

10
20
31

0-10
10-30

30-61

OSP1

56.0

MSP1

P.D.

0.0
15.5

58.9

0.19
0.20
0.34

58.9

ROD1 (3)

62.0
105.4
257.3

46.5

31

61-92
92-123

RODI (4)
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24.8
—34.7

80.6
292.0

31

ROD1 (5)

123

0-123

250 — : . . ;

200 |

150 L

100 |

50 |

Soil Water Storage & P - E (mm)

A M J J A S
Month 1994

Fig. 13. Soil water storage in the 0—123 cm layer relative to April 20
(initial measured soil water content of 292 mm) determined from
volumetric soil moisture measurements (thick line) and cumulative
precipitation—evapotranspiration (E) (thin lines) with the eddy flux
E uncorrected for nocturnal heterogeneity (solid line), corrected for
nocturnal heterogeneity (dashed line) or corrected for energy
balance closure (dotted line). The differences between the thick
and thin lines are estimates of drainage beyond 123 cm
(D=P—E—AS).

water storage and > (P; — E;)At; over the April 20—
September 20 period is a useful way to examine changes
in the soil water balance and the quality of these
measurements (Fig. 13). There was remarkably good
agreement between the time course of the measured
S'(P; — E;)At; and S confirming little water flow at the
123 cmdepth. Both > (P; — E;)At; and S increased up to
mid-June with the persistent May—June rainfall, there-
after decreasing though the remainder of the season.
This same pattern of April-June recharge, June—
September drawdown, was also observed in 1997 and
1998 using a deep groundwater piezometer (Barr et al.,
2000). The heavy June 13 rainfall of 61 mm resulted in
the measured storage change exceeding the > (P; —
E;)At;, presumably due to horizontal movement of
water since capillary rise was probably unlikely at this
time. During the drying phase, the greater decrease in S
than Y (P; — E;)At; indicated that there was some water
drainage at the 123 cm depth.

5. Summary and conclusions

Anyone asked to imagine the boreal forest is likely



134 P.D. Blanken et al. / Journal of Hydrology 245 (2001) 118—-136

to think of sparse black spruce growing on wet,
hummocky terrain covered by lichens and moss with
the occasional shrub such as Labrador tea, willow or
birch. This image is for the most part correct,
however, it should be remembered that approximately
13.5% of the southern boreal forest is covered by
extensive aspen stands such as the one described in
this study, and another 15.4% is covered by mixed
deciduous forests (Hall et al., 1997). Aspen stands
are found over a wide range of climactic conditions,
but are predominantly found in the cold, continental
climates experienced along the southern edge of the
North American boreal forest, and alpine regions. The
shade-intolerant aspen with its clonal root system
enable it to quickly colonize areas disturbed, for
example, by fire. It is the deciduous nature of these
aspen forests that make them distinct from their
coniferous counterparts and the seasonal dynamics
of leaf growth and loss have a marked affect on the
water and energy exchange.

The presence of aspen stands affects the hydrology
and climatolgy for the boreal region in several ways.
For example, the high water use by the aspen demands
ample water supply and thus places a demand on the
regional water supply. The large and sudden onset of
water transfer from the substrate to the atmosphere
results in shallow, humid CBL compared to the
deep, dry CBL over coniferous stands. This, in turn,
impacts several other variables including cloud
formation, precipitation, surface winds, surface
temperature, and the strength of the feedback between
the boundary layer and the surface conductance.

Although the results presented here were for a
specific year (which was not atypical; see Black et
al., 2000) which experienced a wet spring followed
by a relatively dry and warm summer, the LAI
increase had large effects on the water and energy
exchange above and within the forest. The amount
of net, photosynthetically active, and solar radiation
received at the understory level decreased exponen-
tially as the aspen leaf area increased. Simple effective
extinction coefficients calculated from this relation-
ship implied that radiation passed more easily through
the leafed than bare aspen canopy due to smaller solar
zenith angles, shorter solar-beam path lengths and
beam enrichment from forward scattering. The devel-
opment of leaves was concomitant with an increase in
the latent heat flux at the expense of the sensible heat

flux. The latent and sensible heat fluxes measured
above the hazelnut understory before leafing
averaged 67 and 30% (respectively) relative to
the forest as a whole, falling to 24 and 10%
(respectively) with the presence of leaves. On an
annual basis, aspen and hazelnut transpiration
accounted for 68 and 27%, respectively, of the
total evapotranspiration.

The seasonal water balance was also dependent on
leaf development since the relatively high transpira-
tion rates provided a means for soil water depletion.
The spring thaw saw a sharp increase in the soil water
content in the organic and near-surface mineral hori-
zons. Persistent and often heavy May and June rain-
falls were realized as an increase in soil water content
as deep as 123 cm. On an annual basis, 82—91% of the
precipitation was lost as evapotranspiration from the
forest as a whole, while 25-30% and approximately
4% of the annual precipitation was evaporated from
the understory and soil, respectively. The agreement
between the measured soil water storage and the
cumulative difference between precipitation and
eddy flux measured evapotranspiration indicated
little drainage beyond the rooting zone. Over
200 mm of water was stored in the 0-123 cm
soil layer at mid-June, after which soil water
was depleted until again reaching the springtime
value of 292 mm.

This study has demonstrated the role and seasonal
variation of the understory in the overall water and
energy exchange of this forest. Even within one
season, there was significant variation in the role of
the understory, which was largely dependent on the
ability of the overstory to attenuate radiation, and the
partitioning of soil water between the two levels of
vegetation. The latter, we know nothing about, yet it
could be an important variable in this study. In addi-
tion, we do not know if there are any long-term trends
or inter-annual variability in the role of the understory
or forest floor relative to the overstory. These could
present themselves as long-term trends as the aspen
naturally thins as it ages allowing greater radiation
penetration or short-term interannual variability as
meteorological conditions vary. We therefore encou-
rage researchers to, whenever possible, supplement
above- with below-canopy flux measurements in
order to fully understand water and energy
exchange.
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